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ABSTRACT

We present optical observations of the redback millisecond pulsar PSR J1048+2339, which is a 4.66 ms radio pulsar in a compact
binary with an orbital period of six hours. We obtained high-quality light curves of PSR J1048+2339 with the Lulin 1 m Telescope.
The system shows two distinct six-hour orbital modulations, in which an ellipsoidal modulation changes into a sinusoidal-like profile
in less than 14 days. In addition to the change, the brightness of the companion increased by one magnitude, suggesting that the latter
type of modulation is caused by the pulsar wind heating of the companion and that the heating became dominant in the system. While
the changes are not unexpected, such a timescale is the shortest among similar systems. We performed modeling analysis to extract
the properties of the system. We obtained a derived pulsar mass of 2.1 M� and a companion star mass of 0.4 M� for the system. The
irradiation power increased by a factor of 6 during which the pulsar wind heating dominates. We also report on the two archival
Chandra X-ray observations and discuss several possibilities that might cause the varying heating on the companion.

Key words. pulsars: individual: PSR J1048+2339 – X-rays: binaries

1. Introduction

PSR J1048+2339 (hereafter J1048+2339) is a 4.66 ms mil-
lisecond pulsar that was discovered by Cromartie et al. (2016)
using Arecibo Observatory. It was later confirmed as a redback
system by Deneva et al. (2016) with multiwavelength observa-
tions. The system has an orbital period of six hours and spin-
down power Ė = 1.2 × 1034 erg s−1. This object is more than
just a radio pulsar; it has a gamma-ray counterpart, which
is 3FGL J1048.6+2338 in the Fermi Large Area Telescope
(LAT) four-year point source catalog (3FGL; Acero et al. 2015).
J1048.6+2338 was originally associated with a BL Lac active
galactic nuclei (AGN; NVSS J104900+233821) in 3FGL, how-
ever the improved localization in the recent preliminary LAT
eight-year source list (FL8Y)1 ruled out the possibility that
it is an AGN. In a previous optical study with the Catalina
Real-Time Transient Survey (CRTS), Palomar Transient Factory
(PTF), Sloan Digital Sky Survey (SDSS), and Pan-STARSS sur-
vey data, the light curves indicated intrinsic variability in the
system. While there are no significant X-ray (the Neil Gehrels
Swift-XRT) and gamma-ray (Fermi-LAT) pulsations detected,
Deneva et al. (2016) proposed that J1048+2339 has a minimum
mass of 0.3 M� and effective temperature Teff of 3350 K, with
assumptions of a 1.4 M� mass neutron star and an inclination
of 90◦. In this Letter, we present the optical observations of
J1048+2339 taken in 2018 March and April, in which the orbital

1 See https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
fl8y/

modulation changes from ellipsoidal to pulsar wind heating in
less than 14 days. We also include light curve modeling to con-
strain the geometry of the binary and an independent X-ray anal-
ysis based on the two archival Chandra observations.

2. Observations and data analysis

2.1. Optical observations

We observed J1048+2339 with the Lulin 1 m telescope (LOT) on
six separate nights from 2018 March 11 to April 23. Each image
is exposed for 300 s and alternated between SDSS r′ and g′ fil-
ters. These raw images are then processed with IRAF V2.15 with
standard calibration procedures, including bias and flat-field cor-
rections. In addition, we have data from the 2 m Liverpool Tele-
scope (LT; Steele et al. 2004) taken in late March, which were
flat- and bias-corrected. The r′ and g′ filters are alternated with
180 s exposure time, except for the g′ band data taken on 2018
March 25 and 26, which were exposed for 300 s per image. In
total, there are 189 images (15.23 h total integration time) with
the r′ filter, and 147 images (12.07 h total integration time) with
g′ filter. A summary of all observations is recorded in Table 1.
We obtained the magnitude information by performing differen-
tial photometry to the reduced images with the IRAF package
phot. We used ten isolated and nonsaturated stars to compute
the relative magnitudes for J1048+2330. The relative magni-
tudes were then converted to apparent magnitudes using a nearby
star SDSS J104840.81+234018.0 of which the magnitudes in
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Fig. 1. Light curves of PSR J1048+2339 companion star with the SDSS r′ and g′ band filter between 2018 March 11 and April 23, folded with
an orbital period of 6 h and T0 = MJD 56637.598177. While the pulsar wind heating and ellipsoidal variation are clearly seen in both bands, the
magnitude in the g′ band has larger variation compared to that of the r′ band. An orbital phase of 0.25 corresponds to the inferior conjunction of
the companion star.

Table 1. Summary of observations.

Date Telescope Filter Phase Number of Exposure Apparent
(SDSS) range images (s) magnitudes

11.3.2018 LOT r′ 0.50–0.01 36 300 19.50–19.77
12.3.2018 LOT r′ 0.31–0.00 24 300 19.50–19.92
12.3.2018 LOT g′ 0.34–0.99 23 300 20.62–21.09
24.3.2018 LT r′ 0.45–0.89 3 180 19.25–19.59
24.3.2018 LT g′ 0.44–0.88 3 180 20.48–20.78

(25–26).3.2018 LT r′ 0.09–0.49 5 180 18.43–19.95
(25–26).3.2018 LT g′ 0.08–0.48 5 300 18.91–21.28
(2–4).4.2018 LOT r′ 0.01–0.99 100 300 18.83–19.93
(2–4).4.2018 LOT g′ 0.00–0.99 104 300 19.91–21.80

23.4.2018 LOT r′ 0.52–0.91 18 300 18.82–19.16
23.4.2018 LOT g′ 0.64–0.92 11 300 19.98–20.34

the r′ band and g′ band are 16.53 and 17.90, respectively. We
folded the light curves using the orbital period of 0.250519045 d
and ascending node T0 = MJD 56637.598177 from the radio
ephemeris (Deneva et al. 2016). The folded light curves are pre-
sented in Fig. 1. The quantity φ = 0 corresponds to the ascending
node of pulsar.

2.2. Face changing companion

We observed a pronounced six-hour modulation in the first two
nights of observation (2018 March 11 and 12). We detected two
minima at φ = 0.25 and φ = 0.75, and two maxima at φ =
0.55 and φ = 0, which resemble an ellipsoidal modulation of
the companion star. Ellipsoidal modulation is a consequence of
the orbital motion for a tidally distorted star, which is commonly
seen among redback systems (e.g., PSR J2129−0429; Hui et al.
2015; Bellm et al. 2016). In Fig. 1, we see that the minima at
φ = 0.25 is deeper than φ = 0.75 by ∼0.1 mag.

Subsequent observing runs with LT were carried out from
2018 March 24–26. On March 24, we observed an increase of
0.3 mag (compared to the previous data taken at the same phase)
at φ = 0.55 in r′ band. Similar changes are also observed in
the g′ band. On March 25, data points were taken close to the

companion inferior conjunction (φ = 0.25), and they agree well
with the minimum seen in other observations. On March 26,
the r′ magnitude at φ = 0.09 increased by 1 mag (compared to
the previous data taken at the same phase) and then decreased
quickly by 1.1 mag at φ = 0.21, whereas the corresponding g′

magnitude, which was taken slightly earlier, increased instead.
To make sure there was no random error involved, we plot
J1048+2339 against one of the comparison stars to compare
their light curves (cf. Fig. 2). The light curve of the comparison
star is relatively stable, indicating the observed variation in the
companion is likely genuine. This might be because of a sponta-
neous flaring event of some kind of transition that arose in late
March.

J1048+2339 was observed again in early April with LOT. As
shown in Fig. 1, the folded light curves have a minimum at φ =
0.25 and a maximum at φ = 0.65, which are very different com-
pared to the March light curves. The April light curves resemble
pulsar wind heating. As discussed in Romani & Sanchez (2016),
a direct pulsar irradiation toward the companion star would be
expected to give a peak at φ = 0.75, but intrabinary shock can
accounted for the peak observed slightly before 0.75. Heating
from the intrabinary shock was also discussed in Takata et al.
(2014) and Li et al. (2014). From our observations, the pulsar
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Fig. 2. Close examination of PSR J1048+2339 companion in late
March 2018. The light curve of the companion star (triangle) and a
nearby comparison star (circle) are plotted to confirm the magnitude
decrease/increase at φ = 0.21 observed in the g′ (gray) and r′ (colored)
band. The comparison star is relatively stable, indicating the observed
variation at φ = 0.21 in J1048+2339 companion is likely genuine.

heating effect at φ = 0.75 was affected by the minimum in the
ellipsoidal modulation. The trace of ellipsoidal modulation can
still be seen even when pulsar heating becomes dominant. That
implies that the flux produced from the irradiated companion
takes on a considerable proportion of the total flux detected. In
addition, the g′ band light curve has larger variation than that
of the r′ band light curve, indicating a larger temperature varia-
tion. The distinct changes from March to April light curves sug-
gest that a face changing mechanism took place in less than two
weeks. The heating effect in J1048+2339 was evident up until
our observation in late April.

2.3. Chandra observation

We also explored the X-ray properties of J1048+2339 with two
archival Chandra data, which were taken on 2017-03-08 (obsID
19039; 22.6 ks) and 2017-07-04 (obsID 19038; 24.7 ks). In both
observation, J1048+2339 was imaged with the back-illuminated
CCD ACIS-S3. The data were reprocessed using standard
Chandra Interative Analysis of Observations (CIAO) software
and updated Chandra Calibration Database (CALDB). All the
subsequent analysis are restricted in 0.3–8 keV energy range.

An X-ray point source is clearly detected at the pulsar posi-
tion with no hint of any extended X-ray emission. The phase-
averaged spectrum were extracted from a 3 arcsec source region.
The background spectra were sampled from a nearby source-
free region in each observation. After background subtraction,
we obtained 91 and 122 net counts for the respective observa-
tions. For each spectrum, we binned the data to have at least 10
counts per spectral bin. This led to an approximately Gaussian
distribution of the binned data so that we can adopt chi-square
as the fit statistic. We then performed spectral analysis using the
absorbed power-law model. We found that the best-fit spectral
parameters and fluxes deduced from both observations are con-
sistent within the tolerance of the statistical uncertainties. There-
fore, we fitted both spectra simultaneously in order to maximize
the photon statistics and obtain tighter constraints for the spectral
parameters.

As the column absorption NH cannot be constrained prop-
erly, we fixed it at the total Galactic HI column density,
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Fig. 3. X-ray spectra of PSR J1048+2339 obtained from both Chan-
dra observations (ObsIDs: 19038 and 19039) with the best-fit absorbed
power-law model (top panel) and the fitting residuals (bottom panel).

NH = 2.3 × 1020 cm−2, in the direction of J1048+2339
(Kalberla et al. 2005). The best-fit with a power-law yield a pho-
ton index of Γ = 1.64 ± 0.15 (c.f. Fig. 3) and a goodness-of-fit
of χ2 = 7.64 for 17 d.o.f. The photon index is similar to the typ-
ical value of redbacks (Lee et al. 2018). The unabsorbed X-ray
flux in 0.3–8 keV is fX = 7.25+0.54

−0.51×10−14 erg s−1 cm−2. At a dis-
tance of 852 pc as estimated by Gaia (Bailer-Jones et al. 2018),
the 0.3–8 keV X-ray luminosity is LX = 6.29+0.47

−0.45 × 1030 erg s−1.
We also considered a pure thermal scenario by fitting the spectra
with an absorbed blackbody model. However, the goodness-of-
fit is found to be undesirable (χ2 = 28.7 for 17 d.o.f.).

After barycentering the arrival times in both observations, we
folded the data from each observation at the same orbital period
and T0 defined previously for the optical light curves. We did
not identify any significant differences between the two obser-
vations. In the top panel of Fig. 4, we show the orbital modu-
lation of J1048+2339 in 0.3–8 keV by combining the data from
these two observations. The X-ray emission is found to attain
the peak just before the companion enters the superior conjunc-
tion (φ = 0.75). We also examined if there is any differences
in the modulation in the soft band (0.3–2 keV) and hard band
(2–8 keV) (cf. middle panel of Fig. 4). However, there is no sig-
nificant variation of X-ray hardness can be found (cf. bottom
panel of Fig. 4).

3. Optical light curve modeling

We use the eclipsing light curve code (ELC) by
Orosz & Hauschildt (2000) to generate light curve models
for two groups of data according to their modulation. We
combined 2018 March 11 and 12 light curves (ellipsoidal
modulation) into one group (group 1) and 2018 April 2 and 3
light curves (pulsar heating modulation) into another (group 2).
We save computing time by doing so and most importantly,
this grouping is adequate for exploring the heating effect seen
from the two distinct groups that are three weeks apart. In
the modeling analysis, we assumed the following: convective
envelopes for both stars, a nonspherical shape of the companion,
absence of an accretion disk, and point source X-ray heating.
Owing to the difficulty in measuring the spot locations, no spots
are added to the models, although it can be accounted for the
different maximum observed at the ascending and descending
node of the ellipsoidal-modulated light curve. We also supply
a SDSS atmosphere model to the ELC. We use the optimisers
provided in the ELC to fit the folded g′ and r′ band light curves
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Fig. 4. Top panel: X-ray orbital modulation of PSR J1048+2339 in
0.3–8 keV with both Chandra observation combined. The phase zero is
at same epoch as that in Fig. 1. The time bin size is about 2000 s. The red
vertical lines illustrate the locations of inferior conjunction (φ = 0.25)
and superior conjunction (φ = 0.75) of the companion. Middle panel:
blue solid and red dashed lines illustrate the orbital modulation in soft
band (0.3–2 keV) and hard band (2–8 keV), respectively. Bottom panel:
variation of X-ray hardness across the orbit.

simultaneously; the parameters are listed in Table 2. We first
use GridELC to search around the initial guess, by performing
a “grid search” with the assigned grid size, until a minimum
χ2 is obtained. We then use differential evolution Monte Carlo
Markov chain (demcmcELC) to explore the probability of these
fitted parameters. Each fit evolved over 2000 generations with
50 members in the population.

Initial fitting results inferred that the companion fully filled
its Roche lobe ( f1 = 0.99), but other parameters were not well
constrained. We tried fixing f1 = 1 and the results are shown
in Fig. A.1 (top panels). For instance, the pulsar irradiation in
Group 2 increased by a factor of 19, compared to that of Group 1.
The fitted inclinations are 40◦–60◦ while the effective tempera-
tures (corresponding to the night side temperature of the star) are
around 4000 K. The mass ratio in both groups are unconstrained
but both have a median around 4.4–5.5. We attribute this scenario
to the lack of radial velocity measurements. At the fitted inclina-
tions, the mass ratios imply a pulsar mass of around 3 M�, which
is too massive for a neutron star. For a typical pulsar, the above
mass ratios inferred a higher inclination. Furthermore, the differ-
ence in the pulsar irradiation is too large to be justified. In the sub-
sequent analysis, we fixed the inclination to a theoretical upper
limit of 76◦ for which an X-ray eclipse was not observed, using
the derived pulsar mass of 2.1 M� and a companion star mass
of 0.4 M�, obtained from the light curve fitting. The results are
shown in Fig. A.1 (bottom panels), in addition to Table 2. We
obtained a factor of∼6 increment in the Group 2 pulsar irradiation,
in comparison to the irradiation in Group 1. The filling factors and
effective temperatures are ∼0.8 and ∼4200 K in both groups.

Table 2. ELC modeling results.

Parameter Group 1a Group 2b

Pulsar irradiation (erg s−1) 1033.14+0.19
−0.20 1033.88+0.12

−0.10

Roche-lobe filling factor 0.83+0.03
−0.03 0.86+0.02

−0.02

Mass ratio (Mpulsar/Mcompanion) 4.92+1.02
−0.92 5.60+0.40

−0.70

Effective temperature (K) 4253+247
−288 4123+81

−80

Inclination (◦) fixed at 76◦ fixed at 76◦
Derived pulsar mass 2.06 M� 2.14 M�
Derived companion mass 0.40 M� 0.41 M�

Notes. (a)2018 March 11 & 12. (b)2018 April 2 & 4.

4. Discussion

We observed a face changing companion of the redback system
J1048+2339, in which the modulation changes evidently from
ellipsoidal to pulsar heating. The changing timescale took no
more than 14 days. It is not clear if the timescale of 614 days
is only exclusive to J1048+2339. Based on our LT data, the
unusual brightening at φ = 0.21 might be a precursor of a
huge flaring taking place in the system. More recently, Cho et al.
(2018) reported an optical brightening and an X-ray flaring event
of the system. The optical emission at orbital phase φ = 0.75
increased by 0.5 mag on 2018 April 18 (compared to their pre-
vious detection) and went back to quiescence (R & 20.5 mag)
in the 2018 May 20 observation. An X-ray flare was detected
by Chandra on 2018 July 8 at φ = 0.9. By comparing with our
observations, it follows that the pulsar wind heating timescale is
at most ∼2 months.

The observed brightening of the companion star and the
X-ray modulation provide us the information of the heating
source for the companion star. From the observed and estimated
properties of the system, the separation of the two stars, a, and
the Roche-lobe radius, Rrb, of the companion star are estimated
as a = 1.5× 1011 cm and Rrb/a = 0.25. With the ELC model, we
find the required irradiation luminosity of Lirr ∼ 1033−34 erg s−1

(cf. Table 2), if we assume the heating source is located at
the position of the pulsar. In this case, a fraction of the lumi-
nosity absorbed by the companion star would be estimated by
δ ∼ (R2

rb/4a2) ∼ 0.016. Hence, we may estimate the rate of
the energy absorbed by the companion star as Lab ∼ δLirr ∼

5 × 1031 erg s−1(δ/0.016)(Lirr/1033.5 erg s−1).
There are several possibilities for the sources of the heat-

ing: the pulsar wind (Harding & Gaisser 1990), gamma-ray radi-
ation from the pulsar (Takata et al. 2012), and the intrabinary
shock emission (Sanchez & Romani 2017). For J1048+2339, the
gamma-rays from the magnetosphere, for which the luminosity
is usually 10% of the spin-down power, are not the main heat-
ing source, since the magnetospheric emission are steady and
cannot explain the observed brightening (∼1 mag) of the com-
panion star. The change of the gamma-ray emission from the
pulsar magnetosphere has been observed for young pulsar PSR
J2021+4026 (Zhao et al. 2017). However, such a flux change is
accompanied by a large glitch of the neutron star. For millisec-
ond pulsars, such a large glitch has not been observed yet.

The observed X-ray luminosity from the intrabinary shock
of this system is on the order of LX ∼ 1031 erg s−1, which is com-
parable to the required energy of the absorption Lab. Hence if the
shock emission is the main heating source, the intrabinary shock
should be located near/on the companion star source. In such
a case, a natural explanation of the observed X-ray modulation
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with the flux peak around the superior conjunction is a con-
sequence of the obstruction of the X-ray emitting region by
the companion star. As demonstrated in Bogdanov et al. (2011),
however, the modulation expected by this scenario has a sinu-
soidal shape and the expected width of the peak (≥0.5 orbital
phase) is wider than the observed one peak (say, ∼0.3). This sce-
nario would also be difficult to explain the observed large ampli-
tude (factor of 10, cf. Fig. 4), unless our view is almost edge-on.
In fact, our results imply a high inclination of the system, con-
sistent with the recent work by Strader et al. (2018) in which a
near to edge-on orbit for J1048+2339 is suggested using radial
velocity measurements.

Alternatively, the X-ray peak can be interpreted as the
Doppler boosting effect of the pulsar wind flow (see Huang et al.
2012). In this scenario, the pressure of the stellar wind is stronger
than the pulsar wind pressure and the shock cone wraps the
pulsar. The Doppler boosting effect enhances (or weakens) the
observed X-ray flux when the pulsar wind moves toward (or
away from) the Earth. PSR J2129-0429, for example, shows a
double peak structure at a small dip at the superior conjunction
(Kong et al. 2018). It has been suggested that since the spin of
the companion is synchronized with the orbital period, the stellar
magnetic field of the companion star is enhanced to several kilo-
gauss (kG) by the stellar dynamo process (Sanchez & Romani
2017). The X-ray peak (cf. Fig. 4) is not symmetric. Depending
on the inclination angle of the binary, a double peak can be pro-
duced if the viewing angle is within the shock cone, while single
peak is expected if the viewing angle is outside the shock cone.

If the intrabinary shock is located far from the companion
star surface and wraps the pulsar, the observed X-ray luminos-
ity, LX ∼ 1031 erg s−1, is insufficient to explain the heating of the
companion star. To overcome this difficulty, Sanchez & Romani
(2017) proposed that a portion of pulsar wind particles duct
along the magnetic field of the companion star to the com-
panion star surface, although it is uncertain how a fraction of
the pulsar wind particles can cross the contact discontinuity of
the MHD shock (Wadiasingh et al. 2017). If we assume that
the pulsar wind particles carry an energy of LPW ∼ Lsd =
1.2 × 1034 erg s−1 and assume that several percent of the wind
energy, which is required to explain the observed X-ray lumi-
nosity for J1048+2239, is stopped by the intrabinary shock, a
several percent of the shocked pulsar wind particles will reach
the companion star surface. The pairs trapped by the magnetic
field of the companion star will increase their pitch angle and
lose their energy via synchrotron radiation as they move toward
the stellar surface. This radiation could be one of the sources
of the heating. Since the pairs with a large pitch angle cannot
reach the star surface owing to the magnetic mirror, only pairs
with small pitch angle can deposit on and directly heat up the
companion surface.

Light curve modeling shows that the heating energy
increased by a factor of 6 in less than three weeks. We specu-
late that this is related to the activity of the companion star, and
the magnetic field of the companion star could play an impor-
tant role by connecting to the shock region and guides the pair
plasmas to the companion star surface. For instance, after 2018
March 12, more pair plasmas are guided to the companion star.
In the event that the magnetic field of the companion star is sud-
denly weakened, the location of the intrabinary shock moves
toward the companion star surface, and increases the heating
energy in late March. Interestingly, there is a spontaneous flaring

event on 2018 March 26 before the launch of the pulsar heat-
ing modulation and the color variation suggests that the flare
emission is hot. It is likely due to some heating effect related
to magnetic activity on the tidally locked companion instead
of reprocessing. Future multicolor monitoring will allow us to
investigate the face changing mechanism of this intriguing red-
back system.

Another speculative scenario is that the outflow from an
unaccreting dead disk stops the pulsar wind located close to the
pulsar (D’Angelo & Spruit 2010; Takata et al. 2012). In this sce-
nario, the irradiated gamma rays on the disk are absorbed by
the disk, if the column density is greater than a critical value
of σ ∼ 60 h/l g cm−2, where h and l is the thickness of the
disk and propagating length of the gamma rays in the disk.
The absorbed energy will be converted into the outflow from
the disk, which could block the pulsar wind near the pulsar.
After 2018 March 12, the disk column density could be lower
than the critical value, and no formation of the outflow from the
disk, therefore allowing the intrabinary shock to move toward
the companion star and thus increase the heating.
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Appendix A: Additional figure
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Fig. A.1. Corner plot of the fitted parameters: luminosity Lx, filling factor f1, mass ratio q, and effective temperature Teff . Top left: Roche-lobe
filling factor of 1 is assumed in Group 1 (ellipsoidal modulation) fitting. Top right: Roche-lobe filling factor of 1 is assumed in Group 2 (pulsar
heating modulation) fitting. Bottom left: inclination angle of 76◦ is assumed in Group 1 (ellipsoidal modulation) fitting. Bottom right: inclination
angle of 76◦ is assumed in Group 2 (pulsar heating modulation) fitting. The best-fit parameter is displayed with 1σ confidence interval for a 2D
histogram.
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Abstract

UX Orionis stars (UXors) are Herbig Ae/Be or T Tauri stars exhibiting sporadic occultation of stellar light by
circumstellar dust. GMCephei is such a UXor in the young (∼4Myr) open cluster Trumpler 37, showing
prominent infrared excess, emission-line spectra, and flare activity. Our photometric monitoring (2008–2018)
detects (1)an ∼3.43day period, likely arising from rotational modulation by surface starspots, (2)sporadic
brightening on timescales of days due to accretion, (3)irregular minor flux drops due to circumstellar dust
extinction, and (4)major flux drops, each lasting for a couple of months with a recurrence time, though not exactly
periodic, of about two years. The star experiences normal reddening by large grains, i.e., redder when dimmer, but
exhibits an unusual “blueing” phenomenon in that the star turns blue near brightness minima. The maximum
extinction during relatively short (lasting �50 days) events, is proportional to the duration, a consequence of
varying clump sizes. For longer events, the extinction is independent of duration, suggestive of a transverse string
distribution of clumps. Polarization monitoring indicates an optical polarization varying ∼3%–8%, with the level
anticorrelated with the slow brightness change. Temporal variation of the unpolarized and polarized light sets
constraints on the size and orbital distance of the circumstellar clumps in the interplay with the young star and
scattering envelope. These transiting clumps are edge-on manifestations of the ring- or spiral-like structures found
recently in young stars with imaging in infrared of scattered light, or in submillimeter of thermalized dust emission.

Key words: circumstellar matter – occultations – protoplanetary disks – stars: individual (GM Cephei) – stars: pre-
main sequence – stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

Circumstellar environments are constantly changing. A
young stellar object (YSO), with prominent chromospheric
and coronal activities, interacts intensely with the surrounding
accretion disk by stellar/disk winds and outflows. The first few
million years of the pre-main-sequence (PMS) evolution
coincide with the epoch of possible planet formation, during
which grain growth, already taking place in prestellar
molecular cores up to micron sizes, continues on to centimeter
sizes, and then to planetesimals (Natta et al. 2007). The detailed

mechanism to accumulate planetesimals and eventual planets is
still uncertain. Competing theories include planetesimal accre-
tion (Weidenschilling 2000) versus gravitational instability
(Safronov 1972; Goldreich & Ward 1973; Johansen et al.
2007). Given the ubiquity of exoplanets, planet formation must
be efficient to complete the dissipation of PMS optically thick
disks in less than 10Myr (Mamajek et al. 2004; Briceño et al.
2007; Hillenbrand 2008).
YSOs are known to vary in brightness. Outbursts arising

from intermittent mass accretion events are categorized into
two major classes: (1)FU Ori-type stars (or FUors) showing
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erupt brightening up to 6mag from quiescent to the high state
in weeks to months, followed by a slow decline in decades
(Hartmann & Kenyon 1985), and (2)EX Lup-type stars
showing brightening up to 5mag, sometimes recurrent, with
roughly the same timescale of months in both rising and fading
(Herbig 1989). Sunlike PMS objects, i.e., TTauri stars, may
also display moderate variations in brightness and colors
(Herbst et al. 1994) due to rotational modulation by magnetic/
chromospheric cool spots or accretion/shocking hot spots on
the surface. There is an additional class, owing its variability to
extrinsic origin, of UX Ori type stars (UXors; Herbst et al.
1994), that displays irregular dimming caused by circumstellar
dust extinction. In addition to the prototype UXOri itself,
examples of UXors include CO Ori, RR Tau, and VV Ser.

The YSO dimming events can be further categorized
according to the levels of extinction and the timescales. The
“dippers” (Cody & Hillenbrand 2010), with AA Tau being the
prototype (Bouvier et al. 1999, 2003), have short (1–5 days)
and quasi-periodic events thought to originate from occultation
by warps (Terquem & Papaloizou 2000; Cody et al. 2014) or
by funnel flows (Blinova et al. 2016) near the disk truncation
radius and induced by the interaction between the stellar
magnetosphere and the inner disk (Romanova et al. 2013). The
“faders,” with KH 15D being the prototype (Kearns &
Herbst 1998; Hamilton et al. 2001), show prolonged fading
events, each lasting for months to years with typically large
extinction up to several magnitudes, thought to be caused by
occultation by the outer part of the disk (Bouvier et al. 2013;
Rodriguez et al. 2015, 2016). The target of this work,
GMCephei (hereafter GMCep), a UXor star known to have
a clumpy dusty disk (Chen et al. 2012), displays both dipper
and fader events.

As a member of Trumpler (Tr)37, a young (1–4Myr,
Marschall et al. 1990; Patel et al. 1995; Sicilia-Aguilar et al.
2005; Errmann et al. 2013) star cluster as a part of the Cepheus
OB2 association, GMCep (R.A.=21h38m17 32, decl.=+57°
31′22″, J2000) possesses observational properties typical of a
TTauri star, such as emission spectra, infrared excess, and X-ray
emission (Sicilia-Aguilar et al. 2008; Mercer et al. 2009). Gaia/
DR2 (Gaia Collaboration et al. 2018) measured a parallax of
ϖ=1.21±0.02 mas (d 826 13

14= -
+ pc), consistent with being a

member of Tr 37 at ∼870pc (Contreras et al. 2002).
The spectral type of GMCep reported in the literature ranges

from a late F (Huang et al. 2013) to a late G or early K (Sicilia-
Aguilar et al. 2008). The star has been measured to have a disk
accretion rate up to 10−6Me yr−1, which is thought to be 2–3
orders higher than the median value of the YSOs in Tr 37 and is
1–2 orders higher than those of typical T Tauri stars (Gullbring
et al. 1998; Sicilia-Aguilar et al. 2008). The broad spectral lines
suggest a rotation v sini∼43.2 kms−1 much faster than the
average v isin 10.2~ kms−1 of the members of Tr 37 (Sicilia-
Aguilar et al. 2008).
Sicilia-Aguilar et al. (2008) presented a comprehensive

collection of data on GMCep, including optical/infrared
photometry and spectroscopy, plus millimeter line and
continuum observations, along with the young stellar popula-
tion in the cluster Tr 37 and the Cep OB2 association (See also
Sicilia-Aguilar et al. 2004, 2005, 2006a, 2006b). Limited by
the time span of their light curve, Sicilia-Aguilar et al. (2008)
made the incorrect conclusion that the star belonged to the
EXor type. Later, with a century-long light curve derived
from archival photographic plates, covering 1895 to 1993,

Xiao et al. (2010) classified the star as a UXor, which was
confirmed by subsequent intense photometric monitoring
(Chen et al. 2012; Semkov & Peneva 2012; Semkov et al.
2015; Huang et al. 2018). Chen et al. (2012) speculated on a
possible recurrent time of ∼1 yr based on a few major
brightness dimming events, but this was not substantiated by
Semkov et al. (2015).
GMCep has been studied as part of the Young Exoplanet

Transit Initiative (YETI) project (Neuhäuser et al. 2011), which
combines a network of small telescopes in distributed time
zones to monitor young star clusters, with the goal to find
possible transiting exoplanets (Neuhäuser et al. 2011). Any
exoplanets thus identified would have been newly formed or in
the earliest evolution, providing a comparative sample with the
currently known exoplanets that are almost exclusively found
in the general Galactic fields, so are generally older). While so
far YETI has detected only exoplanet candidates (Garai et al.
2016; Raetz et al. 2016), the data set serves as a valuable
inventory for studies such as stellar variability (Errmann et al.
2013; Fritzewski et al. 2016).
The work reported here includes light curves in BVR bands

on the basis of the photometry collected from 2008 to 2018.
Moreover, polarization measurements in g′-, r′-, and i′-bands
have been taken at different brightness phases, enabling
simultaneous photometric and polarimetric diagnosis of the
properties of the circumstellar dust clumps that cause the UXor
variability. Section 2 summarizes the data used in this study,
including those collected in the literature, and our own
photometric and polarimetric observations. Section 3 presents
the results of photometric, color, and polarimetric variations.
On the temporal behavior of these measurements, we then
discuss in Section 4 the implications on the properties of the
dust clumps around GMCep. We summarize our findings in
Section 5.

2. Data Sources and Observations

Optical data of GMCep consist mostly of our own imaging
photometry since mid-2008, and polarimetry since mid-2014,
up to mid-2018. These are supplemented by data adopted
from the American Association of Variable Star Observers
(AAVSO) database, covering timescales from days/weeks to
years. Sicilia-Aguilar et al. (2008) summarized the photometry
from the literature, e.g., those of Morgenroth (1939),
Suyarkova (1975), and Kun (1986), and from databases such
as VizieR, SIMBAD, and SuperCOSMOS (Monet et al. 2003),
along with the infrared data from IRAS and MSX6C. Xiao et al.
(2010) expanded the light-curve baseline and presented
a-century-long photometric measurements, with a photometric
uncertainty of ∼0.15mag, derived from the photographic
plates collected at the Harvard College Observatory and from
Sonneberg Observatory. Previous optical monitoring data
include those reported by Chen et al. (2012, in BVR covering
end of 2009–2011), by Semkov & Peneva (2012), and by
Semkov et al. (2015, in UBVRI to end of 2014). The AAVSO
data were adopted only from the observer “MJB” after
checking photometric consistency with our results.

2.1. Optical Photometry

The imaging photometry covering 10 years has been acquired
by 16 telescopes, including seven of the YETI telescopes
(Neuhäuser et al. 2011). The Tenagra Observatory in Arizona
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and Lulin Observatory in Taiwan contributed about four-year
baseline coverage each from mid-2010 to mid-2018, respec-
tively. The TenagraII telescope, a 0.81m, Ritchey–Chrétien
type telescope, carried out the BVR monitoring from 2010
October to 2014 June. No observations were taken in July/
August because of the monsoon season, or during February/
March because of the invisibility of the target. The SLT 0.4 m
telescope, located at Lulin Observatory, acquired a few data
points in BVR bands every night from 2014 September to date,
weather permitting. Technical parameters of additional tele-
scopes contributing to the data are listed in Table 1.

For each observing session, darks and bias frames were
obtained every night when science frames were taken, except
for the STK and CTK-II, for which darks already include
biases. The sky flats were obtained when possible. For those
nights without sky flats, we used the flats from the nearest
previous night. The standard reduction with dark, bias, and flat
field correction was performed with IRAF. For the Maidanak
Observatory, Nayoro Observatory, and the ESA’s OGS, the
images were only corrected with bias and flat because of the
low temperatures of the CCD detectors used.

The brightness of GMCep and photometric reference stars
was each measured with the aperture photometry procedure

“aper.pro” of IDL, which is similar to the “IRAF/Daophot”
task, with an aperture radius of 8 5 for the target, and an
annulus of the inner radius of 9 5 and outer radius of 13″ for
the sky. The seven reference stars from Xiao et al. (2010, their
Table 2) were originally used by Chen et al. (2012), but later
we found that StarA varied at ∼0.1mag level, and StarE was
likely a member of the young cluster, so would be likely also
variable. Excluding these two stars, the remaining five, listed in
Table 2, were used as reference stars in the differential
photometry of GMCep reported here.
Photometric measurements at multiple bands were taken at

different epochs in a night, and sometimes with different
telescopes. In order to facilitate a quantitative comparison, e.g.,
between the B- and V-band light curves, and hence the B−V
color curve, the epoch of each observation was rounded to the
nearest integer Modified Julian Date (MJD), and the average in
each band was taken within the same MJD. For periodicity
analysis, the actual timing was used, so there would be no
round-off error.

2.2. Optical Polarimetry

The optical polarization of GMCep was measured by
TRIPOL2, the second unit of the Triple-Range Imaging
POLarimeter (TRIPOL; W. P. Chen et al. 2019, in preparation)
attached to the LOT. This imaging polarimeter measures
polarization in the Sloan g′-, r′-, and i′-bands simultaneously by
rotating a half-wave plate to four angles, 0°, 45°, 22°.5, and
67°.5. To reduce the influence by sky conditions, every
polarization measurement reported in this work was the mean
value of at least five sets of images having nearly the same
counts in each angle. This compromises the possibility to detect
polarization variations on timescales of less than about an hour,
but ensures the reliability of nightly measurements.

Table 1
Parameters of Telescopes

Observatory/Telescope CCD Type Size (pixels) Pixel Size (μm) FOV (arcmin2) RON (e−) # Nights

YETI Telescopes

0.4m SLT (Lulin) E2V42-40 2048×2048 13.5 30.0×30.0 7 541
0.81m TenagraII (Tenagra) SITeSI-03xA 1024×1024 24 14.8×14.8 29 463
0.25m CTK-II (Jena)a E2VPI47-10 1056×1027 13 21.0×20.4 7 104
0.6m STK (Jena)b E2V42-10 2048×2048 13.5 52.8×52.8 8 79
1.0m LOT (Lulin) ApogeeU42 2048×2048 13.5 11.0×11.0 12 48
0.61m RC (Van de camp) ApogeeU16M 4096×4096 9 26.0×26.0 7 13
0.6m Zeiss 600/7500 (Stara Lesna) FLIML3041 2048×2048 15 14.0×14.0 5 11

Other Telescopes

1.6m Pirka (Nayoro)c EMCCDC9100-13 512×512 16 3.3×3.3 13 133
1.5m AZT-22 (Maidanak) SI600Series 4096×4096 15 16.0×16.0 5 120
1.0m NOWT (XinJiang) E2V203-82 4096×4096 12 78.0×78.0 5 108
1.2m T1T (Michael Adrian) SBIGSTL-6303 3072×2048 9 10.0×6.7 15 12
0.51m CDK (Mayhill) FLIProLinePL11002M 4008×2072 9 36.2×54.3 9 12
1.0m ESA’s OGS (Teide)d RoperSpecCamera 2048×2048 13.5 13.76×13.76 8 10
1.5m P60 (Palomar) AR-CoatedTektronix 2048×2048 24 11.0×11.0 9 7
0.35m ACT-452 (MAO) QSI516 1552×1032 9 37.6×25.0 15 2

Notes.
a Mugrauer (2016).
b Mugrauer & Berthold (2010).
c Nayoro observatory equips EMCCD camera with their Multi-Spectral Imager (MSI) instrument (Watanabe et al. 2012).
d Schulz et al. (2014).

Table 2
Photometric Reference Stars Adopted from Xiao et al. (2010)

Ref. Star R.A. (J2000) (deg) Decl. (J2000) (deg) B (mag) V (mag) R (mag)

Star B 324.529226 57.508117 16.015 14.961 14.364
Star C 324.563184 57.492816 15.445 14.837 14.455
Star D 324.543391 57.505287 15.333 14.357 13.770
Star F 324.586443 57.487231 14.389 13.358 12.770
Star G 324.600939 57.556202 13.374 12.829 12.513
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For TRIPOL2, we acquired the sky flats if weather allowed,
or else we used the sky flats from the nearest adjacent night.
Several unpolarized and polarized standard stars (Schmidt et al.
1992) were observed to calibrate the instrumental polarization
and angle offset (W. P. Chen et al. 2019, in preparation). The
correction for the dark and flat field was performed for all the
images following the standard reduction procedure. The fluxes
at four angles were measured with aperture photometry, and the
Stokes parameters (I, Q, and U) were then calculated, from
which the polarization percentage (P Q U I2 2= + ) and
position angle ( U Q0.5 arctan 1q = -( ) ) were derived. A
typical accuracy ΔP0.3% in polarization could be achieved
in a photometric night (W. P. Chen et al. 2019, in preparation).

3. Results and Discussions

3.1. Photometric Variations

Figure 1 exhibits the light curves of GMCep, including data
taken from the literature covering more than a century since
1895 (Figure 1(a)), and our intense multiband observations
starting in 2008 (Figure 1(b)). Since last reported (Chen et al.
2012; Semkov & Peneva 2012; Semkov et al. 2015), the star
continued to show abrupt brightness changes. There are three
main kinds of variations. Most noticeable are the major flux
drops, ∼1–2.5mag at all B-, V-, and R-bands, with prominent
ones, each lasting for months, occurring in mid-2009, mid-
2010, 2011/2012, beginning of 2014, end of 2016, and end of
2017 (Munari et al. 2017). The list is not complete, limited by
the time coverage of our observations. In addition, there are
minor flux drops (∼0.2–1 mag), each with the duration of days
to weeks. The third kind, with a typical depth of 0.05mag and
occurring in a few days, is not discernible on the display scale
of Figure 1, and will be discussed later.

3.1.1. Periodicity Analysis

Deep Flux Drops: The UXors are thought to have irregular
extinction events, despite the attempts to search for cyclic
variability (Grinin et al. 1998; Rostopchina et al. 1999). For
GMCep, period analysis by the Lomb–Scargle algorithm
(Lomb 1976; Scargle 1982) was performed, and the result is
shown in Figure 2. A significant power is seen at ∼730 days,
which does not show up in the power spectrum of the sampling
function (i.e., a constant magnitude at each sampling point).
The secondary peak around 350days, also visible in the
sampling function, is the consequence of annual observing
gaps. A dynamical period analysis was performed by repetitive
Lomb–Scargle computation within a running window of 2,000
days with a moving step of one day. For example, the power
spectrum at date 42500 (plus MJD+13000) was calculated by
the data within the window ranging from 41500 to 43500.

Figure 1. The light curve of GM Cep from 1894 to 2018. (a)The century-long data reported by Sicilia-Aguilar et al. (2008) and Xiao et al. (2010). (b)The light
curves and (B−V ) color curve from 2008 to 2018 reported in this work. Epochs at which spectral measurements were reported in the literature are marked, with a
triangle symbol for Sicilia-Aguilar et al. (2008), an upside down triangle for Semkov et al. (2015) and an asterisk for Giannini et al. (2018). (c)Dynamical period
analysis of the input light curve of (b), with a window size of 2000 days and a step of 1 day. The color represents the power of the periodogram, from high in red to
blue. The vertical axis represents either the frequency (on the left) or the corresponding period (right).

Figure 2. (a)The periodogram of the V-band light curve, where the red line
marks the peak of the power spectrum. (b)The periodogram of the sampling
function.
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Enough padding was applied to the edges of the light curve. A
peak around ∼700days persists, evidenced in Figure 1(c).

An independent investigation of the periodicity was
performed by computing the autocorrelation function. The
light curve was resampled to be equally spaced with a step of
one day, and for each day, the average of data within 300 days
from date 41500 to date 45500, or within 100 days from date
42300 to date 45500, centered on the day was adopted. A time
lag of ∼700–800 days is reaffirmed. This is the timescale
between the few prominent minima (i.e., near 42900 and
43700).

Rotational Modulation: To investigate possible variability on
much shorter timescales, we extracted the segment of the light
curve from mid-2014 to the end of 2014, when the star was in
the bright state so that there should be little influence by major
flux drops. The light curve was fitted with, and then subtracted
by, a third-order polynomial function to remove the slow-
varying trend. The Lomb–Scargle analysis led to an identifica-
tion of a period of ∼3.43 days in the detrended light curve, and
Figure 3 exhibits the original and the detrended light curves,
together with the power spectrum and the folded light curve.
This variation is caused by modulation of stellar brightness by
dark spots on the surface with the rotational period of the star
(Strassmeier 2009). Note that this period coincides roughly
with the expected rotational period of a few days for the star,
given its measured rotation v sin i∼43 kms−1, and a radius of
a few solar radii, estimated from the PMS evolutionary tracks
(Sicilia-Aguilar et al. 2008).

Guided by the periodicity derived from the short segment of
the light curve, we then processed the entire light curve using a
more aggressive detrend technique than a polynomial fit to deal
with the large fluctuations. The original light curve was
smoothed by a running average, with an eight-day window.
This effectively removes low-frequency signals slower than
about 10days. To investigate possible period changes, we
divided the light curve into three segments, with the MJD
ranges (plus MJD+13000) (1)41500 to 43000, (2)43000 to
44250, and (3)44250 to 45500, respectively, based on a
judicious choice to have sufficiently long trains of under-
sampled data to recover periods on timescales of days. Figure 4
presents the power spectrum and the phased light curve for
each segment, and in each case a significant period stands
out, with the period and amplitude, P1=3.421 days,
A1=0.039 mag P2=3.428 days, A2=0.036 mag, and
P3=3.564 days, A3=0.020 mag. The seemingly large
scattering in each folded light curve is not the noise in the
data, but the intrinsic variation in the star’s brightness, e.g., by
differing total starspot areas. Because such a variation is not
Gaussian, a least-squares analysis may not be appropriate to
render a reliable estimate of the amplitude. Still, the sinusoidal
behavior seems assured.
Therefore, a rotation period of roughly 3.43days is found to

persist throughout the entire time of our observations. More-
over there is marginal evidence of a lengthening period with a
reduction in amplitude. This can be understood as latitudinal
dependence of the occurrence of starspots due to surface
differential rotation, in analog to the solar magnetic Schwabe
cycle, in which sunspots first appear in heliographic mid-
latitudes, and progressively more new sunspots turn up (hence
covering a larger total surface) toward the equator (hence with
shorting rotational periods). GMCep therefore has an opposite
temporal behavior, suggestive of an alternative dynamo
mechanism at work (e.g., Küker et al. 2011). Further
observations with a shorter cadence should be able to confirm
this period shift and to provide a more quantitative diagnostic.
The detrended light curve shows mostly dimming events

with occasional brightening episodes. The dimming must be
the consequence of rotational modulation by surface starspots,
whereas the brightening arises from sporadic accretion. The
amplitude 0.2 mag is consistent with the 0.01–0.5mag
variation range typically observed in T Tauri stars caused by
cool or hot starspots (Herbst et al. 1994). Also, the amplitude of
variation is marginally larger at shorter wavelengths, namely in
V and B, lending evidence of accretion.
The excessive accretion rate of GMCep reported by Sicilia-

Aguilar et al. (2008), 10−7 to 5×10−6Me yr−1, was estimated
by the U-band luminosity (Gullbring et al. 1998). Using the Hα

velocity as an alternative diagnostic tool (Natta et al. 2004), the
accretion rate would be 5×10−8 to 3×10−7Me yr−1 (Sicilia-
Aguilar et al. 2008). Similarly, measuring also the Hα velocity,
Semkov et al. (2015) derived 1.8×10−7Me yr−1. Giannini et al.
(2018) presented spectra of GMCep at different brightness phases
and, on the basis of the dereddened Hα luminosity and its relation
to the accretion luminosity (Alcalá et al. 2017), and then to the
accretion rate (Gullbring et al. 1998), derived an average accretion
rate of 3.5×10−8Me yr−1 with no significant temporal varia-
tions. Each of these methods has its limitation. The U-band flux
may be contributed by thermal emission from the hot boundary
layer (the accretion funnel) between the star and the disk. The Hα

emission, on the other hand, may be contaminated by absorption

Figure 3. (a)The bright state in mid-2014 of the R-band light curve. (b)The
scaled light curve after removal of the slow-varying trend. (c)The power
spectrum of (b), from which a period of 3.43days is detected. (d)The folded
light curve with P=3.43 days found in (c). The solid curve shows the best-fit
sinusoidal function.
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Figure 4. Power spectrum and phased light curve for (plus MJD+13000) (a) 41500–43000, (b) 43000–44250, and (3) 44250–45500. In each case the solid curve is
the best-fit sinusoidal function, from which the amplitude is derived.

Figure 5. Gaussian fitting to each of the major flux drop events.
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in the Hα profile, or by chromospheric contribution not related to
accretion. In any case, GMCep does not seem to be unusually
active in accretion activity compared to typical T Taur stars or
Herbig Ae/Be stars. The prominent flux variations are the
consequences of dust extinction, not the FUor kind of flares. In
Figures 1(a) and (b), the epoches at which literature spectroscopic
measurements are available are marked, at date 39091 (Sicilia-
Aguilar et al. 2008) and at date 41645 (Semkov et al. 2015), both
when the star was in a bright state, and at date ∼45080 (Giannini
et al. 2018) when the star was in a faint state. Among the three
data sets, the accretion rate does not seem to correlate with the
apparent brightness.

3.1.2. Event Duration and Extinction

We parameterize a flux drop event by its duration and the
maximum depth, with a least-squares fit by a Gaussian function.
Only events sampled at more than half of the duration, e.g., an
event lasting for roughly 10 days must have been observed for
more than 5 nights, are considered to have sufficient temporal
coverage to be included in the analysis. Figure 5 illustrates how
the duration, taken as five times the standard deviation, or about
5% below the continuum, and the depth, as the minimum of the

Gaussian function, are derived for each major event. The
parameters are summarized in Table 3, in which the columns list
for each event the identification, the MJD, duration, depths in B-,
V-, and R-bands, and the comments.
Figure 6 exhibits the duration versus depth of the flux drop

events. Two distinct classes of events emerge. For the short events
the duration in general lengthens with the depth, roughly amounting
to AV∼1 mag per 30 days. This is understood as the various sizes
of occulting clumps, so a larger clump leads to a longer event along
with a deeper minimum. The extinction depth levels off for longer
(100 days) events to AV∼1.5 mag, suggesting that these events
are not caused by ever larger clumps. We propose that each long
event consists of a series of events, or a continuous event, by
clumps distributed along a string or a spiral arm. In this case, the
duration gets longer, but the depth is not deeper.
The depth-duration relation of T Tauri stars has been

discussed by Findeisen et al. (2013) with 3 yr monitoring of
Palomar Transient Factory for the North America Nebula
complex. In their sample of 29 stars, there are fading events
with a variety of depth (up to ∼2 mag) and duration
(1–100 days). Stauffer et al. (2015), with a high-cadence light
curve from the CoRoT campaign for NGC 2264, identified
YSO fading events up to 1mag. Guo et al. (2018) summarized
event parameters for different stars, including those in Stauffer
et al. (2015), and found those with durations less than 10days
varied typically with a depth of �1 mag, whereas those lasting
more than ∼20days have a roughly constant amplitude
∼2–3mag. All these studies made use of samples of different
stars with diverse star/disk masses, ages, inclination angles,
etc., and no clear correlation was evidenced between depth and
duration. In comparison, our investigation is for a single target
with distinct correlations for the short and for the long events.

3.2. Color Variations

Along with the light curves, Figure 1 also presents the B−V
color curve, i.e., the temporal variation. Figure 7(a) illustrates
how the B magnitude of GMCep varies with its B−V color.
In this color–magnitude diagram (CMD), GMCep in general
becomes redder when fainter, suggesting normal interstellar
extinction/reddening. The slope of the reddening vector,
marked by an arrow, is consistent with a total-to-selective
extinction law of RV=5 (Mathis 1990), rather than with the

Table 3
Flux Drop Events

ID MJD Duration (days) ΔB (mag) ΔV (mag) ΔR (mag) (Remarks)

Major Events

BD01 55039 100 1.45 1.50 1.50
BD02 55401 450 1.45 1.40 1.20
BD03 55910 180 1.70 1.60 1.50
BD04 56713 310 1.75 1.64 1.47
BD05 57759 75 1.45 1.30 1.10

Minor Events

SD01 55736 10 0.79 0.75 0.67
SD02 55767 30 0.82 0.75 0.63
SD03 55818 35 0.80 0.70 0.65
SD04 56205 25 1.05 0.85 0.78
SD05 56415 13 0.87 0.80 0.72
SD06 56429 10 0.52 0.44 0.40
SD07 56510 11 0.65 1.05 0.70 V includes

AAVSO
data

SD08 56553 15 0.37 0.32 0.30
SD09 56763 13 0.35 0.55 0.68
SD10 56784 13 0.55 0.48 0.48
SD11 56865 13 L 0.40 L
SD12 56944 13 0.33 0.18 0.20
SD13 56972 3 0.22 0.17 0.15
SD14 56989 3 0.22 0.20 0.18
SD15 57184 8 0.49 0.40 0.36
SD16 57263 25 1.10 1.10 1.40 incomplete

sampling in
B and V

SD17 57291 10 0.40 0.35 0.30
SD18 57333 10 0.30 0.35 0.35
SD19 57415 28 0.95 L 0.87
SD20 57511 20 1.10 1.00 0.92
SD21 57591 15 0.45 0.35 0.30
SD22 57656 10 0.61 0.54 0.48
SD23 57946 15 1.05 0.85 0.80

Figure 6. Depth vs. duration of occultation events. Each event is parameterized
by a Gaussian fit to the light curve as illustrated in Figure 5. There is a linear
trend for short events (triangles), whereas for long events (circles) the
extinction depth levels off.
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nominal RV=3, implying larger dust grains than in the diffuse
interstellar clouds. Between B∼15.2 mag and B∼15.7 mag, the
extinction appears independent of the (B−V ) color, indicative of
gray extinction by even larger grains (>10 μm, (Eiroa et al. 2002).
The trend is yet different toward the faint state; namely the color
turns bluer when fainter. This color reversal, or the “bluing
effect,” has been known (Bibo & The 1990; Grinin et al. 1994;
Grady et al. 1995; Herbst & Shevchenko 1999; Semkov et al.
2015), with the widely accepted explanation being that during the
flux minimum, when direct starlight is heavily obscured by
circumstellar dust, the emerging light is dominated by forward
scattered radiation into the field of view.

The bluing phenomenon is also illustrated in Figure 1, where
a few deep minima are marked, each by a thick red line, during
which the corresponding color turns blue near the flux
minimum. Additional CMDs in V versus V−R, and R versus
R−I, where the data in I are adopted from those reported by

Semkov et al. (2015), indicate also normal reddening in the
bright state, whereas the bluing tends to subside toward longer
wavelengths, in support of the scattering origin, as shown in
Figure 7(b).

3.3. Polarization

Figure 8 presents the linear polarization in r′-band of GMCep,
and of two comparison stars including one of the photometric
reference stars and a field star. GMCep displays a varying
polarization with P=3%–8% but with an almost constant
position angle of ∼72°. The two comparison stars remain
steadily polarized, each of P2% with a variation 1%.
Adding up the TRIPOL measurements at four polarizer

angles gives the total flux. As seen in Figure 8, the TRIPOL r′
light curve, albeit with lower cadence, allows for diagnosis of
simultaneous photometric and polarimetric behavior. The
broadband light curves in turn serve to indicate the overall
brightness states at which the polarization data are taken.
Figure 9(a) plots the polarization in each band, Pg′, Pr′, and

Pi′. The polarization exhibits a slowly varying pattern, declining
from 6% to 9% in the fall of 2014 to 3%–5% in 2015 July/
August, and reclining to 5%–7% near the end of 2015. A similar
pattern seems to exist also in 2017 but with a variation of 2%–

5%. At the same time, the slow brightness change in each case,
notwithstanding abrupt flux drops, seems to have a reverse trend.
In particular, the smooth brightening in late 2014, where
polarization data are densely sampled, is clearly associated with
a monotonic decrease in polarization. A similar brightness-
polarization pattern is seen from early 2017 to early 2018, for
which the brightening and fading in the light curve is associated
with a decreasing-turn-increasing trend in polarization.
Note that in general the polarization is higher at shorter

wavelengths, but at certain epochs, particularly at flux minima,
e.g., at the end of 2015 and the beginning of 2017, an
“anomalous” wavelength dependence seems to emerge, so that
the g′ band becomes the least polarized.

4. The Clumpy Disk Structure in GMCep

The photopolarimetric measurements enable inference on the
occultation configuration in a qualitative way. For example, a
sequential blockage of the circumstellar environs and the star

Figure 7. (a) The B magnitude vs. B−V color for GM Cep, using data in
Figure 1. The panel on the right plots the histogram of the brightness in B,
whereas the panel on the top plots the histogram of the B−V color. The arrow
marks the reddening vector for AV=0.5 mag assuming a total-to-selective
extinction of RV=5.0. (b) The same as in (a) but for V vs. V−R and
R vs. R−I.

Figure 8. (a)The r′-band light curve (in black) for GM Cep, together with one
of the photometric reference stars (filled triangles) and one field star (squares),
in the same field of images. (b)The changing polarization level of GM Cep, in
comparison to the two comparison stars. (c)The polarization angle for
GM Cep remaining steady (72°) during three years of monitoring.
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will result in a certain photometric and polarimetric behavior.
The high-cadence light curves, furthermore, allow quantitative
derivation of the depth, duration, etc., of the occulting body.
We present the analysis and interpretation of both kinds in this
section.

4.1. Occultation Geometry Inferred By the Polarization Data

The level of polarization at wavelength λ is defined as
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where F t is the total flux, which is decomposed into polarized
flux (Fp) and unpolarized flux (Fu), with F t=Fp+Fu. At
each observing epoch, Pλ and F t are measured, therefore Fp

and Fu can be derived. In general the starlight is not polarized,
but the scattered light from the inner gaseous envelope/disk is,
which is fainter and bluer in color than the direct starlight.

The temporal variations of Fp
λ, Fu

l , and Ft
l, plus the wavelength

dependence of these variations, provide clues on the geometry of
a clump, or a string of clumps, relative to the stellar system (star
plus disk). The last part of the equation suggests that (1) if Fu

l
remains the same, Pλ changes with Fp

l in the sense that as Fp
l

decreases, so does Pλ. The dust reddening by occultation makes
this dependence stronger at shorter wavelengths. But (2) if Fu

l
changes, because it dominates the brightness over Fp

l , so, for
example, as Fu

l decreases, Pλ increases.
Figure 9(b) exhibits how the decomposed polarized (Fp) and

unpolarized (Fu) components vary, respectively, at different
wavelengths. To facilitate the comparison, each curve is scaled
to its first data point to demonstrate the relative level of flux
changes. The decomposition makes it clear that the decreasing

polarization near the end of 2014, with P P Pg r i> >¢ ¢ ¢ (see
Figure 9(a)), corresponding to the brightening of the star
system, is the result of a fading Fp

l alongside with a brightening
Fu
l , as evidenced in Figure 9(b), both leading to a decreasing Pλ

in every wavelength. In the occultation scenario, the star
system would be just coming out of a major event, and during
such an egress, the clump was unveiling the star and blocking a
progressively larger part of the envelope. Incidentally the deep
flux drop event at the beginning of 2017 has polarization
measured. At the brightness minimum, the level of polarization
changes little, but with the anomaly P P Pr i g> >¢ ¢ ¢. Inspection
of the decomposition result reveals that both Fu

l and Fp
l decline

to almost an all-time low, particularly at shorter wavelengths.
This is the configuration when the star and the envelope are
both heavily obscured.
On YSO photometric and polarimetric variability, Wood et al.

(1996) and Stassun & Wood (1999) modeled the rotationally
modulated multiwavelength photopolarization due to scattering of
light by stellar hot spots, under different simulation parameters,
such as the size and latitude of the hot spot, inclination, truncation
radius, and geometry (e.g., flat or flared) of the disk. In general,
the simulations suggested an amplitude of polarization variability
less than about 1%. The polarization variability due to a warped
disk is similarly low, as demonstrated in the case of AA Tau, a
prototype of dippers, with a variation of ∼0.5% in the V-band
during the occultation (O’Sullivan et al. 2005).
Recent modeling by Kesseli et al. (2016) of the photopolari-

metric variability of YSOs plus accretion disks considered the
spot temperature, radius of inner disk, structure, and inclination
of the warp disk. Only star and dust emission was included, with
no gas emission, but still, the typical polarization is expected to
vary by less than∼1%. It is interesting that the polarization level
of I-band normally is always higher than that of the V-band,
consistent with the wavelength dependence of our observations,
albeit with limited time coverage, near flux minima. Hot
starspots or a warped inner disk alone apparently cannot account
for the large polarization variability seen in GMCep. An
additional gaseous envelope likely plays an important role.

4.2. Clump Parameters by the Light-curve Analysis

The long-term light curves render conclusive evidence that
the major flux drops detected in GMCep are caused by
occultation of the young star and the envelope by circumstellar
dust clumps. These dust grains are large in size, inferred by the
reddening law (see Section 3.2), and distributed in a highly
nonuniform manner. This density inhomogeneity could signify
the protoplanetary disk evolution in transition from grain
growth (of μm size) to planetesimal formation (of kilometer
size; Chen et al. 2012).
Accretion plus viscous dissipation heats up a young stellar

disk early on. As the accretion subsides and grains get clumpy,
the disk becomes passive, in the sense that the dust absorbs
starlight, warms up, and reradiates in infrared (Chiang &
Goldreich 1997). The frequent occultation events imply a
geometry that would have led to a significant stellar extinction
and a flat spectral energy distribution (SED). Instead, however,
because of the grain coagulation, GMCep (1) has a moderate
AV=2–3mag, partly of interstellar origin, despite the copious
dust content evidenced by the elevated fluxes in far-infrared
and submillimeter wavelengths (Sicilia-Aguilar et al. 2008),
and also (2) has an SED characteristic of a TTauri star (Sicilia-
Aguilar et al. 2008) with a noticeable infrared excess. In a

Figure 9. (a) The photopolarimetric r′-band light curve (in red) vs. the R-band
light curve (in black), and shown below the polarization levels in g′ (in green),
r′ (in red), and i′ (in brown). The gray shades represent the slow brightness
changes and simultaneous behavior of the polarization. (b) The light curves for
unpolarized flux (Fu) and polarized flux (Fp), with the same color symbols as
in (a).
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passive disk, hydrostatic equilibrium results in a structure to
flare outward (Kenyon & Hartmann 1987; Chiang & Goldreich
1997), so the dust intercepts more starlight than a geometrically
thin disk.

Ring- or spiral-like structure in YSO disks seems ubiquitous,
as evidenced by, e.g., recent ALMA imaging in molecular lines
or in continuum of the Herbig Ae/Be star ABAur (Tang et al.
2012, 2017), the class II object Elias 2–27 (Pérez et al. 2016),
or by HiCIAO/Subaru polarimetric imaging of FUors (Liu
et al. 2016). Such a structure may be induced by a planet
companion (Zhu et al. 2015) or by gravitational instability
(Kratter & Lodato 2016). All these rings or spirals have some
tens to hundreds of astronomical units in extents.

The most enlightening finding relevant to our work is the
detection in the T Tauri star HL Tau at 7mm of a distribution
of clumps along the main ring of thermalized dust found earlier
by at shorter wavelengths, where large grains reside (Carrasco-
González et al. 2016, see their Figure2). The most prominent
one, at ∼0 1 from the star, or ∼14au at a distance of 140pc,
with an estimated mass of 3–8M⊕, is considered by these
authors as a possible planetary embryo.

We have no knowledge of the location of the (strings of)
clumps in the GMCep disk, or of their geometric shape. But
we present the following exercise, using theoretical disk
models, to shed light on the possible constraints on clump
parameters. The largest clumps in GMCep, as seen in Figure 6,
cause a maximal extinction of A 1.5V

c = mag with a timescale
of ∼50days. Note that here AV

c refers to the extinction caused
by the occultation of the clump, to be distinguished from the
interstellar plus circumstellar extinction of the star. The
maximal extinction provides information on the column density
of dust, and the duration time on the scale of the clump. The
fiducial disk by Chiang & Goldreich (1997) adopts a stellar
temperature T*=4000 K, mass M M0.5* = , and radius
R*=2.5 Re. With veiling and line blending due to fast
rotation, the spectral type of GMCep is uncertain, ranging from
an F9 (Huang et al. 2013) to G5/K3 (Sicilia-Aguilar et al.
2008). In any case the star is hotter (with higher pressure) but
more massive (with stronger gravitational pull), and the
hydrostatic conditions in the disk turn out to be similar. This
means the disk height (H) is scaled with the radius (r)
H r r0.17 au 2 7» ( ) (Chiang & Goldreich 1997). A clump at
r=14au thus would subtend an opening angle (viewing the
rim from the star) of ∼20°; at r=1au, the angle would
become ∼10°, for which the disk has to be close to edge-on for
occultation to take place. Assuming 2Me for GMCep, a
clump at 4–14au has a projected Keplerian speed up to
11kms−1. So for a clump to traverse the GMCep system, the
linear size would be 0.3au for r=14au. In the case r=1au,
the orbital speed is faster, so the linear scale would be 1.2au.

Alternatively, the clumps may be located closer in to the
central star. The disk may not be monotonically flared, as the
innermost disk is irradiated by starlight, and dust evaporation at
temperature T 1500evap ~ K results in an inner hole, hence an
inner rim or “wall” in the flaring disk, which accounts
for the bump near 2–3μm observed in the SEDs of some
YSOs (Dullemond et al. 2001; Eisner et al. 2004). This
temperature corresponds to a distance from the central star,
r L T H r4 1rim rim

4 1 2
rim rim

1 2
* p s= +( ) ( ( )) , where L* is the

luminosity of the star, Trim=Tevap is the temperature at
the rim, Hrim is the vertical height of the inner rim, and σ is the
Stefan–Boltzmann constant (Dullemond et al. 2001). Given

L*=26 Le for GMCep (Sicilia-Aguilar et al. 2008), adopting
H r 0.2rim rim = (Dullemond et al. 2001), the estimated inner
rim radius is roughly rrim∼0.4 au, corresponding to an
opening angle H rarctan 11rim rim ~ ( ) . Even though the
chance of occultation is higher with a clump closer to the star,
a faster Keplerian speed would lead to a linear size of 1.7au.
We conclude that the “clump,” or the region of density
enhancement in the disk has a length scale up to roughly
0.1–1au across the line of sight.
The depth, or the length scale along the line of sight, is

related to the maximum A 1.5V
c = mag, or the column density

of dust. Integration requires detailed disk structure, such as the
vertical and radial density profiles, grain size distribution,
midplane settling, etc. Such a complexity is beyond the scope
of this paper and in fact not justified by our data. Here we again
attempt to gain some physical insights on the clump properties.
For a uniform disk, the volume mass density of dust

m N ℓ Md d grain= ( ) , where Nd is the column density of dust, ℓ is
the length of the sightline through the dusty medium, and
Mgrain is the mass of each grain. Each term is evaluated
as follows.
The column density Nd is related to the extinction:

A N Q1.086V
c

V d d extt s= = , where τV is the optical depth at
V-band, σd=πa2 is the geometric cross section of each
(assuming spherical) grain of radius a, and Qext is the optical
extinction coefficient, which, for grains large in size compared
to the wavelength (2πa?λ), Qext≈2 (Spitzer 1978; van de
Hulst 1957). Therefore, N A a1.6 10 10 md V

c5 2m= ´ [ ] cm−2,
and for each dust grain, assuming a material bulk density of
2gcm−3, the mass is M a8.4 10 10 mgrain

9 3m= ´ - [ ] g.
Given a gas density ng, and a nominal gas-to-dust mass ratio
of 100, m n m 100d g H= , and so

ℓ
n

A
a5.4 10

10 m
au .

g
V

9

m
=

´ ⎛
⎝⎜

⎞
⎠⎟ [ ]

For GMCep, A 1.5V
c = mag, and adopting a gas density

n 10g
10= (Barrière-Fouchet et al. 2005), ℓ∼0.8 au for

a=10μm grains. For truly large grains, such as a=1mm,
the extinction efficiency becomes much smaller, thus ℓ 100
times longer, to ℓ∼80 au.
Admittedly, none of the simple assumptions we have made

in the estimation is likely valid. Still, it is assuring that both the
crossing time and the flux drop of occultation by a dust clump
could end up with reasonable solutions, namely a region tens of
astronomical units across in the young stellar disk, perhaps in a
ring or a spiral configuration located tens of astronomical units
from the star, consisting of primarily 10μm grains or larger.
Given the overall low extinction of the star, small grains likely
exist but not in quantity, as they had been agglomerated into
large bodies.

5. Conclusion

Optical photometric and polarimetric monitoring of the UX
Ori star GMCep for nearly a decade reveals variations in
brightness and in polarization of different amplitude and
timescales. The essential results of our study are:

1. GMCep exhibits (1) brightness fluctuations 0.05 mag
on timescales of days, due partly to rotational modulation
by surface starspots with a period of 3.43days, and partly
to accretion activity; (2) minor flux drops of amplitude
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0.2–1.0mag with duration of days to weeks; and
(3) major flux drops up to 2.5mag, each lasting for
months, with a recurrent time, but not exactly periodic, of
about 2 years.

2. The flux drops arise from occultation of the star and
gaseous envelope by orbiting dust clumps of various
sizes.

3. The star experiences normal dust reddening by large
grains, i.e., the star becomes redder when fainter, except
at the brightness minimum during which the star turns
bluer when fainter.

4. The maximum depth of an occultation event is propor-
tional to the duration, about 1mag per 30 days, for the
events lasting less than ∼50 days, a result of occultation
by clumps of varying sizes. For the events longer than
about 100 days, the maximum depth is independent of the
duration and remains AV∼1.5 mag, a consequence of
transiting strings or layers of clumps.

5. The g′r′i′ polarization levels change between 3% and 8%,
and vary inversely with the slow brightness change, while
the polarization angle remains constant. The polarization
is generally higher at shorter wavelengths, but at flux
minima, there is a reversal of wavelength dependence,
e.g., the g′-band becomes the least polarized. Temporal
variations of polarization versus brightness, once the total
light is decomposed into polarized and unpolarized
components, allow diagnosis of the occultation circum-
stances of the dust clumps relative to the star and
envelope.

6. Our data do not provide direct information on the size or
location of the clumps, but the duration of an occultation
sets constraints on the transverse size scale of the clump,
while the maximum extinction depth is a measure of the
column density of dust, hence a dependence of the line-
of-sight length through the dusty medium. It is possible
that GMCep is an edge-on manifestation of the ring- or
spiral-like structures found recently in young stars with
imaging in infrared of scattered light, or in submillimeter
of dust emission.
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A B S T R A C T

The potentially hazardous asteroid 2012 TC4 made an Earth close approach at a distance of 0.11 lunar distance on
12 October 2017. Photometric observations were carried out between October 11 and October 12 at the Lulin
Observatory at short cadence. Data analysis of the light curves shows that this PHA has a fast rotation period of
12.25 min, a light curve variation amplitude of 1.2�0.1 mag corresponding to an axial ratio of about 3.0. Our
BVRI photometry also indicates that 2012 TC4 is a C-type asteroid. With the C-type albedo of 0.065 and an
absolute magnitude of H¼ 26.613� 0.350, its effective diameter can be derived to be 24:8þ19:1

�8:0 m.
1. Introduction

Potentially Hazardous Asteroids (PHAs) are defined as near-Earth
asteroids (NEAs) with close approaches to the Earth within a distance
of 0.05 AU and the absolute magnitudes less than 22.0. As of January
2018, a total of 1885 PHAs have been found with a size range from a few
meters to several kilometers (C. NASA/JPL, 2018a), (C. NASA/JPL,
2018b), (M. P. Center, 2018). The largest known PHA is (53319) 1999
JM8 with an effective diameter of about 3.5 km (Benner et al., 2002)
(Benner et al., 2002), but it will not pass the Earth within the PHA limit of
0.05 AU in this century. The small PHA, 2012 TC4, was discovered on
October 4, 2012, by the Pan-STARRS telescope in Hawaii during its close
approach to the Earth at a distance of 0.247 Lunar distances (LD) or
94800 km. The size of the object was estimated to be 7–34m (Polishook,
2013) (Polishook, 2013). From the light curve data with a variation
amplitude of 0.9�0.1, 2012 TC4 was found to be rapidly rotating with a
spin period of 12.24�0.06min (Polishook, 2013; Odden et al., 2013;
Warner, 2013; Carbognani, 2014); this indicates that it is a monolith
instead of a rubble pile (Polishook, 2013) (Polishook, 2013). The Earth
pass on October 12, 2017, with a closest approach distance of 0.11 LD
(43500 km) provided an excellent opportunity for ground-based obser-
vations of this interesting object to obtain more precise information on its
mineralogical composition and size. In this paper, our results from
measurements at the Lulin Observatory will be summarized.

2. Observations

The photometric observations of 2012 TC4 were made using the Lulin
n).
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one-meter telescope (LOT) at the Lulin Observatory, Taiwan. The LOT
with a field of view of 11 arcmin was installed in 2002 by the Institute of
Astronomy, National Central University. The 2K� 2K CCD camera, U42,
manufactured by Apogee Instruments has a pixel scale of 0.52 arcsec per
pixel. Image acquisition is done by using the software Maxim DL pro-
vided by the Diffraction Limited, Inc., running on Windows operating
system. More information can be found in the following website http://
www.cyanogen.com/index.php. Asteroid 2012 TC4 was observed for
two nights from October 10 to 11, 2017 with B, V, R, and I Johnson
filters, centered at 0.45, 0.55, 0.67 and 0.81 μm, respectively. The
observational details of the color photometric measurements and light
curve photometry are shown in Table 1 and Table 2, respectively. The
asteroid phase angle (α¼ 33.5�), geocentric (Δ ¼ 0.0068 AU) and he-
liocentric (r¼ 1.004 AU) distances, as well as its apparent visual
magnitude (mV¼ 17.2) did not change significantly during color obser-
vations. Table 2 shows the time intervals in which light curve photo-
metric measurements were obtained, using R filter. Due to weather
condition, the data obtained on October 11, 2017, were only used for
rotation period determination. The data reduction followed standard
procedures, including bias and dark-frame subtraction and flat-field
correction. The dark frames and the flat frames were taken at the
beginning and the end of each observation night. To calibrate the
resulting magnitudes and colors, a number of photometric standard fields
(MarkA, PG2213, and SA113) selected from the list of (Landolt, 1992)
were also observed from the 10:46 to 10:56 UT on Oct. 10 2017.

Time-series photometry was obtained from images acquired with the
R-filter. The exposure times varied from 5 s to 20 s depending on how fast
2012 TC4 moved. Differential photometry using at least four or more
y 2018
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Table 1
Observational details of the color photometric measurements. Information includes UT time slot for color sequence, filters, exposure time (seconds), geocentric (Δ) and
heliocentric (rh) distances, phase angle (α), airmass, and V magnitude.

Time Filter Δ rh α Airmass Vobs

Oct. 10 (UT) (exp. time (s)) (AU) (AU) (degree)

11:29�11:46 B (120), V (60), 0.0068 1.004 33.5 1.70�1.86 17.23�0.03
R (60), I (60) 17.19�0.04

Table 2
Observational details of light curve photometry. Information includes UT time
slot for each series of observations, geocentric (Δ) and heliocentric (rh) distances,
phase angle (α), airmass and exposure time for the individual acquisitions.

Time (UT) Δ rh α Airmass Exp. time

Oct. 10 (AU) (AU) (degree) (s)

12:12�12:31 0.0067�0.0066 1.004 33.6�33.7 1.20�1.17 20s
16:38�17:30 0.0059�0.0058 1.003 34.6�34.7 1.67�2.32 20s
Oct. 11
13:49�15:01 0.0026�0.0024 1.000 39.8�40.7 1.18�1.33 5s

Fig. 2. Power spectrum of asteroid 2012 TC4 from the Lomb periodogram
analysis. The peak at 235.10 cycles per day corresponds to a rotation period of
12. 25 min.
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reference stars on all images was carried out by means of IDL routines
based on DAOPHOT. Note that different sets of reference stars were used
from night to night because the track of 2012 TC4 crossed different star
fields. For aperture photometry of both 2012 TC4 and the reference stars,
the mean value of the full width half-maximum (FWHM) of the PSFs of
reference stars in each image was used. In other words, the flux of the
asteroid and those of the reference stars were computed through the
same aperture(s). Because the Earth-asteroid and Sun-asteroid distance
of 2012 TC4 changed continuously, the estimated magnitudes have to be
calibrated from time to time. This leads to the concept of ”reduced
magnitude” to account for the changing distances, which is defined by

VR ¼ Vobs � 5logðRDÞ: (1)

Where Vobs ¼V magnitude at observation

R¼ distance Sun to Asteroid (in AU)
D¼ distance Earth to Asteroid (in AU).

It is important to note that the differential magnitude of 2012 TC4
was estimated by subtracting the average magnitudes of the reference
Fig. 1. Fig. 1. Relative magnitudes of the asteroid 2012 TC4 obtained by observations
about 0.003 � 0.008 is not represented in the figures.
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stars with variabilities removed. In lieu of absolute photometry, the
photometric data were normalized by using the average magnitude ob-
tained for each light curve when we combined the data from October 10
and 11, 2017. The normalized light curve for both nights is shown in
Fig. 1.

3. Results

3.1. Rotation period

We used the Lomb-Scargle method (Lomb, 1976) (Lomb, 1976) to
estimate the rotation period of 2012 TC4. Several peaks appeared in the
at Lulin between Oct. 10 and Oct. 11, 2017. An estimation of error in magnitude
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Lomb periodogram (Fig. 2). The peak with the highest spectral power is
at 0.102 h, which corresponds to a rotation period of 12.25min because
the folded light curve should have double peaks with two maxima and
two minima in one rotation. The derived value is in agreement with the
reported values of Polishook (2013) (Polishook, 2013) and Odden et al.
(2013) (Odden et al., 2013) But, if we look at every data set individually
(Fig. 3), we found that the shape of the lightcurve is complex. This
usually indicates that this NEA might be in a tumbling state of rotation. A
tumbling state in 2012 TC4 have been reported by Warner et al. (2018)
(Warner, 2012), also detected in the light curve analysis presented by
Ryan and Ryan (2017) (Ryan and Ryan, 2017), and Sonka et al. (2017)
(Sonka et al., 2017). However, our computed periods for each sequence
are not shown a second period of 0.1418 h reported by Warner et al.
(2018) (Warner, 2012) and Ryan and Ryan (2017) (Ryan and Ryan,
2017). Instead, the values (0.22843, 0.20458, and 0.20460 from top to
bottom) were only slightly different and consist with the result by Sonka
et al. (2017) (Sonka et al., 2017). The rotational phase curve combining
two days of data is shown in Fig. 4. In addition to the spin rate estimation,
we can further place a lower limit of 1.2 magnitude on the peak-to-peak
light curve variation. If the light curve variability is due to the asteroidal
shape approximated by an ellipsoid, 2012 TC4 would have an axial ratio
of about 3 which is unusually elongated among small asteroids (Binzel
et al., 2004) (Binzel et al., 2004).
Fig. 3. Three individual lightcurves obtained during the night of 10 and 11
October 2017. Each figure shows the relative magnitude variation versus JD. An
estimation of error in magnitude about 0.003 � 0.008 is not represented in
the figures.
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3.2. Taxonomic classification

The measurements of 2012 TC4 at Lulin were carried out in B, V, R
and I filters with the aim of deriving its taxonomic type according to its
surface colors. The observing sequence (i.e. R-B-R-V-R-I-R …) was ac-
quired to remove the effect of the magnitude variation due to the as-
teroid's rotation. But the effect of phase angle was not corrected because
the change of phase angle is small (� 0.1) within the duration of 20min
observation. And the correction of phase reddening is not done here. By
subtracting the standard solar colors (B-V¼ 0.665, V-R¼ 0.367, and V-
I¼ 0.705, Howell et al., 1995) (Howell, 1995)), we obtained the relative
reflectance of 2012 TC4 in Fig. 5. The relative reflectance is normalized
to one at 0.55 μm. Through comparing the known relative reflectance
(i.e. Bus-DeMeo system), we classified the 2012 TC4 into C-type asteroid.
Notes that the computed relative reflectances from the Bus-DeMeo sys-
tem in Fig. 5 is as follows: we used the template average spectra defined
for each taxonomic class from the Bus-DeMeo taxonomic system, and
integrated the spectra through the transmissions curves of the Jonhson's
filters. After convolution, we transform the derived flux to magnitudes
and then compute the colors. Because of the similar spectra slopes, we
combined the R-type into the V-type and the O-type and the Q-type
merged into the Q-complex. More detail color indices for different
taxonomic groups (A, C, D, Q, S, V, and X) can be found in Table 2 of Lin
et al., 2018) (Lin et al., 2018).

In order to obtain more precise taxonomic classification as spectro-
scopic observations, the principal component index (PCI) method was
adopted (Lin et al., 2018) (Lin et al., 2018)). We obtained equation (2) to
derive a principal component index.

PCI ¼ ðB� VÞcosθ þ ðV � RÞsinθ (2)

The angle (θ) of 37:5þ2:714
�2:937

� is estimating from the known color indices
(i.e. B-V and V-R color-color diagram) of hundreds NEAs by a linear
fitting. The taxonomic domains according to the Bus-DeMeo system for
seven different spectral complexes are shown in Fig. 6. The boundaries of
different complexes are resulting from the color indices estimated by
convoluting the average spectra of the Bus-DeMeo system. It can be seen
that asteroid TC4 should be classified as a C-type while using PCI and the
R-I index. This result is further confirmed by the relative reflectances-
fitting between 2012 TC4 and a template relative reflectances of the C-
type object in Fig. 5.

3.3. Size

The phase angle (α) of an object is the Sun-asteroid-Earth angle.
Measuring the relationship between the brightness of an asteroid and
phase angle at observation allows an estimate of the absolute magnitude
(H), or the brightness of the asteroid at zero phase angle (Bowell et al.,
1989) (Bowell et al., 1989). The observed V magnitude first came from
the color sequences (Table 1) using photometric standard stars for the
photometric calibration. The other V magnitudes were derived and
converted from the all the R-band magnitudes of lightcurve data using
the result of color sequence (the mean V-R color is 0.351�0.085). Instead
of using the standard star catalog of (Landolt, 1992), we used the
Pan-STARRS-1 DR1 catalog ((Tonry et al., 2012)) to calibrate R-band
magnitude. By assigning a G slope of 0.15 which is the average value of
C-type asteroids (Bowell et al., 1989) (Bowell et al., 1989), the absolute
magnitude can be determined to be Hv¼ 26.613� 0.364 according to the
standard phase curve model described in Bowell et al. (1989) (Bowell
et al., 1989). The effective diameter Deff of an asteroid can be estimated
by using the formula

Deff ðkmÞ ¼ 1329
ffiffiffiffiffi

pv
p 10�0:2Hv : (3)

where pv is the geometric visible albedo. From a mean albedo
pv¼ 0.065�0.036 for the Bus C-type asteroid derived from the space



Fig. 4. The light curve of 2012 TC4 folded into rotation phase with a rotation period of 12.25min.

Fig. 5. A comparison of the relative reflectance of 2012 TC4 with the template
relative reflectances of different type of asteroids. The C-type relative reflectance
was the best fit.

2012 TC4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

R-
I

PCI

A
C
D
Q
S
V
X

Fig. 6. Boundaries made by Bus-DeMeo's divergence can be used to classify
observing data into different taxonomic classes.
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telescopes (0.072�0.043 in AKARI, Usui et al., 2013 (Usui et al., 2013)
and 0.058�0.028 in NEOWISE, Mainzer et al., 2011 (Mainzer et al.,
2011)), the effective diameter of 2012 TC4 can be computed to be Deff ¼
Deff24:8þ19:1

�8:0 m.

3.4. Distribution of rotation rates of near-Earth asteroids

Fig. 7 shows the distribution of the near earth asteroids' spin rates and
sizes that can provide important information on theories of asteroids
structure and physical processes. The data points were gathered from the
NEA database of the European Asteroid Research Node (E.A.R.N., Binzel
er al. 2002), the earlier Lulin NEAs survey data (Lin et al., 2018) (Lin
et al., 2018) and the Asteroid Lightcurve Database (LCDB, Warner et al.,
2009 (Warner et al., 2009)). Note that the CDB data includes a flag to
describe data quality (”U”), ranging from 0 (incorrect) to 3 (well--
defined). We have only included data with U¼ 2 in Fig. 7 The region
defined by rotational periods smaller than the spin barrier (2.2 h) and
diameters smaller than 100m is designated as VSA (Very Small Aster-
oids) and is mainly populated by S-type asteroids (Fig. 7). The few other
spectral types for the four remaining asteroids are the C-group with type
C (2012 TC4, and 2012 KP24) and type B (2012 KT42), the X-type (1998
KY26). This means that 2012 TC4 is most likely to be solid, monolithic
body and not rubble pile weakly held together by its self-gravity.

4. Discussion

The very fast rotation of 2012 TC4 with a spin period of 12.25min
indicates that this small NEA is most likely to be of monolithic structure.
Although our visible colors indicates 2012 TC4 is a C-type asteroid, the
associated centrifugal force with such a short rotation period would have
destroyed 2012 TC4 if it was composed of an assemble of small fragments
in the rubble-pile model with ordinary bulk density. Hatch et al. (2015)
(Hatch and Wiegert, 2015) investigated the physical properties of the
small near-Earth asteroids (D�60 m) and concluded that a large portion
of his data set (92 asteroids rapidly rotating) are monolithic. His result is
consistent with the suggestion given by Harris (1996) (Harris, 1996) that
the rubble pile asteroids cannot spin faster than the spin-cutoff at 2.2 h.
Otherwise, they will break apart. Furthermore, C-type asteroid 2012 TC4
is given a high value in a/b ratio referred to a highly-elongated asteroid
and might fly apart if it is not made up of a monolithic body. Unfortu-
nately, we only have one sample in this region, the highly-elongated and
spin fast asteroids. This could be an observational bias due to their lower
albedo or the result of the differences in the physical properties (i.e.,
material strength and cohesion). In future, to improve the discovery of
C-type near-Earth fast asteroids is important because of their more



Fig. 7. The diameter-rotational period diagram of asteroids marked with 2012
TC4 (star). The errors for this asteroid is smaller than the symbol. The back-
ground population of near-Earth asteroids is divided into three groups, S-group
(black squares), C-group (black dots), and others (E, M, V, X, blue triangles). The
data for the background population was taken from the Light Curve Data Base,
the NEA database of E.A.R.N., and the earlier Lulin NEAs survey data (Lin et al.
(2018) (Lin et al., 2018). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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diverse compositions, which include water, carbon compounds, rock and
metal.

5. Summary

Small NEA 2012 TC4was observed at Lulin Observatory for the nights
of October 10 and 11, 2017. Our light curve measurements and multi-
filter photometric observations yielded the following results.

1 The Lomb periodogram analysis showed a rotation period of
12.25min and an amplitude of 1.2 magnitudes of the light curve
variation. This implies an axial ratio of about 3, assuming a triaxial
ellipsoid, and indicates a highly elongated object. These results are in
good agreement with the CCD photometric measurements of Polish-
ook (2013), Odden et al. (2013), Warner (2013), and Carbognani
(2014) (Polishook, 2013; Odden et al., 2013; Warner, 2013; Car-
bognani, 2014).

2 The multi-color photometry between 400 nm and 800 nm indicates
that 2012 TC4 is a C-type asteroid according to the Bus taxonomy.

3 Phase function measurements made at phase angles of 33.6–40.6�

were be used to obtain an absolute magntude of H¼ 26.613 � 0.350
with a G-value of 0.15. The derived effective diameter of 24:8þ19:1

�8:0 m
based on mean albedo pv¼ 0.065�0.036for the Bus C-type asteroid is
consistent with the pervious estimate of 10–40m (Polishook, 2013)
(Polishook, 2013).
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ABSTRACT
Wide-field optical surveys have begun to uncover large samples of fast (trise � 5 d), luminous
(Mpeak < −18), blue transients. While commonly attributed to the breakout of a supernova
shock into a dense wind, the great distances to the transients of this class found so far have
hampered detailed investigation of their properties. We present photometry and spectroscopy
from a comprehensive worldwide campaign to observe AT 2018cow (ATLAS 18qqn), the first
fast-luminous optical transient to be found in real time at low redshift. Our first spectra (<2 days
after discovery) are entirely featureless. A very broad absorption feature suggestive of near-
relativistic velocities develops between 3 and 8 days, then disappears. Broad emission features
of H and He develop after >10 days. The spectrum remains extremely hot throughout its
evolution, and the photospheric radius contracts with time (receding below R < 1014 cm after
1 month). This behaviour does not match that of any known supernova, although a relativistic
jet within a fallback supernova could explain some of the observed features. Alternatively,
the transient could originate from the disruption of a star by an intermediate-mass black hole,
although this would require long-lasting emission of highly super-Eddington thermal radiation.
In either case, AT 2018cow suggests that the population of fast luminous transients represents
a new class of astrophysical event. Intensive follow-up of this event in its late phases, and
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of any future events found at comparable distance, will be essential to better constrain their
origins.

Key words: Black hole – stars – supernovae: general – supernova: individual: AT2018cow.

1 I N T RO D U C T I O N

The development of sensitive, wide-area digital optical sky surveys
has led to the discovery of populations of rare, luminous extragalac-
tic transients that evolve on time-scales of just a few days — much
faster than typical supernovae, whose light curves are governed
by the decay of 56Ni within a massive envelope and typically take
weeks to months to fade. Many of these have been reasonably
well-explained by known phenomena: shock-breakout flashes from
supernovae (e.g. Ofek et al. 2010; Shivvers et al. 2016; Arcavi et al.
2017), early emission from relativistic supernovae (Whitesides et al.
2017), or the shockwave afterglows from gamma-ray bursts (Cenko
et al. 2013, 2015; Bhalerao et al. 2017; Stalder et al. 2017).

Other objects are more mysterious, however, and still lack a
convincing explanation or firm spectroscopic identification. In
particular, populations of optical transients with luminosities com-
parable to or exceeding those of the most luminous core-collapse
supernovae, but rise times of only a few days, have been reported by
a variety of different surveys (Drout et al. 2014; Arcavi et al. 2016;
Tanaka et al. 2016; Pursiainen et al. 2018; Rest et al. 2018). Nearly
all of these events (dubbed fast-evolving luminous transients by Rest
et al. 2018) were found at great distances (z > 0.1) where they are
difficult to study. Furthermore, most were not recognized as unusual
events in real time, preventing the acquisition of essential follow-up
observations. The few spectra that are available tend to show only
featureless blue continuua. Because of their origins in star-forming
galaxies, these transients are widely interpreted as supernovae, but
strong constraints are lacking.

Fortunately, our ability to find and identify fast transients contin-
ues to improve, and several surveys are now monitoring almost the
entire sky at cadences of a few days or less. The Asteroid Terrestrial-
impact Last Alert System (ATLAS; Tonry et al. 2018) observes most
of the visible Northern sky down to 19 mag every ∼2 nights. The
Zwicky Transient Facility (ZTF; Kulkarni 2018) observes a similar
area to 20.5 mag every three nights, and a significant fraction of it
at much higher cadence. ASAS-SN (Shappee et al. 2014) monitors
both hemispheres nightly to ∼17 mag. With these capabilities, it
is now possible to find and identify transients in (almost) real time
over most of the night sky.

In this paper, we present a detailed observational study of the
first fast high-luminosity transient to be identified in the nearby
Universe in real time: AT 2018cow, discovered by the ATLAS
survey and independently detected by ZTF and ASAS-SN. We
present our extensive, worldwide observational campaign in Sec-
tion 2, focusing on observations at ultraviolet, optical, and near-
infrared wavelengths (the multiwavelength view of this transient is
presented by Ho et al. 2018). We summarize the key properties
of this event in Section 3, and illustrate the ways in which
AT 2018cow is distinct from any well-established class of transient
in Section 4. In Section 5, we consider two possible explanations
for its origin: a jet-driven supernova erupting into a dense envelope
of circumstellar matter, or, alternatively, the tidal disruption of a star
around an intermediate-mass black hole located in a small galaxy’s
spiral arm. Both models have significant difficulties explaining
the full suite of observations, and our observations suggest that
the origins of fast luminous transients may be significantly more
exotic and complex than previously assumed. We summarize our

results and examine future directions in fast-transient research in
Section 6.

2 OBSERVATI ONS

2.1 Discovery and pre-imaging constraints

AT2018cow1 was discovered and promptly announced via the As-
tronomers Telegram (Smartt et al. 2018) by ATLAS; the discovery
and early data are described in detail by Prentice et al. 2018. The
first detection of the transient was an image taken at 2018-06-16
10:35:02 UT (MJD 58285.441), appearing as a strikingly bright
(14.7 ± 0.1 mag in the ATLAS o-band) optical source coincident
with the galaxy CGCG 137-068 (z = 0.0141, d = 60 Mpc; Abolfathi
et al. 2018)2. The preceding ATLAS observation of the field,
four days earlier (MJD 58281.48), registered no detection of any
transient object at the same location to a magnitude limit of
o > 20.2 mag, implying brightening by almost 5 mag within this
period. Independent imaging by the Palomar 48-inch telescope
(P48) as part of the ZTF public Northern Sky Survey later moved
the time of last non-detection one day closer, to only three days
before the first ATLAS detection (i > 19.5 at MJD 58282.172;
Fremling 2018). The ASAS-SN non-detection reported by Prentice
et al. 2018 (g > 18.9 at MJD 58284.13) provides an even tighter
constraint: a rise of >4.2 magnitudes over <1.3 days.

A fast rise to a very high optical luminosity (M < −19 mag) is
unusual for supernovae but similar to cosmological fast-transients
of the types discussed in the introductory paragraph. Motivated
by these unusual characteristics, we initiated a campaign of
observations via the GROWTH (Global Relay of Observatories
Watching Transients Happen) network, a world-wide collaboration
of predominantly small telescopes co-operating in the study of
energetic time-domain phenomena. We also observed it under other
telescopic programs. Our observing campaign is described in detail
below.

2.2 Ground-based imaging observations

Nightly imaging observations were acquired with the Infrared-
Optical imager on the robotic Liverpool Telescope (LT; Steele et al.
2004) in both optical (IO:O) and near-infrared (IO:I) bands. We
typically observed with the full suite of available filters (uBgVrizH)
although on some nights a more limited set was obtained. We also
obtained frequent imaging from a variety of other facilities. These
include the CCD imager on the Mount Laguna Observatory (MLO;
Smith & Nelson 1969) 1 m telescope, the EMCCD demonstrator
camera on the Kitt Peak 84-inch telescope (KP84), ANDICAM on
the 1.5 m telescope at the Cerro Tololo Interamerican Observatory,
the Himalayan Faint Object Spectrograph Camera (HFOSC) on

1The name of this transient was assigned automatically by the Transient
Name Server (https://wis-tns.weizmann.ac.il/). It was later redesignated
SN2018cow following the emergence of broad features in the spectrum,
although we argue here that a SN association is not definite and retain
the AT designation. The transient is also known as ATLAS18qqn and as
ZTF18abcfcoo.
2We assume h = 0.7, �M = 0.3, ��= 0.7.

MNRAS 484, 1031–1049 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/484/1/1031/5257847 by guest on 01 July 2020

26

https://wis-tns.weizmann.ac.il/


The Fast, Luminous Transient AT2018cow 1033

Figure 1. Pre-explosion imaging of AT 2018cow from the Sloan Digital Sky Survey compared to imaging with the Liverpool Telescope taken shortly after
peak and deep later-time imaging from the William Herschel Telescope. The transient is significantly brighter than its host galaxy at peak. The galaxy itself
shows a barred morphology and weak spiral features, one of which underlies the transient. A point-source located at the galaxy nucleus is likely to be a
weak AGN, while a fainter compact source slightly southeast of the transient is likely an H II region. No point source lies under the transient itself (position
designated by a green circle in left-hand panel), and there are no obvious merger indicators.

the 2 m Himalayan Chandra Telescope (HCT), the COATLI 50 cm
Telescope (Watson et al. 2016) at the Observatorio Astronómico
Nacional in Sierra San Pedro Mártir, and the Reionization and
Transients Infrared instrument (RATIR; Butler et al. 2012; Watson
et al. 2012) on the 1.5 m Harold L. Johnson telescope (also at San
Pedro Mártir). Observations were taken less regularly with the 0.4 m
(SLT) and 1.0 m (LOT) telescopes at Lulin Observatory in Taiwan,
the MITSuME 50 cm telescope of Akeno Observatory in Japan,
and with the Wide-Field Infrared Camera (WIRC) at the Palomar
200 inch Hale Telescope. Finally, a single epoch of deep r-band
imaging was acquired using the Auxiliary Port Camera (ACAM)
on the William Herschel Telescope.

Images were reduced using standard methods. A dithered se-
quence of NIR frames was not available for the ANDICAM NIR
images and simple pair subtraction was used to remove the sky.

Host galaxy contribution to the transient flux is not insignificant
(especially at late times; Fig. 1). We used a custom image-
subtraction tool written in IDL to remove the host galaxy flux from
all ground-based optical images consistently by convolving both
the transient image and a template image to a common PSF, then
subtracting. Imaging from the Sloan Digital Sky Survey (SDSS;
Abolfathi et al. 2018) was used to subtract the ugriz measurements.
For non-SDSS optical filters (UBVRI), we averaged two adjacent
filters: e.g. to simulate a B-band image we took a weighted average
of the aligned u and g images. The relative weights for each synthetic
filter were estimated based on the relative magnitude weights from
the Lupton transformation equations.3

Host subtraction for the NIR images is more challenging: the only
available pre-explosion reference is the Two Micron All Sky Survey
(2MASS), which is shallow and has a very broad PSF. We instead
used an SDSS z-band image, but adjusted the flux scale visually to
ensure that the extended features of the host galaxy are removed.
Photometry was performed uniformly on the subtracted images
using a custom IDL-based aperture photometry tool. Calibration of
the field was established by comparison of stars in unsubtracted
images to SDSS (or, for NIR images, to 2MASS). SDSS ugriz

3http://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php

magnitudes of calibration stars are transformed via the Lupton
equations to BVRI.

The transient is very blue compared to any other object in the
field: for example, the transient u − g colour is typically ∼ −0.4
for most of its evolution, compared to a range between +1.48
and +3.04 for bright stars within 5

′
. This greatly magnifies the

impact of small differences between filter transmission curves for
different telescopes (and other wavelength-dependent transmission
differences), leading to offsets between different instruments.

Colour terms for the LT optical filters have been determined by
Smith & Steele (2017). We colour-corrected SDSS reference stars in
the field to the LT system, setting the zeropoint of the transformation
as appropriate for an AB colour of 0.0 in all filters. We then re-
calculated the magnitudes of a series of SDSS bright reference
star magnitudes using a set of LT exposures taken under the best
weather conditions, and used these as secondary standards for the
photometry of all LT images (we employ aperture photometry via
a custom routine and seeing-matched apertures.) An additional
minor adjustment was made to the B filter (−0.05 mag) to match
our spectrophotometry (Section 2.6). For all other telescopes, we
calibrated directly to the SDSS magnitudes, but applied an addi-
tional, filter-specific constant adjustment to align each filter to the
interpolated LT curve in the same filter and remove any systematic
offset.

A subset of our photometry is presented in Table 1, and the light
curves are plotted in Fig. 2.

2.3 Swift observations

Observations of AT2018cow using the Neil Gehrels Swift Obser-
vatory (Swift; Gehrels et al. 2004) began at MJD 58288.442. Data
were collected with both the Ultraviolet-Optical Telescope (UVOT;
Roming et al. 2005) and the X-ray Telescope (XRT; Burrows et al.
2005). The transient was well-detected in both instruments (e.g.
Rivera Sandoval & Maccarone 2018) and remained so for the entire
monitoring period discussed in this paper.

Raw UVOT images were processed by the pipeline provided
by the Swift Data Center at the Goddard Space Flight Center
(GSFC). The reduced level 2 sky images were downloaded for
photometry. We used the software package uvotsource and
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Table 1. Early photometric observations of AT 2018cow from our cam-
paign. No correction for Galactic extinction has been applied. A machine-
readable table of all 949 photometric data points will be made available
online.

MJD Instrument Filter AB magnitude

58287.2674 P60/SEDM r 13.93 ± 0.03
58288.3405 P60/SEDM r 14.18 ± 0.03
58288.4416 Swift/UVOT w1 13.34 ± 0.05
58288.4421 Swift/UVOT u 13.57 ± 0.05
58288.4426 Swift/UVOT b 13.85 ± 0.04
58288.4442 Swift/UVOT w2 13.29 ± 0.06
58288.4448 Swift/UVOT v 14.06 ± 0.05
58288.4464 Swift/UVOT m2 13.40 ± 0.05
58289.0227 LT/IO:O u 13.97 ± 0.03
58289.0234 LT/IO:O g 14.10 ± 0.03
58289.0241 LT/IO:O r 14.35 ± 0.03
58289.0248 LT/IO:O i 14.78 ± 0.03
58289.0255 LT/IO:O z 15.01 ± 0.03
58289.1889 KP84/KPED g 14.18 ± 0.03
58289.1901 KP84/KPED r 14.43 ± 0.04
58289.1904 P60/SEDM r 14.38 ± 0.03
58289.1963 KP84/KPED U 14.03 ± 0.10
58289.2108 P60/SEDM r 14.39 ± 0.03
58289.2229 Swift/UVOT w1 13.55 ± 0.03
58289.2246 Swift/UVOT u 13.92 ± 0.05
58289.2263 Swift/UVOT b 14.14 ± 0.04
58289.2281 Swift/UVOT w2 13.58 ± 0.03
58289.2298 Swift/UVOT v 14.23 ± 0.04
58289.2331 Swift/UVOT m2 13.63 ± 0.05
58289.3493 P60/SEDM r 14.34 ± 0.03
58289.6299 HCT/HFOSC R 14.67 ± 0.03
58289.6336 HCT/HFOSC I 15.00 ± 0.03
58289.6365 HCT/HFOSC V 14.37 ± 0.03
58289.6397 HCT/HFOSC B 14.39 ± 0.03
58289.6434 HCT/HFOSC U 14.24 ± 0.03
58289.9081 LT/IO:I H 15.66 ± 0.03
58289.9131 LT/IO:O z 15.15 ± 0.03
58289.9136 LT/IO:O i 14.99 ± 0.03
58289.9142 LT/IO:O r 14.62 ± 0.03
58289.9147 LT/IO:O g 14.48 ± 0.03
58289.9154 LT/IO:O u 14.31 ± 0.03

an aperture radius of 3′′, chosen to minimize the contamination
from the extended host galaxy. The final photometry output from
uvotsource was corrected for aperture loss using the curve-of-
growth method.

The background was computed from an off-target sky region
without any other sources using an aperture radius of 10′′. The
image frames were visually inspected and frames with large pointing
smearing were thrown away. For a small number of frames with
slight PSF smearing, we used an aperture radius of 5′′. For frames
with astrometric errors, we manually provide the correct centroids
as the input to uvotsource.

As the UVOT PSF is stable, we subtracted off the estimated host
galaxy contribution to the UVOT PSF in flux space rather than
via image subtraction. Photometry from a final epoch (acquired
120.45 days after the reference epoch) was used to estimate the
magnitudes within our aperture. In principle, this final epoch could
have contained a small amount of transient flux, although the fact
that the optical bands are fading steeply between 50 and 80 days
while negligible fading is seen in the UVOT between 60 and
120 days suggest that this contribution is very small.)

The XRT data were analysed using an automated reduction
routine following the techniques of Butler & Kocevski (2007) and
binned to increase the S/N. We assume negligible host contamina-
tion (although we note that the galaxy likely hosts a weak AGN;
Section 3.1).

2.4 Astrosat observations

AT2018cow was observed by the UltraViolet Imaging Telescope
(UVIT; Kumar et al. 2012) on-board AstroSat on 2018-07-03 from
13:45:58 UT to 19:54:12 UT (ToO). These observations were
performed in the FUV F172M filter with a total exposure time
of 5667 s. Images were pre-processed with UVIT L2 pipeline.
Aperture photometry was performed using IRAF using an 18-pixel
(7.5′′) aperture, and calibrated following the calibration procedure
mentioned in Tandon et al. (2017).

2.5 Other photometry

In addition to our own photometry, we also acquire data from
public sources and the literature. In particular, we use the first
two epochs of GROND observations from Prentice et al. (2018)
to extend our multicolour optical-NIR coverage to earlier times:
we caution that these observations are not host-subtracted or
colour-corrected and the aperture size is unknown, although the
transient was extremely bright at this time (∼14 mag) and the host
contribution should be negligible. We also use the first epoch of
ATLAS photometry from Prentice et al. (2018), r-band data from
the Palomar 48-inch telescope taken as part of the public ZTF
Northern Sky Survey, the ZTF i-band point reported by Fremling
(2018), and the ASAS-SN limit from Prentice et al. (2018). As
these come from imaging-differenced surveys, no host correction is
necessary.

2.6 Optical and near-IR spectroscopy

We conducted an extensive campaign to spectroscopically monitor
the evolution of the transient at high cadence. Spectroscopic
observations began at MJD 58287.268 (1.82 days after the first
ATLAS detection, making this the earliest spectrum obtained of
the transient that has been reported so far), and continued at least
nightly and usually two to three times nightly during the first 12 days
after peak. Sub-night cadence during this period was enabled by
observations using spectrographs in California, the Canary Islands,
and India: specifically, the SED Machine (SEDM) on the Palomar
60-inch Telescope (Blagorodnova et al. 2018), the Spectrograph
for the Rapid Acquisition of Transients (SPRAT; Piascik et al.
2014) on the Liverpool Telescope, and the Himalayan Faint Object
Spectrograph Camera (HFOSC) on the the Himalayan Chandra
Telescope.

Additional spectra were obtained less regularly and at later phases
using larger telescopes: the DeVeny spectrograph at the Discovery
Channel Telescope (DCT), the Andalucia Faint Object Spectrograph
and Camera (ALFOSC) on the Nordic Optical Telescope (NOT),
the Double-Beam Spectrograph (DBSP; Oke & Gunn 1982) and the
TripleSpec near-infrared spectrograph on the 200-inch Hale Tele-
scope, the Gemini Multi-Object Spectrograph (GMOS) on Gemini-
North, and the Low-Resolution Imaging Spectrograph (LRIS; Oke
et al. 1995) at Keck Observatory. A log of all spectroscopic
observations can be found in Table 2, and all spectra are plotted
in Fig. 3.
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Figure 2. Multiband light curves of the ultraviolet, optical, and near-infrared transient AT2018cow. Small offsets have been applied to the filters for clarity
(shown at left). The offsets for the R, I, and U bands, and of the Swift optical filters, have been chosen to align them with the closest optical bands. Only the
earliest ZTF and ATLAS observations show a rise: from the first epoch of follow-up the transient fades monotonically with time and experiences no subsequent
rise in any band, except for short-lived 1–2 day flares in the near-IR. The coloured curves show a non-parametric interpolation of the observed points in each
filter. The line segments on the rise show a simple linear interpolation or the early transient based on available ATLAS, ZTF, and ASAS-SN data assuming no
colour evolution. Circles show our ground-based data, diamonds show space-based data, and squares indicate photometric measurements from the literature.
Arrows on error bars indicate marginal (<2σ ) UVOT detections.

LT/SPRAT and P60/SEDM data were processed by automated
reduction pipelines designed for each facility.4 The LPipe reduction
pipeline5 (Perley et al. in prep) was used to process the LRIS
data. Reductions for the remaining spectrographs were performed
manually using standard IRAF tools.

After initial reduction and flux calibration, all spectra were
absolutely calibrated by comparing synthetic photometry of the
spectrum to photometry from our imaging data. The absolute flux
scale is established by comparing synthetic r-band photometry
calculated from each spectrum to our (true) r-band photometry,
interpolated to the appropriate epoch. To correct for imperfections
in the calibration related to atmospheric attenuation or wavelength-
dependent slit losses, we next colour-correct the spectrum by
comparing a synthetic g − r colour to the true photometric g −
r colour, and warping the spectra by a power-law correction factor.6

Since the spectra unavoidably include some host–galaxy light, we

4The SEDM pipeline is described at http://www.astro.caltech.edu/sedm
/Pipeline.html; the SPRAT pipeline is a modification of the pipeline for
FrodoSpec (Barnsley, Smith & Steele 2012)
5http://www.astro.caltech.edu/dperley/programs/lpipe.html
6The colour correction was typically quite small: <0.1 mag in nearly all
cases.

re-add an estimate of the host–galaxy flux within the slit to the
photometry (estimated given the size of the slit and using our host–
galaxy model; Section 3.5) prior to the photometric correction, and
subtract the host–galaxy model after correction.

3 OBSERVATIONAL PROPERTIES

3.1 Environment and pre-explosion constraints

The transient lies on the sky coincident with the catalogued galaxy
CGCG 137-068, an unremarkable dwarf spiral galaxy showing a
faint bar and spiral arms (Fig. 1). Two sources are present within
the SDSS and PS1 pre-imaging of the galaxy: a reddish point source
at the galaxy nucleus (likely a weak AGN) and a compact, but not
truly point-like, source approximately 1.9′′ east-southeast of the
transient (probably an HII region). AT 2018cow is located far from
the centre of the galaxy (5.9′′ or 1.7 kpc from the nucleus), and no
point or pointlike source is visible at the location of the transient
itself. Forced photometry on a median-filtered PS1 image limits
any contribution from an unresolved source to g > 22.2, r > 22.3,
i > 21.9: more than eight magnitudes below the transient at peak.

Additionally, we checked for evidence of pre-explosion variabil-
ity in both the Catalina Real-Time Survey and iPTF archives. We
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Table 2. Log of spectroscopic observations of AT 2018cow. Times are
relative to the reference epoch of MJD 58285.

MJD t (d) Exp. (s) Telescope Instrument

58287.268 2.268 1600 P60 SEDM
58287.949 2.949 300 LT SPRAT
58288.341 3.341 1600 P60 SEDM
58289.000 4.000 180 LT SPRAT
58289.191 4.191 1600 P60 SEDM
58289.211 4.211 1600 P60 SEDM
58289.350 4.350 1600 P60 SEDM
58289.651 4.651 900 HCT HFOSC
58289.946 4.946 180 LT SPRAT
58290.097 5.097 450 LT SPRAT
58290.196 5.196 2500 P60 SEDM
58290.261 5.261 250 DCT DeVeny
58290.353 5.353 300 P200 DBSP
58290.327 5.327 1800 Gemini-N GMOS
58290.618 5.618 1200 HCT HFOSC
58291.020 6.020 450 LT SPRAT
58291.224 6.224 2500 P60 SEDM
58291.276 6.276 4800 P200 TripleSpec
58291.337 6.337 1800 Gemini-N GMOS
58291.636 6.636 1000 HCT HFOSC
58291.939 6.939 240 LT SPRAT
58292.027 7.027 450 LT SPRAT
58292.145 7.145 180 DCT DeVeny
58292.181 7.181 2500 P60 SEDM
58292.374 7.374 1800 Gemini-N GMOS
58292.648 7.648 1200 HCT HFOSC
58292.955 7.955 300 LT SPRAT
58293.018 8.018 450 LT SPRAT
58293.182 8.182 2500 P60 SEDM
58293.212 8.212 2500 P60 SEDM
58293.288 8.288 1800 Gemini-N GMOS
58293.821 8.821 1200 HCT HFOSC
58293.892 8.892 300 LT SPRAT
58294.182 9.182 2500 P60 SEDM
58294.656 9.656 1200 HCT HFOSC
58294.989 9.989 300 LT SPRAT
58295.894 10.894 240 LT SPRAT
58296.017 11.017 600 NOT ALFOSC
58296.103 11.103 450 LT SPRAT
58296.913 11.913 240 LT SPRAT
58297.245 12.245 2500 P60 SEDM
58297.349 12.349 1800 P200 TripleSpec
58298.916 13.916 240 LT SPRAT
58299.212 14.212 2500 P60 SEDM
58299.766 14.767 2400 HCT HFOSC
58300.180 15.180 2500 P60 SEDM
58300.389 15.389 900 Gemini-N GMOS
58300.622 15.622 2400 HCT HFOSC
58300.896 15.896 240 LT SPRAT
58301.990 16.990 600 LT SPRAT
58302.275 17.275 2500 P60 SEDM
58302.908 17.908 360 LT SPRAT
58303.180 18.180 2500 P60 SEDM
58304.000 19.028 900 NOT ALFOSC
58307.034 22.034 900 NOT ALFOSC
58307.301 22.301 1200 P200 DBSP
58311.397 26.397 1800 Keck I LRIS
58316.345 31.345 600 P200 DBSP
58318.295 33.295 1200 Gemini-N GMOS
58324.300 39.300 1800 Gemini-N GMOS
58329.254 44.254 1800 Gemini-N GMOS
58338.359 53.359 3180 Keck I LRIS

Figure 3. Our full sequence of spectroscopic observations of AT2018cow.
Numbers indicate the time in days since MJD 58285; between days 4 and 22,
they indicate approximate times. No scaling has been applied: the relative
offsets are due to the intrinsic, steady fading of the source. (The t = 31.3 d
and t = 53.4 d spectra have been slightly scaled for clarity.) We interpolate
over host narrow features and (when not corrected) over the telluric A + B
bands. Obvious spectral features develop only at late times, although a very
broad, blue dip is visible in all spectra between 4 and 8 days post-explosion.

found no evidence for any previous outbursts from the location of
the transient.

3.2 A fast, consistently blue transient

Light curves of the transient, assembled by our worldwide telescope
network, are shown in Fig. 2. The photometric properties alone
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Table 3. Key properties of AT 2018cow.

z 0.0140 Redshift (from host emission)
trise ∼2.5 d Rise time to peak (g)
trise, 1/2 ∼1.5 d Time to rise from half-max (r)
tdecline, 1/2 ∼3 d Time to decay to half-max (r)
Mg, peak −20.4 Peak g absolute magnitude
Mr, peak −19.9 Peak r absolute magnitude
Lbol, peak 4 × 1044 erg s−1 UVOIR luminosity at optical peak
Tchar 17000 K Characteristic temperature
Erad 5 × 1049 erg Total UVOIR radiative output
vspec 6000 km s−1 Velocity width of late emission lines
M∗, host 1.4 × 109 M� Host stellar mass
SFRhost 0.22 M�yr−1 Host star-formation rate

exhibit several remarkable features unprecedented for any other
extragalactic transient observed at this level of detail.

As we have already noted, the rise time is very fast. Comparing
the ATLAS o discovery magnitude (which is dominated by r flux
for this blue transient) to the GROND r magnitude indicates a
rise from half-max of only 1–2 d. The ASAS-SN g−band limit
suggests an explosion time of no more than 1 d prior to the discovery
observation, giving a total time from explosion to peak of between
2 and 3 days.

The transient is extremely luminous at peak (Mr ∼ −19.9 or
Mg ∼ −20.4). This is more luminous than any core-collapse
supernova with the exception of a small fraction of Type IIn and
superluminous supernovae, both of which exhibit very long rise and
decay times.

The fading, like the rise, is quite rapid. The time to decline
to half of its peak flux is only about 4 days, and there is no
subsequent rise to a second, radioactively powered peak: the light
curve fades monotonically (except in the NIR, which exhibits minor
but significant fluctuations on time-scales of 2–3 d). By around 25 d
post-discovery, the transient has a luminosity (Mr ∼ −16) well
below that of a typical core-collapse supernova at the same phase.

Finally, the colour is extremely and persistently blue. In early
observations, the colours are close to the Rayleigh–Jeans power-
law limit, indicating a thermal origin with a spectral peak far into
the UV (Section 3.4). Hot, blue early phases of supernovae are
common (shortly after shock breakout and before adiabatic losses
have cooled the ejecta), but AT 2018cow retains a high temperature
for a remarkably long period: after a month, the optical colours are
bluer than most SNe are even in their earliest phases and it remains
well-detected in all UV filters.

These properties are summarized in Table 3. Prentice et al. (2018)
also independently report the exceptionally fast evolution and blue
colour of this transient, as does the recent analysis by Margutti et al.
(2018).

3.3 Spectral evolution

The behaviour seen in the spectra is also unprecedented. The earliest
spectra in our sequence (Fig. 4), sampling close to the peak time
of the transient, show only a hot and smooth continuum: they are
particularly lacking in emission or absorption features, except for
weak emission from host galaxy H α (not shown in our figures since
we interpolate over the host narrow lines). There is no sign of any
flash-ionized emission features (e.g. Gal-Yam et al. 2014; Khazov
et al. 2016; Yaron et al. 2017).

Beginning around MJD 58299 (day 4 on our plots), a single,
extremely broad feature begins to emerge in all of our spectra

and in our photometry. If interpreted as an absorption trough, its
centre is at approximately 4600 Å with a full-width of 1500 Å. It
is vaguely reminiscent of the Fe II feature seen in broad-lined Ic
supernovae around peak light (e.g. Galama et al. 1998), a resem-
blance that led to early suggestions of a Ic-BL classification (Xu
et al. 2018; Izzo et al. 2018). Simultaneously with the emergence
of this feature, a very bright radio/submillimeter afterglow was
detected (Bright et al. 2018; Dobie et al. 2018; de Ugarte Postigo
et al. 2018) which — at the time — seemed to seal the Ic-
BL association and led to anticipation that these features would
strengthen and a supernova peak would emerge shortly in the light
curve.

This is not what happened: while the feature strengthens slightly
between days 4 and 5, from then on it begins to dissipate and by
day 8 it vanishes entirely, returning to a largely featureless blue
continuum (Perley et al. 2018).

Very different evolution sets in after this time. First, a weak and
moderately-broad (full-width ∼200Å; v ∼ 10 000 km s−1) emission
feature centred at ≈4850 Å begins to emerge: it is difficult to recog-
nize because spectra during this period are of low quality owing to
the presence of the nearly-full moon, but is seen consistently in both
the LT and the SEDM spectra on days 9, 11, 12, and 14 (Fig. 5); it
was also independently seen in NOT spectra reported by (Benetti
et al. 2018). Its most likely interpretation is He II λ4686. The line
fades thereafter, but a variety of other lines of similar velocity
width and offset begin to appear between 20 and 30 days. Emission
features of He I λ5876 and He I λ5015 are clearly visible starting
at ∼15 days, along with emission from Hα (in a blend with He I

λ6678), Hβ, Hγ , Hδ, and a blend of several higher Balmer lines. All
of these lines are significantly and consistently offset to the red by
about + 3000 km s−1 at the time of first detection. However, over
the subsequent 10–20 d, the profiles evolve blueward, developing
a ‘wedge” shape: the peak (which often contains a weak narrow
component) is very close to the rest-frame wavelength, with a steep
fall towards the blue and a very gradual one towards the red (Fig. 6).
Additional lines, including He I λ7065, weak Ca II] λλ7291,7324,
and (possibly) O I λλ6300, 6363 also begin to emerge at later times
(>30 d). A very strong, broad upturn between 8000 and 9000 (also
easily visible in the photometry as a z-band excess) emerges around
this time as well, although its origin is unclear: its wavelength is
close to that of the Ca II IR triplet but it is much broader than would
be expected from this feature alone if it has a similar profile as the
H and He lines, especially on the blue wing.

3.4 Physical properties

To characterize the early SED, we first construct coeval sets of
photometry by performing a nonparametric interpolation of the light
curve for each filter (the same procedure was used in the g and
r bands to colour-correct the spectroscopy; Section 2.6). Galactic
extinction is corrected using the Fitzpatrick (1999) attenuation curve
and EB − V = 0.07 (Schlafly & Finkbeiner 2011). We assume no
extinction in the host galaxy.

The early SEDs are unambiguously thermal. The UVOIR slope
(Fν ∝ να) during the first epoch is α = 1.2 ± 0.1 as measured
between the u and the z bands: close to the Rayleigh–Jeans α = 2
and inconsistent (in particular) with synchrotron emission, which
exhibits α = 0.33 below the peak frequency and −0.5 to −1.25
above it (e.g. Sari, Piran & Narayan 1998). The colour of the
transient becomes gradually less blue as time passes, but it remains
effectively thermal throughout, with the peak (in νFν) remaining in
the UV at all times.
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Figure 4. Spectral energy distribution (in fν ) sequence of AT2018cow from the UV to the NIR, with selected spectra overplotted. (The closest high-quality
spectrum to each photometric reference epoch is shown, rescaled by a constant factor to match the absolute flux level). The spectrum is initially (days 2–3)
hot and featureless. A broad absorption feature develops in the UV/blue region of the spectrum starting around day 4, but disappears again by day 9. Narrower
features begin to emerge after >10 days, and the NIR bands become dominated by a red SED component that peaks around 10 000 Å. Our photometry and
spectroscopy show good consistency (except in z-band at late times). In particular, both show the early, broad spectral feature between 3500 and 5500 Å.

To characterize the evolution of the photosphere, we fit a Planck
function to the UV-optical data at the time of each UVOT epoch.
A single Planck function fits the UV and most optical filters well
at essentially every epoch, but underpredicts the NIR fluxes after a
few days; it also cannot explain the persistent “dip” seen in the uBg
filters in several early optical observations (Fig. 7). We thus exclude
the uBg filters from the fits, and add an additional red component to
the model. The form of this red component is not well-constrained
by our data (our light curve coverage in the NIR is very incomplete
outside the H-band). We tried both a second blackbody and a power
law; we obtain acceptable fits to most bands for a blackbody with a
constant, low (∼3000 K) temperature and a power law with spectral
index (Fν ∝ να) of α ∼ −0.75. We prefer the power-law model:
a warm blackbody is not well-justified theoretically (the observed
temperature is too hot to be easily explained as dust, although
similar red components have been seen in some SNe; e.g. Kangas
et al. 2016), whereas a synchrotron power law of α ∼ 0.5 − 1.0
is expected given the bright radio afterglow (and an extrapolation
of the flux to the millimeter band provides reasonable consistency
with reported millimeter fluxes). The z-band at late times shows
strong excess relative to either model and is excluded from our final
fits. We fix the spectral index at α = −0.75 for all epochs.

At very late times (>45 d), our ground-based coverage becomes
sparse, due to both the fading of the transient and the shortening
window of observations each night. At these times, we fix our
epochs to the ground-based (LT) epochs, interpolating the low-S/N
(but numerous) UVOT fluxes via local regression. We caution that

derived parameters in this regime are particularly uncertain due to
the absence of NIR coverage, presence of emission features, and
systematics associated with the host subtraction. For the last epoch
(65 d), the power-law component could not be constrained and is
fixed by extrapolation of the preceding epochs.

Results are plotted in Fig. 8 and listed in Table 4. At peak,
the object is very hot (30 000 K) and already quite large in
size, with an inferred radius of almost 1015 cm. This implies fast
ejecta: given the ASAS-SN pre-explosion limit, the time of the
first SED was only ∼4 d after the initial explosion time and thus
the expansion speed must exceed >0.1 c. Alternatively, the rapid
expansion of the photosphere could imply a high-velocity shock
traversing pre-existing, optically thick material. However, the broad
absorption feature independently implies that this material must also
be traveling at a velocity of >0.1 c at this time, so if the transient
is due to an explosion (cf. Section 5.2) it must represent part of the
ejecta.

Surprisingly, after this initial rise, no further expansion is inferred:
the photospheric radius declines continuously throughout our ob-
servations. This is extremely unusual for a supernova: normally,
the photosphere expands with the expanding material in the early,
optically-thick phases.

The temperature initially declines with time, as expected for most
explosive transients. However, this parameter, too, begins to exhibit
unusual evolution at later epochs: after 20 days, the temperature
curve levels off and in subsequent epochs it actually increases,
levelling off at about 17 000 K before possibly falling again in the
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Figure 5. Sequence showing a subset of our spectra after division and
normalization by a blackbody model, fit to the coeval photometry (Fig. 7).
Line identifications are shown as vertical coloured bars, all of which emerge
only at later times. Thin dashed lines show the rest wavelength of each
transition, while the shaded bands show the approximate observed widths
of the emission component.

last epoch. The significance of the late increase is dependent on the
SED model (and, in particular, the treatment of the red excess) and
on the UV host subtraction procedure, but the temperature is, in any
case, still extremely high 1–2 months after peak light.

The bolometric luminosity of the transient decays in a remarkably
simple fashion similar to a power-law in time. Setting t = 0 to our
reference epoch of MJD 58285, the temporal index (F ∝ tβ ) is β ∼
−2.5, steeper than but not remarkably different from the classical
−5/3 expected for TDEs and similar accretion-powered events.

We have plotted the luminosity of the two fitted components
(the thermal peak and the possibly non-thermal red component)
separately in the top panel of Fig. 8; the non-thermal component
is integrated only at λ > 1000 Å. The non-thermal flux shows a
similar average decay as the X-ray (supporting the notion that it

Figure 6. Late-time spectra of AT 2018cow showing the central region of
the spectrograph. Host–galaxy emission has not been removed; the gap is the
telluric band. The helium lines are completely absent at +11 d, but begin
to appear at +15 d. At +30 d, they develop a weak blueshifted narrow
component.

arises from a physically distinct region from the thermal emission)
but does not show the same strong temporal variations (see also
Rivera Sandoval et al. 2018), so it is not clear whether they truly
represent the same component. However, the red bands do show
much greater variability than the bluer filters at early times: this is
best illustrated by an apparent i-band bump at 20 days visible in
Fig. 2. (Unfortunately, this event coincided with the only gap in LT
coverage during the first month, so we lack H and z photometry to
confirm its origin.)

3.5 Host galaxy properties

To characterize the host galaxy in more detail, we gather multi-
wavelength photometry from UV to NIR. We use photometry from
the NASA Sloan Atlas, which includes both optical photometry
from the Sloan Digital Sky Survey (SDSS; York et al. 2000) and
UV photometry from the Galaxy Evolution Explorer (GALEX;
Martin et al. 2005) using theelpetrosian aperture flux (Blanton
et al. 2011). We also perform our own photometry using images
from the Pan-STARRS 3pi survey (Kaiser et al. 2010), the Two
Micron All-Sky Survey (2MASS; Huchra et al. 2012), and the
Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010).
Our photometry (AB mags, not corrected for Galactic extinction) is
presented in Table 5.

We fit the broad-band spectral energy distribution using Le-
Phare (Ilbert et al. 2006), correcting for foreground extinction
before fitting the SED. We assume a Chabrier (2003) IMF, a
metallicity between 0.2Z� < Z < Z�, a Calzetti et al. (2000)
extinction law, and otherwise use an identical procedure to that
employed in Taggart et al. (in prep). The W3 and W4 filters (which
are dominated by PAH emission features) were not included in the
fit. We derive a stellar mass of M∗ = 1.42+0.17

−0.29 × 109 M� and a
total star-formation rate of SFR = 0.22+0.03

−0.04 M� yr−1. The galaxy
photometry and final SED fit are shown in Fig. 9.

These properties suggest a star-forming dwarf spiral similar to
the Large Magellanic Cloud. Its mass is smaller than that of the
majority of galaxies that produce core-collapse supernovae, but is
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Figure 7. Fits to the multi-epoch photometry using a combined blackbody (blue curve) and power-law (red curve) model. The green curve shows the sum of
these models. Data points that are not enclosed in circles are excluded from the fits, usually due to contamination by strong emission or absorption features.

well within the distribution. While clearly star-forming, the galaxy
is not particularly young nor is it undergoing a notable burst of
star-formation.

4 C O M PA R I S O N S TO P R E V I O U S E V E N T S

4.1 A fast extreme-luminosity transient seen up-close

The fast rise, early peak, and subsequent rapid decay do not resemble
any common class of extragalactic transient. While supernovae can
show early, luminous peaks associated with shock heating, these
are inevitably followed by either a long plateau (as in SNe IIP
or IIn) or by a second, radioactively powered peak (in SNe IIb,
SNe Ib/c, and GRB-SNe). A few classical examples of this are

shown in the top row of Fig. 10: SN 1993J (Richmond et al. 1996;
Barbon et al. 1995) and SN 2006aj (Campana et al. 2006; Ferrero
et al. 2006), as well as the double-peaked superluminous supernova
SN 2006oz (Leloudas et al. 2012). In all cases the late-time flux
of these reference objects exceeds that of AT 2018cow by several
magnitudes.

The rest of Fig. 10 shows comparisons between the light curve
of AT 2018cow and a variety of luminous, fast-rising transients
from different surveys. These transients are diverse, exhibiting
differences in both temporal and colour evolution. Several retain a
high luminosity for a long period and fail to replicate the fast fading
of AT2018cow. These include iPTF16asu (Whitesides et al. 2017),
an initially featureless transient that later developed into a SN Ic-
BL; all members of the Arcavi et al. (2016) sample (SNLS04D4ec,
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The Fast, Luminous Transient AT2018cow 1041

Figure 8. Physical properties based on the blackbody fits shown in Fig. 7. In
the top panel, the green data points show the luminosity inferred by summing
the total Stefan–Boltzmann luminosity of the thermal component and an
integral of the power-law component for λ > 1000 Å. (Each component is
also shown separately as blue and red points, respectively.) The X-ray light
curve is also shown in grey.

the fastest of these, is shown); and the unknown transient “Dougie”
(Vinkó et al. 2015).

The most convincing matches by far are the luminous members of
the PS1 sample from Drout et al. (2014): PS1-11qr and PS1-12bv,
shown at bottom right. While not quite as luminous or as fast-
evolving as AT 2018cow, these events manage to replicate the fast
rise, fast decay, and consistent blue colours around the peak time.
(The less luminous objects in that sample are more questionable: in
addition to being less luminous by a factor of ∼10 they fade more
slowly and clearly become redder at late times.)7

Additionally, both PTF 09uj (Ofek et al. 2010) and KSN-2015K
(Rest et al. 2018) also represent good light-curve matches to
AT 2018cow. Neither has multi-epoch colour information and they
are 1–2 mag fainter at peak, although the pre-peak UV-optical colour
of PTF 09uj and the single-epoch colours of KSN-2015K suggest
that these transients were indeed similarly blue.

7The DES fast transients of Pursiainen et al. (2018) do not yet have publicly
available light curves and are not shown in Fig. 10. Like the PS1 transients,
they exhibit a variety of luminosities but all are fast-evolving and most
are blue at peak. Some also show evidence of sustained high temperatures
and contracting photospheres, similar to what observed in AT 2018cow. The
HSC transients of Tanaka et al. (2016) were observed only in g and r and
generally only during the rising phase, so post-peak constraints are not
available.

Table 4. Photospheric parameters derived from a combined syn-
chrotron + blackbody fit to the UV-optical-NIR data. Uncertainty estimates
are statistical errors only.

MJD L (L�) R (AU) T (kK)

58288.44 8.96e + 10+2.32e+10
−1.19e+10 52.77+4.70

−3.98 31.39+3.10
−2.04

58289.22 6.64e + 10+2.46e+10
−8.66e+09 47.72+3.89

−4.51 30.58+4.12
−2.06

58290.69 2.75e + 10+6.67e+09
−1.70e+09 44.29+1.89

−4.35 25.42+3.19
−0.60

58291.56 2.13e + 10+4.81e+09
−2.04e+09 38.99+2.44

−3.74 25.42+2.98
−1.08

58292.28 1.53e + 10+3.91e+09
−1.06e+09 39.04+2.18

−4.88 23.37+3.40
−0.77

58293.81 9.47e + 09+1.17e+09
−8.92e+08 36.39+1.45

−3.94 21.20+2.22
−0.80

58294.61 7.53e + 09+5.24e+08
−1.02e+09 32.99+3.97

−1.54 20.91+0.90
−1.49

58295.58 6.23e + 09+6.60e+08
−5.08e+08 29.24+2.29

−2.59 21.25+1.37
−1.02

58296.68 5.15e + 09+5.53e+08
−3.42e+08 27.07+2.10

−1.84 20.90+1.24
−0.76

58298.39 4.29e + 09+3.19e+08
−4.10e+08 24.51+2.08

−0.78 20.91+0.78
−1.17

58299.62 3.22e + 09+2.12e+08
−2.46e+08 24.96+1.28

−1.25 19.32+0.73
−0.83

58300.65 2.64e + 09+2.74e+08
−1.64e+08 23.50+1.31

−1.37 18.84+1.11
−0.76

58301.79 2.06e + 09+2.02e+08
−9.79e+07 22.19+1.52

−1.40 18.04+0.97
−0.64

58302.04 1.95e + 09+1.64e+08
−1.24e+08 21.69+1.43

−1.35 18.00+0.85
−0.80

58303.17 1.61e + 09+1.05e+08
−9.91e+07 19.86+1.42

−1.23 17.57+0.75
−0.74

58303.78 1.54e + 09+1.12e+08
−1.16e+08 19.47+1.79

−1.20 17.28+0.81
−0.89

58305.64 1.41e + 09+8.66e+07
−1.06e+08 18.46+1.76

−1.66 17.09+1.00
−0.87

58306.77 1.13e + 09+8.69e+07
−6.57e+07 18.62+1.13

−1.05 16.23+0.70
−0.62

58307.16 1.06e + 09+7.78e+07
−7.25e+07 18.46+1.66

−1.64 16.01+0.87
−0.68

58307.70 9.69e + 08+7.34e+07
−5.53e+07 18.07+1.22

−1.34 15.84+0.75
−0.66

58308.15 9.27e + 08+8.19e+07
−5.71e+07 17.70+1.39

−1.42 15.81+0.96
−0.71

58309.23 9.04e + 08+5.32e+07
−5.56e+07 16.00+1.34

−1.22 16.55+0.62
−0.76

58310.22 7.73e + 08+4.16e+07
−5.47e+07 15.19+1.31

−0.78 16.10+0.68
−0.69

58310.70 6.79e + 08+5.02e+07
−4.02e+07 14.78+1.37

−1.18 15.55+0.84
−0.60

58311.16 6.29e + 08+5.06e+07
−3.89e+07 14.30+1.18

−1.39 15.30+0.83
−0.55

58311.76 6.26e + 08+4.82e+07
−3.94e+07 13.33+1.28

−1.45 15.67+0.98
−0.84

58312.42 6.23e + 08+4.23e+07
−5.01e+07 12.88+1.67

−1.21 15.71+0.81
−0.93

58314.75 4.82e + 08+2.74e+07
−3.48e+07 12.82+1.25

−1.10 14.82+0.76
−0.86

58316.52 3.96e + 08+2.91e+07
−2.75e+07 11.38+1.32

−1.11 15.34+0.95
−0.73

58318.93 3.46e + 08+2.72e+07
−2.22e+07 9.34+0.84

−1.00 15.94+1.22
−0.70

58320.24 3.00e + 08+2.92e+07
−2.24e+07 9.13+0.85

−0.96 15.66+1.12
−0.74

58322.23 2.78e + 08+2.42e+07
−1.63e+07 7.70+0.57

−0.80 16.83+1.46
−0.76

58324.03 2.41e + 08+2.54e+07
−1.14e+07 6.64+0.65

−0.79 17.53+1.64
−0.98

58325.36 2.10e + 08+1.94e+07
−1.20e+07 6.06+0.60

−0.64 17.31+1.16
−1.15

58326.17 1.99e + 08+1.70e+07
−1.87e+07 5.91+0.88

−0.69 17.43+1.13
−1.37

58327.15 1.81e + 08+2.66e+07
−1.22e+07 5.46+0.45

−0.72 17.81+2.07
−0.88

58329.22 1.60e + 08+2.16e+07
−8.68e+06 5.09+0.64

−0.75 17.43+2.27
−1.21

58334.88 9.52e + 07+2.32e+07
−1.52e+07 4.41+1.01

−1.16 16.96+3.17
−1.93

58339.90 5.63e + 07+1.67e+07
−1.90e+07 3.56+1.38

−0.86 17.14+3.79
−2.95

58346.92 3.94e + 07+2.52e+07
−8.20e+06 3.37+0.90

−1.33 16.30+7.28
−1.86

58354.46 1.68e + 07+1.02e+07
−9.16e+05 4.14+1.09

−1.70 10.74+6.65
−1.54

None of these transients have been characterized in detail, al-
though the few spectra that exist are generally featureless (PTF 09uj
exhibited weak, narrow emission lines of hydrogen.) All were found
in star-forming galaxies offset from their host nuclei.

The rate of fast, blue transients was estimated from the Pan-
STARRS sample (Drout et al. 2014): they measured a value of
4–7 per cent of the core-collapse supernova rate, equivalent to 1
per year within a radius of 40 Mpc. Given this rate, it seems credible
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Table 5. Host–galaxy photometry from pre-imaging observations.

Filter AB mag Uncertainty Survey

FUV 18.376 0.210 GALEX
NUV 17.880 0.038 GALEX
u 16.763 0.036 SDSS
g 15.578 0.003 SDSS
g 15.573 0.010 Pan-STARRS
r 15.021 0.002 SDSS
r 15.048 0.017 Pan-STARRS
i 14.725 0.009 SDSS
i 14.814 0.018 Pan-STARRS
z 14.544 0.020 SDSS
z 14.626 0.024 Pan-STARRS
Y 14.481 0.046 Pan-STARRS
J 14.153 0.054 2MASS
H 14.073 0.081 2MASS
Ks 14.320 0.106 2MASS
W1 15.370 0.007 WISE
W2 16.007 0.017 WISE
W3 14.989 0.032 WISE
W4 14.673 0.242 WISE

Figure 9. Spectral energy distribution for the host–galaxy of AT2018cow.
Multiband photometry from GALEX, SDSS, 2MASS, and WISE is shown
in purple and the best-fit SED model (with M∗ = 1.42+0.17

−0.29 × 109 M�, SFR

= 0.22+0.03
−0.04 M� yr−1) is shown as a curve.

that one might be detected at 60 Mpc in the first few years of high-
cadence all-sky observations by ATLAS or ZTF. (Conversely, given
the detection of an event this close within ATLAS/ZTF, it would
be surprising if similar events were not present in PS1 and other
surveys.)

For these reasons, we argue that AT 2018cow is very likely related
to the population of fast, blue, luminous transients seen by PS1
(and also by HSC and DES; Tanaka et al. 2016; Pursiainen et al.
2018). Earlier studies almost universally attributed these transients
to supernovae undergoing shock breakout into, or interaction with,
a dense wind or shell close to the progenitor (Ofek et al. 2010). The
extensive additional observations available for AT 2018cow allow
us to examine this connection in much more detail.

4.2 A spectroscopically unique transient

AT 2018cow shows at least two distinct spectral phases. Prior to
10 d, it is effectively featureless, save for the short-lived, broad blue

absorption feature. After 12 d, it remains hot and blue but exhibits
weak features of (redshifted) H, He, and other light elements in
emission.

The early, broad feature8 has no obvious analogue in any previous
event. It bears some loose resemblance to the Fe II P-Cygni
absorption trough seen in SNe Ic-BL, but overlying a much hotter
continuum. We attempted to subtract the hot continuum to test this
connection more rigorously, but the match is poor, being both too
blue and too broad (Fig. 11) compared to even the earliest spectra of
SN1998bw or SN2002ap (Patat et al. 2001; Kinugasa et al. 2002),
or of the spectrum of SN2008D (Modjaz et al. 2009) during its
shock-cooling phase.9 As of yet we have no convincing explanation
for the origin of this feature, other than that it implies very fast
(nearly relativistic) ejecta.

The identities of the features seen in later spectra (H and He
in broad emission) are secure. In spite of this, these later spectra
bear no obvious resemblance to any class of known supernova. The
strongest similarities are to Type IIn supernovae (which can also
remain hot for several weeks after explosion, and are emission-
dominated by definition): in the bottom panel of Fig. 11, we plot
AT 2018cow versus an early spectrum of SN 1998S from Fassia
et al. (2001), which shows a similar blue continuum and most of
the same H and He transitions. However, the lines in AT 2018cow
are not narrow for most of their evolution (v ∼ 6000 km s−1, versus
a few hundred km s−1 for SN 1998S). Thomson scattering within
ionized matter could broaden a line enough to wash out the narrow
component, but this would not produce the net redshift in the
emission component that we observe. The H and He thus must be
in the ejecta itself (and seemingly preferentially in receding ejecta
given the net redshift).

In fact, the best spectroscopic analogues to AT 2018cow are not
supernovae at all. Our spectra bear a striking resemblance to tidal
disruption events: the high temperatures, presence of helium and
hydrogen features in emission, and moderate velocities all match
what is observed for TDEs. The spectral features in AT 2018cow
are substantially weaker than in the examples of TDEs that we are
aware of (bottom panel of Fig. 11; comparison spectra are from
Holoien et al. 2014, 2016), but the resemblance to a TDE is much
stronger than to any supernova.

We summarize the key observational features of AT 2018cow in
Table 3.

5 I NTERPRETATI ON

5.1 Supernova models: A jet from a failed supernova?

The location of AT2018cow, and its apparent connection to other
cosmological events that have also been found outside the nuclei of
their host galaxies, give ample justification to consider a supernova
as the most natural interpretation of this event. However, the
observational aspects of this event impose severe constraints on
any type of stellar explosion.

8We emphasize that the existence of this feature is secure: it is seen with a
consistent shape and consistent temporal evolution in at least three different
independently-reduced spectrographs (SEDM, SPRAT, HFOSC) and is also
evident in our photometry via the evolution of the B − V and g − r colours.
9This cannot be because the SN features are washed out by a bright
afterglow, as was the case for early spectra of SN 2003dh / GRB 030329
(e.g. Hjorth et al. 2003; Deng et al. 2005): the continuum is far too blue to
be predominantly synchrotron in origin (Section 3.4).
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The Fast, Luminous Transient AT2018cow 1043

Figure 10. Comparison of the light curve of AT2018cow to other classes of fast-rising or luminous events. The dotted lines show AT2018cow; solid lines
indicate comparison objects with dashed lines connecting upper limits to detections. Filter colour codes are the same as in Fig. 2 and are matched to rest-frame
wavelengths. AT2018cow is insufficiently luminous at late times compared to GRB-SNe and also far too blue. It is much faster than any known TDE and the
thermal SED is entirely unlike the optically thin spectra of GRB afterglows. However, it matches well with the cosmological fast transients found in PS1 and
Kepler (and to a lesser extent SNLS) in colour, luminosity, and time-scale.

The first problem for any supernova model is the need to explain
the fast rise. Heating from radioactive 56Ni certainly cannot produce
it: at least 5 M� of Nickel would be needed to power the luminosity
of AT 2018cow at peak, which is orders of magnitude greater than
the total ejecta mass that would be inferred from the fast rise
given standard assumptions about diffusion (Mej ∼ ( trise

20d
)2 M� or

approximately 0.01 M�; Arnett 1982; Rest et al. 2018).
A natural alternative is shock heating. Most core-collapse SNe

are believed to exhibit an early shock-breakout and shock-cooling
phase in which the stellar photosphere is nearly-instantaneously
heated to X-ray temperatures by the emergence of the SN shock,
producing a rapid rise in the light curve (Waxman & Katz 2017).
However, for standard types of stellar progenitor, the shock-cooling
rise time is far too fast to explain AT 2018cow’s 2–3 day rise. A
multiday rise could be achieved only if the progenitor was quite
extended (R ∼ 1014 cm, or about 10 AU).

This radius is similar to that of the largest red supergiants.
However, a massive stellar envelope of this nature would greatly
slow down the later evolution of the SN, producing a “plateau”
phase rather than sudden fading. The photosphere at the time of
shock breakout thus would have to be unbound, with the shock
breaking out into a dense wind or ejected shell associated with
recent, intense mass loss.

Evidence has been accumulating in recent years that extreme
mass loss shortly before explosion is common (Gal-Yam et al. 2014;
Ofek et al. 2014; Yaron et al. 2017), so this may not be surprising.
However, other observations place further strong constraints on the
nature of this recent mass loss: the lack of any flash-ionization
features, the lack of shocked hydrogen or helium, and the lack of
further rebrightenings in the light curve all require that the CSM
shell be quite localized in extent. This may also be possible, if the
previous mass-loss episode is both singular and explosive.
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Figure 11. Comparison of an early spectrum of AT 2018cow to the early spectrum of SN 2008D (Ib) and two SNe Ic-BL (top row), and of a later-time
spectrum to SN 1998S (IIn) and two tidal disruption events (bottom row). The extremely blue, smooth continuum bears little resemblance to SN Ib/c, even after
attempting to subtract the blue continuum. (A power-law plus a constant have been subtracted from AT 2018cow; the reference SN spectra have been subtracted
by a constant only. The strength of the features in the SNe after subtraction has been suppressed by a factor of 2.) The later-time spectra are dominated by
weak emission features of hydrogen and helium; these features are also present in IIn SNe but are much narrower compared to what is seen in AT 2018cow.
These features are seen in known TDEs with similarly broad widths, although typically much greater strengths.

Further constraints on the explosion can be imposed based on
the lack of a second, radioactively powered peak in the light curve.
Using the bolometric luminosity at 20 days and scaling relative to
SN 2002ap (Mazzali et al. 2002; Foley et al. 2003), we estimate
MNi < 0.05 M�. While this is in the range of masses inferred
for “normal” core-collapse supernovae (Rubin et al. 2016; Müller
et al. 2017), a modest 56Ni mass seems hard to reconcile with
the energetic shockwave necessary to produce the extraordinary
shock-breakout flash and accelerate substantial ejecta to >0.1c,
as inferred from the broad absorption seen in the spectra at ∼1
week10 and by the luminous radio counterpart. (Velocities this high
have been previously seen observationally only in GRB-SNe, which
have universally high ejecta and nickel masses: Mazzali et al. 2014,
although cf. Fynbo et al. 2006).

Perhaps the shock in this SN was driven not by the classical
neutrino mechanism (or other forms of energy input from a proto-
NS), but solely by an energetic jet driven by a black hole following
direct collapse of a massive star to a black hole (analogous to

10It could be contested whether the broad feature truly represents Doppler-
broadened absorption, given the lack of a clear identification of the line(s)
responsible. However, as the SEDs in Fig. 4 make clear, this feature shows
up clearly as missing flux from what is otherwise an excellent fit to a
single thermal SED; multiple emission components or non-thermal features
cannot reproduce this profile. Alternative, non-velocity-broadened sources
of absorption (e.g. transient dust extinction with an unknown broad feature)
are unlikely.

the original “failed supernova” model of Woosley 1993). No high-
energy prompt emission was observed from AT 2018cow, but the
jet could have been off-axis or (more likely) choked by the stellar
envelope. We may then just have seen a short-lived high-velocity
pseudo-photosphere in the early spectra, which may be supported
by a small amount of material surrounding the jet, either dragged by
the jet itself or ejected in a disc wind. This material would contain
only a small amount of 56Ni, explaining the lack of a radioactive
second peak.

This model (which is similar to that of Quataert & Kasen 2012, but
with the addition of circumstellar interaction: see also Kashiyama &
Quataert 2015) has some appeal, especially given the observation of
bright, self-absorbed radio emission which independently implies
substantial interaction (Ho et al. 2018). Even so, it faces formidable
challenges. The high-velocity absorption implied by our early
spectra suggests material that is expanding outward rapidly (>0.1c),
but the spectral features seen only two weeks later are quite narrow
(∼0.02 c). This could be achieved if the high-velocity ejecta collided
with a second dense shell of comparable mass — eliminating the
broad lines and largely halting the expansion of the photosphere that
would normally be expected in a young supernova. But the resulting
shock-wave should then have excited narrow-line emission of H
and perhaps He which we do not see. (The H and He lines that
eventually emerge originate too late and have velocities too broad
to be attributed to shock interaction).

Alternative stellar progenitor scenarios beyond core-collapse do
not provide any appreciable resolution to these contradictions. Large
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The Fast, Luminous Transient AT2018cow 1045

energies and small 56Ni masses are expected for neutron star merger
models, but such events should not possess significant hydrogen or
helium. Furthermore, AT2018cow empirically bears no relation to
the (much dimmer, fast-cooling, fast-expanding) optical counterpart
of GW 170817 (McCully et al. 2017; Kasliwal et al. 2017; Evans
et al. 2017; Villar et al. 2017; Pian et al. 2017). White-dwarf
explosions (variants on Ia or accretion-induced collapse models;
e.g. Brooks et al. 2017; Poznanski et al. 2010) are also likely to
be poor in H and He, and heavily suppress the UV via iron line
blanketing in the ejecta.

Perhaps, the biggest challenge for any supernova model is the
lack of expansion of the photosphere. Pursiainen et al. (2018) noted
that a hot, receding photosphere is expected in the wind shock-
breakout model due to the rapid expansion of the unbound shock-
heated material, but this will only be true during the early phases:
the photosphere should eventually reach the dense stellar envelope,
after which its evolution should follow that of typical supernovae.
Regardless of the progenitor structure, it is difficult to understand
how freely-expanding ejecta would maintain a photosphere on a
scale of only 1014 cm 40 days after the explosion: the material at the
photosphere could be expanding no faster than 300 km s−1 (much
slower than the width inferred by the observed lines at late times.)

5.2 Tidal disruption models: Disruption of a star by an
IMBH?

In spite of the circumstantial evidence for a SN origin (the event
occurred in a spiral arm) there are many reasons to look more
broadly at progenitor models, and in particular to consider a tidal
disruption event as an alternative (e.g., Kuin et al. 2019).

Many of the properties of the transient that cause the most
difficulty for the SN interpretation are natural components of TDE
models. The bolometric light curve declines as a power-law, as
expected under simple TDE models (although the decay is steeper
than the canonical t−5/3). The lack of an early free-expansion phase
and the maintenance of a high temperature are also similar to
expectations for TDEs, which provide continued energy input via
BH accretion and whose potential well hampers free expansion of
the ejecta. And a TDE origin would also explain the H and He-rich
late-time spectra (which empirically resemble known TDEs more
closely than any SN).

Aside from its peculiar location, the primary feature that distin-
guishes AT2018cow from known TDEs is its time-scale: typical
TDEs have rise times of weeks to months and decay times even
longer. Faster TDEs have been found more recently (Blagorodnova
et al. 2017), but even these have characteristic time-scales an order
of magnitude longer than AT 2018cow.

A possible resolution is a smaller black hole mass: known TDEs
appear to show an empirical time-scale–mass correlation (e.g.
Blagorodnova et al. 2017), and there are also reasons to expect
one theoretically (Guillochon & Ramirez-Ruiz 2013). To better
constrain the black hole mass under a TDE model, we fit the
UV/optical data using two different methods: using simple scaling
relations, and using a full MCMC fit to the light curve.

We first fit the bolometric (UVOIR) light curve to a power-law
decay of the form L(t) = L0( t−t0

t−tD
)−n. We obtain an excellent fit

with a power-law index of n = 3.0 ± 0.1 and a time of disruption
(tD) of −1.5 ± 0.3 (relative to MJD 58285). Under this scenario the
implied rise-time-to peak of tpeak = t0 − tD = 5.0d, according to the
simulations of Guillochon & Ramirez-Ruiz (2013) for a solar-type
star, would correspond to a black hole of 1.5 × 104 M�.

Figure 12. Results from an MCMC fit to the data using the TDE implemen-
tation of MOSFiT (Guillochon et al. 2018; Mockler et al. 2018). The rising
and falling time-scales of this transient, along with the slow temperature
evolution, are well-reproduced by a model involving the disruption of a
Solar-type star around an intermediate-mass black hole (∼2 × 104 M�).

Additionally, we fit the light curve in the g, r, and UVOT w2
bands with the MOSFiT TDE model (Guillochon et al. 2018;
Mockler, Guillochon & Ramirez-Ruiz 2018). The MOSFiT TDE
model uses hydrodynamic simulations of tidal disruption events
from (Guillochon & Ramirez-Ruiz 2013) to calculate the fallback
rate of stellar debris to the black hole. MOSFiT then converts these
fallback rates into bolometric luminosities and passes them through
viscosity and reprocessing transformation functions to create optical
and UV light curves. Two adjustments to the model were required
to obtain a good fit: the peak luminosity was allowed to exceed
the Eddington limit, and the maximum photosphere radius was
allowed to reach beyond the apocentres of the Keplerian orbits of
the stellar debris. Under these circumstances, our fit prefers a black
hole with a mass of Mh = 1.9+1.2

−0.8 × 104M� and a star with mass
M∗ = 0.6+2

−0.5M�. This is fully consistent with the scaling-relation
solution. Fitted light curves are presented in Fig. 12.

These parameters correspond to the disruption of a main-
sequence star around an intermediate-mass black hole (IMBH). This
would be a significant discovery: IMBH disruptions were recently
theoretically predicted (Fragione & Leigh 2018; Chen & Shen 2018)
and if confirmed, would represent evidence for the existence of
IMBHs in the low-redshift universe, a topic that remains broadly
controversial. A black hole in this mass range would also not conflict
with the off-nuclear location: it could originate from a globular
cluster or from a massive young star cluster.

However, as the above discussion suggests, the peak luminosity
of the transient (∼3 × 1044 erg) is much greater than the Eddington
luminosity for a black hole of the mass needed to explain its short
time-scale (∼1042 erg for MBH = 104 M�). While TDEs are ex-
pected to have super-Eddington mass fallback rates (e.g. Strubbe &
Quataert 2009), the radiated luminosity is generally expected to be
capped at close to the Eddington luminosity (Chen & Shen 2018),
since higher luminosities would disrupt the accretion and drive
the luminosity back down. Super-Eddington luminosities could be
achieved in two ways: by an anisotropic radiation process, or by a
heating source not directly associated with accretion.

There is evidence that some TDEs can indeed produce highly
anisotropic, relativistic jets (Bloom et al. 2011; Burrows et al. 2011;
Levan et al. 2011; Cenko et al. 2012). The bright (and variable)
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X-ray and radio emission from AT 2018cow (see also Ho et al.
2018; Margutti et al. 2018) suggest a similar phenomenon could
be present here as well. However, the optical radiation which gives
rise to our luminosity estimates is unambiguously thermal and not
easily beamed, so anisotropy is unlikely to resolve the conflict.

Alternatively, it is possible that the early UV/optical emission is
related to the circularization process (Piran et al. 2015; Dai et al.
2018), rather than accretion. The similarity of the peak luminosity of
AT2018cow to other UV/optical TDEs (Hung et al. 2017) and the
expected energy dissipation rate from the circularization process
of 1044(MBH/106 M�)−1/6 erg s−1 (Piran et al. 2015) support this
interpretation. The self-intersection radius for debris streams around
a ∼104 M� black hole is ∼5 × 1013 cm (Wevers et al. 2017), which
is a factor of 10 smaller than the observed photosphere radius for
AT2018cow. If the luminosity is powered by stream–stream inter-
sections, then the photosphere would engulf both the intersection
point and the black hole. This optically thick reprocessing layer
would need to be in place by the time of our first observations to
explain the colour and luminosity of AT2018cow. This could be
associated with matter blown to larger radii during an early wind
phase (Jiang, Guillochon & Loeb 2016; Metzger & Stone 2016).

Further modelling will be needed to examine the behaviour of
tidal disruptions around IMBHs during the super-Eddington phase.
If even some of the PS1 and DES events belong to the same
class as AT 2018cow, there is reason to believe that these events
are reasonably common and the current generation of fast-cadence
optical surveys may find future examples at similar rates as ordinary,
SMBH TDEs.11

6 C O N C L U S I O N S

Prior to AT 2018cow, fast high-luminosity transients were widely
attributed to an extreme variant of the shock-breakout scenario that
has already been widely appealed to in order to explain a variety of
nearby supernovae. To our surprise, the first real-time detection of
a nearby event belonging to this empirical class has only deepened
the mystery surrounding these events. While the off-nuclear location
within a star-forming region seems to imply the explosion of a star as
a supernova, the actual observational properties — including high-
velocity absorption in early spectra, a long-lived hot photosphere, a
complete lack of narrow lines during the first week, and luminous
X-ray through radio emission — are all difficult to explain under any
existing supernova model. If nothing else, any stellar explosion must
involve a radically different progenitor structure and/or explosion
mechanism compared to known SNe.

In contrast, disruption by an intermediate-mass black hole pro-
vides an excellent description of the qualitative behaviour of the
transient and its later-time spectra. However, the highly super-
Eddington luminosity of the transient is a formidable challenge for
IMBH TDE models, and it remains to be seen whether alternative
explanations for the early heating (e.g. circularization of infalling
material) provide an adequate interpretation.

Studies of fast optical transients are still in their infancy, and there
is much more to learn both observationally and theoretically. While
an event as close as AT 2018cow may not be a regular occurrence,

11Super-Eddington-luminosity disruptions by more massive black holes are
also of interest: the transient ‘Dougie” was slower than AT 2018cow (Fig. 10)
but was vastly more luminous, and the preferred TDE model fit by Vinkó
et al. (2015) also indicated a highly super-Eddington luminosity, in this case
from a somewhat more massive black hole (Mh = 2.0+13.9

−1.3 × 105M�).

its sheer brightness suggests that others of a similar nature are
likely to be observed in the near future at somewhat greater
distances. Samples of the spatially-resolved galaxy environments,
total energetics, and spectroscopic properties of such events are
likely to shed light on their nature.
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by the Observatorio Astronómico Nacional and the Instituto de
Astronomı́a of the Universidad Nacional Autónoma de México. We
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Research of activity of Main Belt 
Comets 176P/LINEAR, 238P/Read 
and 288P/(300163) 2006 VW139
Jianchun shi1,2,3, Yuehua Ma1,2, He Liang1,4 & Ruiqi Xu1,4

As a new class of comet, main belt comets (MBCs) have attracted more and more attention in recent 
years. To study activity and physical properties of three MBCs 176P/LINEAR, 238P/Read and 288P/
(300163) 2006 VW139, we carried out broadband CCD photometry of three MBCs on UT 2016 November 
18–19 with the 1-m optical telescope at Lulin Observatory in Taiwan. By comparing cometary surface 
brightness profiles to stellar surface brightness profiles, and by comparing cometary absolute 
magnitude to the expected magnitude of inactive nucleus, we found that 176P/LINEAR was inactive, 
while 238P/Read and 288P/(300163) 2006 VW139 were active. By photometric studies, we obtained 
the Afρ values and the dust production rates. Finally, the activity of three MBCs were discussed. 
Our photometric results show that the total dust mass of 238P/Read and 288P/(300163) 2006 VW139 
obtained in this work are of the same magnitude as the majority of known MBCs.

Comets are small bodies in solar system, they are distinguished from asteroids by the presence of coma or tail. The 
activity of comets are driven by water ice or sublimation of volatile admixtures. Before 2006, comets are believed 
to have formed in the outer solar system, beyond the orbit of Neptune, and to reside in two cold reservoirs: the 
Oort cloud and the Kuiper belt. Hsieh & Jewitt1 identified a third reservoir which is located at the main aster-
oid belt. Some asteroids show evidence for mass loss, these are called active asteroids. Active asteroids include 
main-belt comets (MBCs) and disrupted asteroids2. MBCs exhibit comet-like activity driven by the sublimation 
of volatile ice, while disrupted asteroids exhibit activity likely due to impacts3–5, rotational disruption6–10, thermal 
disintegration or electrostatics11.

MBCs have attracted most attention in recent years due to the implication from their activity that the exist-
ence of present-day ice in the asteroid belt. This offers opportunities to better understand the thermal and com-
positional history of our solar system, and place constraints on protosolar disk models. Research of MBCs may 
also be useful for investigating hypotheses that objects from the main asteroid belt may have played a signif-
icant role in the primordial delivery of water to the terrestrial planets12–15. Previous cometary measurements 
the deuterium-to-hydrogen (D/H) ratios in Jupiter family comets show that most of them are higher than the 
ocieanic D/H ratio and preclude the idea that the water on Earth is delilvered from Jupiter family16. Thus the 
possibility of the water on Earth is delilvered from the main asteroid belt has been enhanced.

There are 8 known unambiguous MBCs, which activity is driven by sublimation of volatiles and the trig-
gering mechanism of activity of these objects are collision with a small impactor. (133P/Elst-Pizzaro, 176P/
LINEAR, 238P/Read, 259P/Garradd, 324P/2010 R2 (La Sagra), 288P/(300163) 2006 VW139, P/2012 T1, 313P/
Gibbs17. But not all of MBCs can reappear activity during the next perihelion passage, this may cast doubt on 
its sublimation-driven nature of the activity. To further determine whether main-belt objects are true MBCs, we 
need more observation data of perihelion passage. The objects of our observation are three MBCs 176P/LINEAR 
(118401), 238P/Read and 288P/(300163) 2006 VW139.

176P/LINEAR (hereafter 176P), also known as asteroid 118401, was discovered on September 7, 1999 by 
LINEAR telescope in Socorro, New Mexico. It is the third discovered member of the MBCs. It was discovered to 
exhibit cometary nature on 2005 November 26 by the Gemini North telescope on Mauna Kea in Hawaii18, but it 
was not exhibit activity during its 2011 perihelion passage, this casts doubt on the sublimation-driven nature of 
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the activity observed in 200519. The last perihelion passage of 176P was on 2017 March 12. Hsieh et al.20 examined 
the pole orientation and active region of 176P and suggested that the comet was active due to a seasonal variation 
of the solar flux at the active area.

238P/Read (formerly P/2005 U1, hereafter 238P) was discovered by M. T. Read using the Spacewatch 36 inch 
telescope on Kitt Peak on 2005 October 24. It was the second MBC to be discovered. When it was discovered, it 
showed cometary activity. 238P repeated activity during its 2011 and 2016 perihelion passage21–23. The last peri-
helion passage of 238P was on 2016 October 22.

288P/(300163) 2006 VW139 (also known as asteroid 300163, formerly 2006 VW139, hereafter 288P) was discov-
ered in 2006 and first observed to be active on UT 2011 August 3024. 288P was reported the reactivation during 
its 2016 perihelion passage23,25. The last perihelion passage of 288P was on 2016 November 08. Agarwal et al.26 
found that 288P is a binary main belt comet which ejected dust grains via ice sublimation and they suggested 
sublimation torques may play an important part in binary orbit evolution.

In this paper, we present optical observations and the surface brightness profile (SBP) of the above three MBCs 
observed on November 18–19, 2016. We also obtained the Afρ values and the dust mass production rates. The 
activity of three MBCs was discussed. Hsieh et al.23 published a paper about the 2016 reactivations of 238P and 
288P recently, they reported observations of 238P and 288P from 2016 July to 2017 January in this paper. Our 
observation dates are in this time frame, but are not included in their observation Logs. Thus, the photometric 
results of our observations can be used to help fill in gaps of their observations.

Methods
The three comets were observed by using the 1-m optical telescope at Lulin Observatory in Taiwan on 2016 
November 18–19. This telescope has been equipped with an Alta U42 2 k × 2 k CCD camera. The pixel scale of 
camera is 0.348 arcsec, the field of view (FOV) is 11.9 × 11.9 arcmin2. The average seeing is 1.2 arcsec during the 
observations.

The three comets were observed through Asahi broad-band R filters. The effective wavelength of the R filter is 
λe = 6578 Å, the full width at halfmaximum (FWHM) is Δλ = 1215 Å. The observation mode of telescope was set 
to track the sidereal motion, the exposure times of comets were chosen to make the apparent motion of the comet 
within the seeing disc. The details of observations are provided in Table 1.

All images were reduced and calibrated in similar procedures (bias subtraction, flat-field correction and cos-
mic ray cleaning) used in our previous work27. The bias value used in the calibration was an average of sev-
eral zero-exposure images. The final flat-fields were obtained from several images of the twilight sky. The night 
sky level used for photometry in the IRAF task PHOT was obtained from the region far from the nucleus. The 
NOMAD1 catalog was used to perform the magnitude calibration of the images. To minimize the effect of color 
terms, we selected Standard stars that optical colors were similar to the Sun.

Results
Cometary activity and surface brightness profile. All three MBCs looked like a stellar appearance in 
each single exposure frame. To increase the signal-to-noise ratios of both our target comets and field stars, we 
created two composite images per object, one combining all R-band images of each object aligned on the comet, 
and another combining all images of each object aligned on field stars. The combined frames still appear stellar 
(Fig. 1). To search possible the extent of coma, we extracted surface brightness profiles (SBPs) of comets and 
stars from the combined image using the method described in Shi & Ma28. By comparing with the stellar SBP, we 
find that 176P’s SBP is consistent with stellar SBP, 238P and 288P’s SBPs show a flux excess in outer region. This 
means that 176P was inactive or unresolved activity on November 19, 2016, while 238P and 288P were active on 
November 18, 2016 and November 19, 2016, respectively.

The cometary dust production and dust mass production rate. The cometary dust production is 
usually made by means of the parameter Afρ value (cm)29. It is the product of the average grain albedo, the filling 
factor f (the ratio of the cross section of the dust grains to the field of view of aperture) and the projected radius of 
the photometric aperture ρ. Afρ can be given by the formalism

ρ
ρ

=
Δ . −



Af R4 10 ,
(1)

h
m m2 2 0 4( )comet

where Rh is in AU, Δ and ρ are in cm, mcomet is the comet integrated magnitude. For a steady state coma, Afρ 
should be an aperture-independent parameter, this parameter can be used to compare measurements concerning 
the dust continuum produced under different observing conditions, times and instruments.

Comet UT date Rh (au)a Δ(au)b α(°)c ν(°)d Nexp × filtere texp (s)f

176P/LINEAR 2016/11/19 2.633I 2.388 22.0 331.0 5 × R 150

238P/Read 2016/11/18 2.371O 1.615 18.7 3.1 5 × R 300

288P/(300163) 2006 VW139 2016/11/19 2.437O 1.954 22.7 8.0 5 × R 225

Table 1. Log of all observations on UT 2016 November 18–19. Note. aThe heliocentric distance in au, 
superscripts ‘I’ refers to the comet is inbound (pre-perihelion), ‘O’ refers to the comet is outbound (post-
perihelion); bThe geocentric distance in au; cThe phase angle(Sun-comet-Earth) in degrees; dThe true anomaly 
in degrees; eNumber of exposures in the R filter; fThe total exposure time in second.
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Theoretically, Afρ should be calculated using the magnitude of the coma. As the Afρ values obtained by other 
works were calculated by using the total magnitude, we used total magnitude mTOT to calculate the Afρ values to 
facilitate comparison with other works. For 238P, Afρ value in the reference aperture of 1.8 arcsec is 5.08 ± 0.59 cm; 
for 288P, Afρ value in the reference aperture of 1.8 arcsec is 12.04 ± 1.11 cm (Table 2). The photometry apertures 
were computed by using the star’s FWHM in these coadded images that aligns the field stars.

Figure 1. Co-added images (left-hand panels) and SBPs (right-hand panels) of 176P (top panels), 238P (middle 
panels) and 288P (bottom panels) in the R filter on November 19, 2016, November 18, 2016 and November 19, 
2016, respectively. All images are oriented north-up (N), east-left (E). The field of view (FOV) of the top panel 
and bottom panel are 52.2 × 52.2 arcsec2, The field of view (FOV) of the middle panel is 17.4 × 17.4 arcsec2. The 
square dot line in SBPs represents the stellar SBP within the image, the circle dot line in SBPs represents the 
cometary SBP within the image.
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The dust mass loss rate can be calculated by dividing the total dust mass by the time of residence of the dust 
grains as they travel across the projected photometry annulus30. The coma magnitude between φ1 and φ2 is given by

= − . −− . − .m 2 5 log (10 10 ), (2)d
m m

10
0 4 0 42 1

where m1 and m2 are the magnitudes in apertures of φ1 and φ2. To minimize the effects of nucleus contribution 
and sky background, we choose φ1 = 2.4 arcsec and φ2 = 3.0 arcsec. The dust mass is given by Jewitt30 as 

σ=M a Cd dust d
4
3

, where σ is bulk density, adust is average grain radii, Cd is the total cross-section of the coma dust 
particles and can be computed from Equation (1). The time of residence of the dust grains in the annulus between 
φ1 and φ2 is τ(Rh) = 1.5 × 1011Δ(φ2 − φ1)/vej

30, where τ(Rh) is in s, Δ is in AU, φ1 and φ2 are expressed in radians,vej 
is the radial outflow speed of the dust grains from the nucleus in m s−1. For comet Hale-Bopp, expansion meas-
urements showed that the radial outflow speed of gas from the nucleus was =v v r R( / )R h0 0

1/4
h

 31, where 
v0 = 550 ms−1 and r0 = 5 au. For spherical grains emitted from a homogeneous nucleus, a dust velocity is about 10 
per cent of the gas velocity32,33. So the dust grain ejection velocity is vej = v(Rh)/10. We adopted the dust grain 
radius value of adust = 10 μm, this value consistents with dust modeling results for 133P34. The grain density was 
adpoted the canonical asteroid density σ = 2000 kg m−3 35. For 238P, m1 = 20.47 ± 0.06, m2 = 20.29 ± 0.06, the 
calculated dust production rate is 1.9 kg s−1. For 288P, m1 = 19.75 ± 0.05, m2 = 19.61 ± 0.05, the calculated dust 
production rate is 4.2 kg s−1 (Table 2).

Discussion
For 176P, Hsieh et al.20 derived best-fit IAU phase function parameters of H = 15.10 ± 0.05 and G = 0.15 ± 0.10. 
Using these phase function parameters, Hsieh et al.19 summarized apparent R-band magnitude and absolute 
R-band magnitude of 176P observed before 2014. To compare previous observation to ours, we computed 
absolute magnitudes based on the total magnitude using the HG approximation with scattering parameter 
G = 0.15 ± 0.1 and obtained mR(1, 1, 0) = 14.96 ± 0.22. Considering rotational variations of 176P is about 0.7 
mag (a peak-to-trough photometric range)20. The absolute magnitude obtained in this work is still in the range of 
rotational variations, this also suggest that it was inactive on November 19, 2016.

Table 3 summarized available R-band photometry results of comet 238P. The inactive photometric behavior 
of 238P has been previously established by Hsieh, Meech & Pittichová21 who derived best-fit IAU phase function 
parameters of H = 19.05 ± 0.05 mag and G = −0.03 ± 0.05. Using G = −0.03 ± 0.05, we can then compute the 
equivalent absolute magnitudes (at heliocentric and geocentric distances of Rh = Δ = 1 au and a solar phase angle 
of α = 0°) for all observations of 238P (Table 3). Comparing absolute magnitude and Afρ values obtained in this 
work to previous observation, we can find that there is an obvious about 2 mag photometric enhancement in this 
work than data obtained in 2010 July and August when 238P was observed to be largely inactive, this also suggest 
that it was active on November 18, 2016. Table 4 summarized available R-band photometry results of comet 288P. 
Absolute R-band magnitudes (at Rh = Δ = 1 au and α = 0°), were computed by using G = 0.15 ± 0.120 (Table 4).

As the determination of the dust production rate of a comet is highly model-dependent and 
parameter-dependent, we can’t compare the dust production rates obtained in this work to other works directly. 
To compare activitiy of 238P and 288P in this work to Hsieh et al.’s23 work and other MBCs. We computed the 
total mass Mdust of visible ejected dust by using of equation23

π ρ=
− . −

. −
M a a4

3
1 10

10
,

(3)dust N dust d

m H

m H
2

0 4( (1,1,0) )

0 4( (1,1,0) )

where aN is the nucleus’s radius in m. For consistency, we choose dust grain densities of ρd = 2500 kg s−1, 
mean effective grain radii of adust = 1 mm and the photometry aperture radius is 4 arcsec, these values are 
same with Hsieh et al.’s work23. For 238P, the total apparent R-band magnitude measured in aperture radius 
4 arcsec is mTOT = 20.06 ± 0.07, the total absolute R-band magnitude computed by using H = 19.05 ± 0.05 
mag and G = −0.03 ± 0.0521 is m(1, 1, 0) = 15.94 ± 0.13, aN ≈ 0.4 km21, the corresponding total dust mass 
is Mdust = (2.8 ± 0.3) × 107 when 238P was at true anomaly ν = 3°.1 on 2016 November 18. For 288P, the total 
apparent R-band magnitude measured in aperture radius 4 arcsec is mTOT = 19.50 ± 0.06, the total absolute 
R-band magnitude computed by using H = 16.80 ± 0.12 and G = 0.18 ± 0.1123 is m(1, 1, 0) = 15.07 ± 0.23, 
aN ≈ 1.3 km36, the corresponding total dust mass is Mdust = (6.9 ± 1.5) × 107, when 288P was at true anomaly 
ν = 8°.0 on 2016 November 19. Hsieh et al.23 reported 238P’s total dust mass of Mdust = (2.3 ± 0.3) × 107 on 2016 
November 5 (when 238P was at ν = 4°.2 and 288P’s total dust mass of Mdust = (6.8 ± 1.4) × 107 on 2016 November 

Comet mTOT (1.8 arcsec)a mTOT (4.0 arcsec)b Afρ (cm)c Qdust (kg s−1)d Mdust (107kg)e

176P/LINEAR 20.01 ± 0.06 — — — —

238P/Read 20.62 ± 0.05 20.06 ± 0.07 5.08 ± 0.59 1.9 2.8 ± 0.3

288P/(300163) 2006 VW139 19.95 ± 0.04 19.50 ± 0.06 12.04 ± 1.11 4.2 6.9 ± 1.5

Table 2. Magnitude, Afρ, dust mass production rate and total dust mass measured in R-band of comets 176P/
LINEAR, 238P/Read and 288P/(300163) 2006 VW139 Note. aThe total magnitude in the reference aperture of 
1.8 arcsec; bThe total magnitude in the reference aperture of 4.0 arcsec; cAfρ value in the reference aperture of 
1.8 arcsec; dThe dust mass production rate in the reference aperture of 1.8 arcsec; eThe total dust mass in the 
reference aperture of 4.0 arcsec.
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28 (when 288P was at ν = 5°.6 Examining previously reported photometry of active dust emission, Hsieh et al.23 
found that activity of 238P in 2016 were lower than the activity in 2010 and the activity of 288P in 2016 were 
larger than the activity in 2000. Comparing the total dust mass of 238P and 288P obtained in this work to Hsieh 
et al.’s23 work, we find that our results are consistent with Hsieh et al.’s23 conclusions. Comparing the total dust 
mass of 238P and 288P obtained in this work to other MBCs37,38, we find that the total dust mass of 238P and 288P 
obtained in this work are of the same magnitude as the majority of known MBCs’s. This is consistent with the fact 
that almost all of the MBCs appear to eject nearly identical quantities of dust37.

Data Availability
Observations were carried out with the 1-m optical telescope at Lulin Observatory in Taiwan. The observation 
data can be obtained from Lulin Observatory.

Active?a UTdate Rh (au)b Δ(au)c α(°)d ν(°)e mTOT
f m(1, 1, 0)g Afρ (cm)h References

Perihelion 2005-07-28 2.365 2.276 25.2 0.0 — — — —

yes 2005-11-10 2.436 1.446 0.6 31.4 19.28 ± 0.05 16.41 ± 0.17 7.47 ± 0.86 39

yes 2005-11-19 2.448 1.468 3.8 33.9 19.34 ± 0.05 16.13 ± 0.16 7.23 ± 0.83 39

yes 2005-11-20 2.450 1.471 4.3 34.2 19.46 ± 0.05 16.20 ± 0.15 6.47 ± 0.74 39

yes 2005-11-21 2.451 1.475 4.8 34.5 19.37 ± 0.05 16.07 ± 0.15 7.08 ± 0.82 39

yes 2005-11-22 2.453 1.480 5.3 34.8 19.28 ± 0.05 15.94 ± 0.15 7.69 ± 0.89 39

yes 2005-11-26 2.459 1.499 7.1 35.9 19.72 ± 0.10 16.24 ± 0.17 5.24 ± 1.21 39

yes 2005-12-24 2.504 1.739 17.1 43.6 20.12 ± 0.03 15.79 ± 0.12 4.34 ± 0.30 39

yes 2005-12-25 2.505 1.751 17.4 43.9 20.16 ± 0.03 15.80 ± 0.12 4.24 ± 0.29 39

no 2007-01-27 3.433 2.488 5.2 123.0 24.90 ± 0.40 19.71 ± 0.42 0.14 ± 0.13 39

Aphelion 2008-05-19 3.963 3.276 11.8 180.0 — — — —

no 2010-07-07 2.704 1.821 13.0 −68.2 23.61 ± 0.10 19.19 ± 0.16 0.21 ± 0.05 21

no 2010-07-20 2.674 1.709 8.5 −65.2 22.85 ± 0.06 18.82 ± 0.15 0.39 ± 0.05 21

no 2010-08-15 2.616 1.608 2.6 −58.9 22.34 ± 0.05 18.88 ± 0.16 0.57 ± 0.07 21

no 2010-09-03 2.576 1.643 10.7 −54.1 21.97 ± 0.04 17.99 ± 0.13 0.79 ± 0.07 21

yes 2010-09-04 2.574 1.647 11.0 −53.9 22.01 ± 0.05 18.02 ± 0.14 0.76 ± 0.09 21

yes 2010-09-05 2.572 1.651 11.4 −53.6 22.02 ± 0.05 18.00 ± 0.14 0.76 ± 0.09 21

yes 2010-10-05 2.514 1.869 20.3 −45.7 22.25 ± 0.05 17.62 ± 0.12 0.66 ± 0.08 21

yes 2010-11-25 2.433 2.414 23.5 −31.5 21.75 ± 0.05 16.51 ± 0.11 1.27 ± 0.15 21

yes 2010-12-09 2.416 2.566 22.5 −27.5 21.86 ± 0.07 16.54 ± 0.12 1.20 ± 0.19 21

Perihelion 2011-03-10 2.361 3.277 7.9 0.0 — — — —

Perihelion 2016-10-22 2.366 1.410 8.7 0.0 — — — —

yes 2016-11-18 2.371 1.615 18.7 3.1 20.62 ± 0.05 16.50 ± 0.12 5.08 ± 0.59 This work

Table 3. Summary of available R-band photometry results of comet 238P/Read. Note. aIs visible activity detected?; 
bThe heliocentric distance in au; cThe geocentric distance in au; dThe phase angle (Sun-comet-Earth) in degrees; 
eThe true anomaly in degrees; fThe total magnitude; gAbsolute R-band magnitude; gAfρ values in R-band.

Active?a UTdate Rh (au)b Δ(au)c α(°)d ν(°)e mTOT
f m (1, 1, 0)g References

Perihelion 2011-07-18 2.438 2.293 24.6 0.0 — — —

yes 2011-11-14 2.506 1.561 8.4 33.2 18.62 ± 0.05 15.08 ± 0.27 24

yes 2011-11-14 2.506 1.561 8.4 33.2 18.64 ± 0.05 15.10 ± 0.27 24

yes 2011-11-18 2.510 1.586 10.0 34.3 18.60 ± 0.10 14.95 ± 0.28 24

yes 2011-11-19 2.512 1.596 10.6 34.6 18.64 ± 0.10 14.95 ± 0.27 24

yes 2011-11-30 2.525 1.685 14.4 37.4 19.04 ± 0.05 15.08 ± 0.24 24

yes 2011-12-04 2.530 1.724 15.6 38.5 19.12 ± 0.03 15.07 ± 0.23 24

yes 2011-12-19 2.549 1.895 19.2 42.4 19.68 ± 0.03 15.29 ± 0.22 24

yes 2012-01-07 2.577 2.152 21.7 47.4 20.43 ± 0.10 15.66 ± 0.23 24

yes 2012-10-14 3.111 3.273 17.7 107.1 22.45 ± 0.03 16.49 ± 0.23 36

Aphelion 2014-03-13 3.660 2.697 4.5 180.0 — — —

Perihelion 2016-11-08 2.436 1.823 21.3 0.0 — — —

yes 2016-11-19 2.437 1.954 22.7 8.0 19.95 ± 0.04 15.48 ± 0.21 This work

Table 4. Summary of available R-band photometry results of comet 288P/300163. Note. aIs visible activity 
detected?; bThe heliocentric distance in au; cThe geocentric distance in au; dThe phase angle(Sun-comet-Earth) 
in degrees; eThe true anomaly in degrees; fThe total magnitude; gAbsolute R-band magnitude.
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ABSTRACT

Thanks to human beings’ endless curiosity about the universe and advances in technol-

ogy, ground-based telescopes around the world are constructed larger and larger. As a result

of the imaging system has been significantly improved, we nowadays are able to observe much

fainter celestial objects, i.e. the objects can be discovered at much longer distance from Earth.

In order to avoid the demise of human civilization owing to devastating asteroids, we need to

keep monitoring the potentially hazardous object (PHO) that may threaten Earth. However,

the prerequisite is to confirm and predict their orbits so as for sufficient time to prepare for

the incoming risks.

The goal of this paper is to make a telescope automatically follow up the unconfirmed

Near-Earth Objects (NEOs) in the Near-Earth Object Confirmation Page (NEOCP) [1] [2] of

the Minor Planet Center (MPC) which belongs to the International Astronomical Union (IAU)

and participate in the global asteroid warning network on behalf of Taiwan.

We introduced the Lulin Widefield Telescope (LWT), a 0.40 m Officina Stellare 400 Ri-

Fast Astrograph [3] installed at the Lulin Observatory, Taiwan, in October 2017, to focus on the

follow-up observation of the NEOs. The telescope is equipped with a FLI ProLine [4] PL16803

Monochrome CCD camera, which offers a field of view of about 2 degree squared (1.4◦ × 1.4◦)

especially for tracking the NEOs with uncertain orbits.

We describe in detail about the system of the LWT including hardwares and softwares, the

characteristics of the camera such as gain, readout noise, dark current and linearity, the quality

of site including sky background brightness and limiting magnitudes for B and V bands, the

design of automatic operation ranging from observation to analysis, sending the astrometric

observation report of the recovered NEOs to the MPC, and the future plan for upgrading the

system or expanding research interests to other areas of time-domain astronomy.

Keywords: Lulin Observatory, Lulin Widefield Telescope (LWT), Near-Earth Objects (NEOs),

system testing, robotic telescope
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Finding New Cepheids in the Open Clusters with Their
Location in the Color-Magnitude Diagram–Tests with

Existing Data and Known Cepheids

Abstract

Cepheids in open clusters can use its period-luminosity relation to

determine distance of the open clusters. According to an initial mass func-

tion, we expect member stars in open clusters include both low and high

mass stars. Based on stellar evolution, 4~20 solar mass stars will eventually

enter the instability strip in their lifetime and become Cepheids. However,

only 24 Cepheids were found in open clusters. In comparison there are

more than 3000 open clusters in our Galaxy, it is not more than 1%.

In this thesis, receiving the Cepheids of open clusters’ data from

WEBDA and 2MASS database to make the locus of the instability strip in

the Color-Magnitude Diagram. We use the instability strip, spatial mem-

bership probability, proper motion membership probability, photometric

membership probability and age to look for the open clusters that have

candidate Cepheids in 2MASS database. Then observed 6 open clusters

that have 12 candidate Cepheids in B, V, R, I bands by SLT in Lulin Ob-

servatory in 6~7 months. Final, we analyzed these candidate Cepheids by

Differential Photometry, LS Periodogram and Mean Magnitude-Standard

Deviation of Magnitude Diagram, and we determined that 12 candidate

xi
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Abstract

Cepheids are not Cepheids.

We used 2 new Cepheids of open clusters to examine the filter con-

dition. It showed the instability strip, spatial membership probability,

proper motion membership probability and age that can used, but photo-

metric membership probability is not.

Keywords: Cepheid, Open Cluster, Color-Magnitude Diagram
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ABSTRACT
The object 4C 71.07 is a high-redshift blazar whose spectral energy distribution shows a
prominent big blue bump and a strong Compton dominance. We present the results of a 2-
yr multiwavelength campaign led by the Whole Earth Blazar Telescope (WEBT) to study
both the quasar core and the beamed jet of this source. The WEBT data are complemented
by ultraviolet and X-ray data from Swift, and by γ -ray data by Fermi. The big blue bump
is modelled by using optical and near-infrared mean spectra obtained during the campaign,
together with optical and ultraviolet quasar templates. We give prescriptions to correct the
source photometry in the various bands for the thermal contribution, in order to derive the
non-thermal jet flux. The role of the intergalactic medium absorption is analysed in both the
ultraviolet and X-ray bands. We provide opacity values to deabsorb ultraviolet data, and derive
a best-guess value for the hydrogen column density of Nbest

H = 6.3 × 1020 cm−2 through the
analysis of X-ray spectra. We estimate the disc and jet bolometric luminosities, accretion rate,
and black hole mass. Light curves do not show persistent correlations among flux changes at
different frequencies. We study the polarimetric behaviour and find no correlation between
polarization degree and flux, even when correcting for the dilution effect of the big blue bump.
Similarly, wide rotations of the electric vector polarization angle do not seem to be connected
with the source activity.

Key words: galaxies: active – galaxies: jets – quasars: individual: 4C 71.07.

� E-mail: claudia.raiteri@inaf.it
† Passed away.

1 I N T RO D U C T I O N

Blazars are radio-loud active galactic nuclei (AGNs) with the
peculiarity that one of the relativistic plasma jets points towards
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us. The jet emission undergoes Doppler beaming, with consequent
flux enhancement, contraction of the variability time-scales and
blueshift of the radiation. The blazar spectral energy distribution
(SED), in the usual log (νFν) versus log ν plot, presents two
bumps. The low-energy bump is produced by synchrotron radiation,
while the origin of the high-energy bump is debated. According to
leptonic models, high-energy photons are obtained through inverse-
Compton scattering of soft photons on relativistic electrons, while in
the hadronic scenario they are produced by acceleration of protons
and/or particle cascades.

The blazar class includes BL Lac objects (BL Lacs) and flat-
spectrum radio quasars (FSRQs), which were originally distin-
guished according to the equivalent width of their emission lines
(Stickel et al. 1991). Following the unified scheme of AGN, the
parent population of blazars are radio galaxies, with FRI and FRII
grossly representing the unbeamed counterpart of BL Lacs and
FSRQs, respectively (Urry & Padovani 1995). Understanding the
affinity between blazars and other AGN classes can benefit from
the study of the properties of the unbeamed blazar emission coming
from the accretion disc and broad-line region (BLR). This is an
extremely difficult task for BL Lacs, which usually have featureless
spectra and no signature of disc radiation. In contrast, the spectra of
FSRQs generally show broad emission lines. Moreover, their SED
displays a big blue bump, and sometimes also a little blue bump,
which are interpreted as contributions from the accretion disc and
BLR and can reveal important information on the AGN nuclear
zone, i.e. their quasar core.

One of the most promising candidates to study the unbeamed
properties of blazars is the FSRQ 0836+710 (4C 71.07), whose SED
shows a particularly luminous disc (Raiteri et al. 2014). Its redshift
was estimated to be z = 2.172 by Stickel & Kuehr (1993) from the
broad emission lines C IV λ1549 and C III] λ1909, and z = 2.18032
by Lawrence et al. (1996), while McIntosh et al. (1999) derived a
systemic redshift of z = 2.218 from the [O III] λ5007 narrow line in
H-band spectra. A detailed investigation of the spectroscopic prop-
erties of 4C 71.07 is presented in Raiteri et al. (in preparation). They
estimated a systemic redshift of z = 2.213 from the Balmer Hα and
Hβ broad emission lines. In the following, we will adopt this redshift
value.

Asada et al. (2010) inferred a Faraday rotation measure gradi-
ent from multifrequency VLBI polarimetry, suggesting a helical
magnetic field for the jet of 4C 71.07. Evidences in favour of a
helical jet structure were presented also by Perucho et al. (2012b)
based on very long baseline interferometry data. From the absence
of a hotspot in the arcsec jet radio structure, Perucho et al. (2012a)
concluded that the jet likely loses collimation and gets disrupted by
the growth of helical instabilities.

Akyuz et al. (2013) analysed the multifrequency behaviour of
the source during both a quiescent state in 2008–2011 and an active
state in 2011. They found that the γ -ray emission correlates with the
optical, but not with the radio emission and that the γ -ray spectrum
becomes curved in active states.

From the theoretical side, in their analysis of high-redshift
blazars, Ghisellini et al. (2010) applied a simple leptonic one-
zone synchrotron and inverse-Compton model to the sources SED
to derive information on the nuclear and jet physical parameters.
For 4C 71.07, they estimated a black hole mass of 3 × 109 M�,
a size of the BLR of 1.5 × 1018 cm, an accretion disc luminos-
ity of 2.25 × 1047 erg s−1, a bulk Lorentz factor of 14 at the
jet dissipation radius of 5.40 × 1017 cm for a jet viewing angle
of 3◦.

With the aim of disentangling the beamed from the unbeamed
properties of this distant FSRQ to study both the jet and nuclear
emission, we organized an intense multiwavelength monitoring
effort in the period going from 2014 September to 2016 October.
Optical (photometric and polarimetric), near-infrared, and radio
monitoring was obtained by the GLAST-Agile Support Program
(GASP) of the Whole Earth Blazar Telescope Collaboration1 (e.g.
Villata et al. 2008; Raiteri et al. 2017b, and references therein).
These observations were complemented by pointings of the Swift
satellite approximately once a month, by optical spectroscopic
monitoring at the 4.2-m William Herschel Telescope (WHT) and
2.5-m Nordic Optical Telescope (NOT), and by near-infrared
spectroscopic observations at the 3.58-m Telescopio Nazionale
Galileo (TNG), all in the Canary Islands, Spain. The continuous
survey of the sky at γ -rays by the Fermi satellite completed
the observing coverage at high energies. The γ -ray flaring activ-
ity in 2015 October–November detected by the Astrorivelatore
Gamma ad Immagini LEggero (AGILE) and by Fermi has been
analysed in Vercellone et al. (2019). A detailed investigation of
the broad emission-line properties is presented by Raiteri et al.
(in preparation). In this paper, we analyse the photometric and
polarimetric data acquired during the WEBT campaign together
with the UV and X-ray data from Swift and γ -ray data from
Fermi.

The paper is organized as follows: we first present and analyse in
detail the radio-to-ultraviolet data acquired from both ground-based
and space observations (Sections from 2 to 5). These data are used in
Section 6 to reconstruct the low-energy bump of the source SED, to
disentangle the synchrotron from the nuclear thermal emission, and
to build an empirical model for the latter. We subsequently analyse
the high-energy X-ray (Section 7) and γ -ray (Section 8) data and
discuss the broad-band multiwavelength behaviour (Section 9). We
finally present optical polarimetric observations (Section 10) and
draw conclusions in Section 11.

2 GROUND-BASED OPTI CAL,
N E A R - I N F R A R E D , A N D R A D I O DATA

Optical observations for the WEBT campaign were performed
at the following observatories: Abastumani (Georgia), Belograd-
chik (Bulgaria), Calar Alto2 (Spain), Crimean (Russia), Lowell
(USA; Perkins telescope), Lulin (Taiwan), McDonald3 (USA),
Mt. Maidanak (Uzbekistan), Pulkovo (Russia), Roque de los
Muchachos (Spain; Liverpool, NOT, TNG, and WHT telescopes),
ROVOR (USA), Rozhen (Bulgaria), SAI Crimean (Russia), Sirio
(Italy), Skinakas (Greece), St Petersburg (Russia), Teide (Spain;
IAC80 and STELLA-I telescopes), Tijarafe (Spain), Valle d’Aosta
(Italy), Vidojevica Astronomical Station (Serbia; 60 and 140 cm
telescopes).

All data sets were processes with standard procedures. The
source magnitude was obtained by differential aperture photometry,
using reference stars in the same field of the source (Villata et al.
1997; Doroshenko et al. 2014; Larionov private communication).
Further optical photometry was obtained as calibration information
in support of the spectroscopic monitoring at the NOT and WHT
telescopes (see Raiteri et al., in preparation).

1http://www.oato.inaf.it/blazars/webt
2Calar Alto data were acquired as part of the MAPCAT project: http://ww
w.iaa.es/∼iagudo/research/MAPCAT.
3In the framework of the telescope network of the Las Cumbres Observatory.
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The beamed jet and quasar core of 4C 71.07 1839

Figure 1. Optical light curves of 4C 71.07 from WEBT observations:
observed magnitudes versus Julian Date (−2450000). Different data sets
are marked with different colours and symbols.

Overposition of data from different telescopes sometimes re-
vealed offsets that were corrected for by shifting the most de-
viating data sets. Strong outliers showing up in only one band
were removed. In some cases, data scatter was reduced through
binning.

Near-infrared data in J, H, and K bands were acquired at the
Campo Imperatore Observatory (Italy). Additional data were ob-
tained as calibration photometry for the near-infrared TNG spectra
(see Raiteri et al., in preparation).

The final, cleaned, optical, and near-infrared light curves are
shown in Figs 1 and 2, respectively. Notwithstanding the large
sampling difference, especially between optical and near-infrared
data, and different precision, the general increase of the variability
amplitude from blue to red is evident and reveals the imprint of the
emission contribution from the big blue bump, which is stronger in
the blue (see Section 6). Table 1 reports, for each band, the number
of data in the final light curves, the variability amplitude �mag =
magmax − magmin and the mean fractional variation (Peterson
2001)

fvar =
√

σ 2 − δ2

<F>
,

where σ 2 is the data set variance, δ2 the mean square uncertainty
of the fluxes (see Section 5 for the transformation from magnitudes
to fluxes), and <F> is the mean flux of the data set. The advantage
of fvar is that it takes into account the data errors. A few flares are
visible in the optical light curves in the period from JD = 2457320
to JD = 2457370 and then at JD = 2457443. The optical maxima

Figure 2. Near-infrared light curves of 4C 71.07 from WEBT observations:
observed magnitudes versus Julian Date (−2450000). Blue circles represent
data from Campo Imperatore, red diamonds observations taken with the
TNG at the Roque de los Muchachos Observatory.

Table 1. Source properties in the various photometric bands: number
of data, variability amplitude, mean fractional variation, big blue bump
contribution to the flux densities corrected for the Galactic extinction.

Band Ndata �mag fvar FBBB (mJy) log (νFν )BBB

WEBT

B 470 0.617 0.07 0.527 −11.443
V 531 0.561 0.09 0.520 −11.543
R 1521 0.717 0.10 0.532 −11.604
I 507 0.715 0.13 0.506 −11.721
J 36 0.841 0.19 0.470 −11.943
H 36 1.023 0.23 0.418 −12.123
K 30 1.120 0.28 0.606 −11.075

UVOT

w2 43 0.47 0.10 0.045 −12.200
m2 42 0.48 0.08 0.059 −12.108
w1 43 0.48 0.10 0.137 −11.815
u 43 0.38 0.07 0.421 −11.442
b 43 0.35 0.07 0.533 −11.438
v 42 0.55 0.06 0.513 −11.548

were missed by the near-infrared observations, so we can expect
that the near-infrared variability amplitude were actually higher
than reported in Table 1.
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1840 C. M. Raiteri et al.

Figure 3. Ultraviolet and optical light curves built with data from the UVOT
instrument on board Swift. Magenta plus signs represent photometry derived
from the single exposures; blue dots that obtained by summing the frames
in the same filter at the same epoch. Vertical lines mark the epochs affected
by small-scale sensitivity problems.

In the radio band, observations were performed at the Pico
Veleta4 (Spain; 228 and 86 GHz), Metsähovi (Finland; 37 GHz), and
Medicina (Italy; 24, 8, and 5 GHz) observatories. Data reduction
and analysis procedures are described in Agudo et al. (2010),
Teraesranta et al. (1998), and D’Ammando et al. (2012). Radio
light curves have been shown in Fig. 11. The 37 GHz data show
some scatter, so we plotted a cubic spline interpolation through the
30-binned data to better distinguish the trend.

3 U LT R AV I O L E T A N D O P T I C A L
OB SERVATIONS BY SWIFT-UVOT

In the period of the WEBT campaign, Swift pointed at the source
during 43 epochs. We processed the data with HEASOFT version
6.22. The source counts were extracted from a circular region with
5 arcsec radius centred on the source; the background counts were
derived from an annular region centred on the source with inner and
outer radius of 10 and 20 arcsec, respectively.

We processed both the single exposures and the images obtained
by summing the exposures with the same filter in the same epoch.
The results are shown in Fig. 3.

4These data were acquired with the IRAM 30 m telescope as part of the
POLAMI (Polarimetric AGN Monitoring with the IRAM-30 m-Telescope)
and MAPI (Monitoring AGN with Polarimetry at the IRAM 30 m Telescope)
programmes.

Observations were checked for small-scale sensitivity (sss) prob-
lems, which occur when the source falls on small detector regions
where the sensitivity is lower. The problem is more important for
the ultraviolet filters. We found 35 snapshots in 8 epochs, where sss
effects are recognized by the check procedure,5 all in the ultraviolet
filters. These epochs are shown in Fig. 3. The data dispersion there
is not larger than what happens in other epochs, so there is no need
to exclude some of these frames from the analysis. Indeed, the most
questionable points, lying out of the general trend common to all
filters (e.g. the v-band point at JD = 2457128), are not due to sss
problems.

As shown by Fig. 3 and Table 1, the source variability is smaller
in the UVOT optical bands than in the ultraviolet, and this is a
consequence of the fact that, due to the high redshift of the source,
the big blue bump peaks in the u–b bands (see Section 6).

The comparison with the ground-based data shown in Fig. 1
reveals that only the optical flaring period around JD = 2457330 is
well covered by UVOT observations, which were triggered by the
detection of a high γ -ray flux (Vercellone et al. 2019), while the
other optical peaks were missed. As a consequence, the variation
amplitude and mean fractional variability reported in Table 1 for
the UVOT filters underestimate the actual variability of the source
in the considered period.

4 C O L O U R B E H AV I O U R

To investigate the source spectral behaviour, we first built ground-
based B − V colour indices by associating the most precise B and V
data (error less than 0.03 mag) acquired within 15 min by the same
telescope. We obtained 347 values, with an average index of 0.19
and standard deviation of 0.03.

Fig. 4 shows that the colour indices sample the whole brightness
range of the source and clearly indicate a redder-when-brighter
behaviour. Linear regression results in a slope of −0.23. This
trend is expected if the source brightening is due to the increasing
contribution of a ‘red’ variable synchrotron component to the (quasi)
stationary emission of the big blue bump (e.g. Gu et al. 2006; Villata
et al. 2006).

In the same figure, we show the b − v colour indices obtained
from UVOT data. We had to relax the constraints on the errors to get
a reasonable number of colours. Using data with uncertainties less
than 0.06 mag, we obtained 12 indices. They cover only the faintest
states and indicate a mean value of 0.18, with standard deviation of
0.04, in agreement with the ground-based data.

5 F RO M M AG N I T U D E S O R C O U N T R AT E S TO
FLUXES

Optical and near-IR magnitudes were transformed into flux densities
by correcting for Galactic reddening according to the NASA/IPAC
Extragalactic Database6 (NED) and using the absolute fluxes by
Bessell, Castelli & Plez (1998).

By assuming a power-law shape of the optical spectrum Fν ∝ ν−α ,
we can derive the optical spectral index from the colours (see Fig. 4).
The mean value obtained from the ground-based B − V indices is
α = 0.18 with a standard deviation of 0.14.

As seen in the previous section, the average B − V or b − v

colour is ∼0.2 mag, which is outside the range of validity of the

5http://swift.gsfc.nasa.gov/analysis/uvot digest/sss check.html
6http://ned.ipac.caltech.edu
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The beamed jet and quasar core of 4C 71.07 1841

Figure 4. B − V colour indices as a function of time (middle panel) and
brightness (bottom panel); the dashed blue line indicates the average value.
The light curve in V band is shown in the top panel for comparison. Black
plus signs and dotted line refer to the whole data set; blue dots and dashed
line to the subset used to get colour indices.The small difference in <V>

between the whole data set and the subset means that colour indices sample
fairly well the range of brightness covered by the source. In the bottom
panel, the linear regression line is plotted in red. The spectral index α of
the Fν ∝ ν−α law is shown on the right. Magenta squares and lines refer to
UVOT data.

Breeveld et al. (2011) count rate to flux conversion factors for
the UVOT ultraviolet bands. This means that the standard UVOT
calibrations in the ultraviolet are not applicable to spectral types
like that of our source. Therefore, to convert UVOT magnitudes
into fluxes, we followed the recalibration procedure described in
Raiteri et al. (2010) and applied to a number of cases thereafter
(e.g. D’Ammando et al. 2012; Larionov et al. 2016). We convolve
an average source spectrum with the UVOT filter effective areas to
derive the effective wavelengths λeff and count-to-flux conversion
factors CF, and further with the mean extinction laws by Cardelli,
Clayton & Mathis (1989) to obtain the extinction values Aλ. The
procedure is then iterated to check stability of the results. Those
reported in Table 2 were obtained with a log-linear fit to the source
spectrum.

With respect to the Breeveld et al. (2011) calibrations, the most
noticeable differences are a shift of about 100 Å in the effective
wavelengths of the w1 and w2 bands and a ∼ 5 per cent increase
of the count-to-flux conversion factor in the w1 band.

Starting from the source count rates, we applied the count-
to-flux conversion factors of Table 2 and then corrected for the
Galactic extinction according to the values in the same table
to get deabsorbed flux densities. However, because of the high
redshift of the source, the spectral region bluewards of the Lyα

emission line is strongly eroded by a wealth of intervening absorbers

Table 2. Results of the UVOT recalibration procedure and prescriptions to
correct for both Galactic and IGM absorption.

λeff CF Aλ τa
eff τb

eff
(Å) (erg cm−2 s−1 Å −1) (mag)

w2 2148 6.009 10−16 0.220 1.140 1.481
m2 2272 8.358 10−16 0.231 0.923 1.330
w1 2688 4.405 10−16 0.183 0.529 0.820
u 3491 1.647 10−16 0.133 0.147 0.205
b 4377 1.467 10−16 0.111 0. 0.
v 5439 2.602 10−16 0.084 0. 0.

Notes. aDerived following Ghisellini et al. (2010).
bDerived following Lusso et al. (2015).

(Scott, Bechtold & Dobrzycki 2000; Raiteri et al., in preparation).
Therefore, to reconstruct the flux observed in the ultraviolet as it
was emitted from the source, we must further correct for this effect.
This issue will be addressed in the next section.

6 A N E M P I R I C A L M O D E L F O R T H E QUA S A R
C O R E

Based on infrared data from the Wide-field Infrared Survey Explorer
(WISE) satellite, the Two Micron All-Sky Survey (2MASS), and
the Campo Imperatore and Teide observatories, Raiteri et al. (2014)
modelled the SED of 4C 71.07 from the infrared to the ultraviolet
with the superposition of a log-parabolic jet component and a nu-
clear thermal component representing the emission contribution of
the accretion disc and broad-line region. Because of the prominence
of the big blue bump in this source, the nuclear thermal model was
obtained by strengthening the type-1 QSO template by Polletta et al.
(2007) with a blackbody. Thanks to the wealth of photometric and
spectroscopic data we obtained in the WEBT 2-yr campaign, we
can now refine the model for the source quasar core and estimate
the thermal contribution of the nuclear emission to the source
photometry in the various bands.

Fig. 5 shows the near-infrared to ultraviolet SED of 4C 71.07.
All photometric and spectroscopic data have been corrected for
the Galactic absorption. To build the core template, we started by
considering the range of brightness spanned by the near-infrared,
optical, and ultraviolet photometric data in the period considered in
this paper. As mentioned before, the variability amplitude increases
towards the red, and this is due to the increasing contribution of the
very variable synchrotron emission with respect to the less variable
thermal emission, which is assumed to be steady in the relatively
short period of time we are dealing with.

In Raiteri et al. (in preparation), we present and discuss in detail
the results of the spectroscopic monitoring of 4C 71.07 during the
WEBT campaign. We obtained 24 optical spectra (12 with the WHT
and 12 with the NOT) and 2 near-infrared spectra with the TNG.
All of them were carefully calibrated in flux also using photometric
supporting data. The average optical and near-infrared spectra are
shown in Fig. 5. They have not been corrected for atmospheric
absorption and include both a non-thermal emission contribution
from the jet and a thermal contribution from the quasar core. To
obtain a template for the big blue bump, we must first clean the
spectra from the jet component, which we model as a power law.
We use the relative difference in flux variability in the various bands
to determine the slope of the power law and set the brightness level to
have a very strong thermal contribution to the B- and V-band fluxes,
as suggested by their observed smaller variability (see Figs 1–3 and
Table 1). Although the model normalization is somewhat arbitrary,
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1842 C. M. Raiteri et al.

Figure 5. SED of 4C 71.07 from the near-infrared to the ultraviolet. Red dots and cyan squares represent the photometric data acquired by the WEBT and by
Swift-UVOT, respectively. The average near-infrared and optical spectra by Raiteri et al. (in preparation) are shown in grey; the power laws used to correct them
for the synchrotron jet emission contribution are plotted as orange lines. The quasar templates by Polletta et al. (2007) and Lusso et al. (2015) are shown in light
orange and green, respectively. The final empirical model for the 4C 71.07 quasar core is plotted as a black line. Its contributions in the various photometric
bands (whose transmission curves are shown in the figure bottom) are marked with orange circles (diamonds for the UVOT bands). The violet log-parabola
represents a flaring state jet emission. The addition of this contribution to the nuclear thermal emission produces the photometric values shown as violet circles
(diamonds for the UVOT filters).

the log-parabolic shape of the thermal-subtracted SED that we will
discuss in Section 9 suggests that we are not far from the real, elusive
solution. By comparing the spectroscopic with the photometric
information, we note that the source brightness level corresponding
to the near-infrared spectrum is lower than that corresponding to
the optical spectrum, therefore we use a power law with a lower
normalization to describe the jet contribution to the near-infrared
spectrum. By subtracting the jet flux from the spectral fluxes, we
obtain the predicted nuclear component.

We lack source spectra in between the near-infrared and the
optical spectrum as well as in the ultraviolet. Therefore, we complete
the nuclear thermal model using available quasar templates. We
adopted the TQSO1 template by Polletta et al. (2007), shifted to
the systemic redshift of z = 2.213 (Raiteri et al., in preparation)
and properly rescaled to smoothly join our optical and near-infrared
spectra, to cover the wavelength range from 14900 to 9400 Å. The
comparison between the prolongation of the TQSO1 template and
the optical spectrum of 4C 71.07 corrected for the jet emission
(see Fig. 5) reveals that the rising part of the big blue bump of this
source is much harder that the average quasar spectrum, as found by
Raiteri et al. (2014). This may be due to the fact that in other AGN
the low-frequency part of the disc SED is usually contaminated by
additional softer emission contributions, as suggested by Calderone
et al. (2013).

For wavelengths shorter than 3740 Å, we use the ultraviolet
quasar-stacked spectrum by Lusso et al. (2015). This was obtained

by combining spectra of 53 quasars with redshift z ∼ 2.4 acquired
with the WFC3 instrument of the Hubble Space Telescope (HST).
The authors present both the observed spectrum and that obtained
by correcting for the absorption by the intergalactic medium (IGM).
We use the former (Lusso private communication), properly scaled,
to complete our ‘observed’ big blue bump template, while the IGM-
corrected spectrum will be used to estimate effective opacity values
in the photometric bands bluewards of the Lyα.

The final empirical model for the quasar core emission of
4C 71.07 is shown in Fig. 5. By convolving this template with
the transmission curve of the Bessels and UVOT filters, we then
calculate the photometric contributions of the big blue bump in the
various bands.7 These are reported in Table 1 and can be used
to subtract the thermal contributions to the source photometric
observations when the purely non-thermal, jet emission is desired.

To further check the consistency of our procedure, we simulated a
high brightness state. The broad-band jet emission is now modelled
with a log-parabola, which is often used to describe the synchrotron
contribution (e.g. Massaro et al. 2004; Raiteri et al. 2017b), as
the power-law approximation would be too rough over such a

7We had to apply a correction to the w2 values to take into account that the
template does not cover the whole range of frequencies spanned by the w2
filter. The correction was done by shifting the w2 thermal contribution to
match the template.
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The beamed jet and quasar core of 4C 71.07 1843

Figure 6. Zoom into the SED of 4C 71.07 in the blue–ultraviolet. The black
line represents the quasar core template, which corresponds to the stacked
quasar spectrum of Lusso et al. (2015) (lower green line) at wavelengths
shorter than 3740 Å. The upper green line shows the IGM-corrected
spectrum by the same authors. Orange diamonds mark the big blue bump
contributions in the photometric UVOT bands derived from the absorbed
template. The magenta diamonds show the big blue bump contributions after
correction for the IGM absorption using the IGM-corrected template. Cyan
squares represent the UVOT data, while blue circles and green plus signs
the same data corrected for IGM absorption with the Ghisellini et al. (2010)
and Lusso et al. (2015) prescriptions, respectively.

large frequency range. By summing the log-parabola and nuclear
thermal template fluxes, we obtain what we should observe in
flaring states. These predictions can then be compared to the highest
observed flux levels. In Fig. 5, we see that the optical maxima
are satisfactorily reproduced, while the near-infrared maxima are
somewhat overproduced. This can be at least partly justified by the
fact that we lack near-infrared data at the epochs of the optical flux
peaks (see Section 2). In the ultraviolet, the range of the observed
data is satisfactorily reproduced too. These are encouraging results,
especially when considering that the ultraviolet template we used
(Lusso et al. 2015) is an average quasar spectrum and that the jet
emission spectrum can likely only approximately be described with
a log-parabolic model.

A further step is now necessary to correct for the IGM absorption.
Effective opacity values due to such absorption were estimated by
Ghisellini et al. (2010) by averaging over all possible lines of sight.
We rescaled those values (Ghisellini private communication) to
take into account the difference between the old standard effective
wavelengths by Poole et al. (2008) and ours. These new effective
opacity values τ eff are listed in Table 2. With respect to the estimates
of Ghisellini et al. (2010), there is a 6 per cent decrease in the w2
band and a 2 per cent decrease in the m2 and w1 bands. The IGM-
corrected flux densities are obtained as Fτ = F × exp (τ eff) and are
shown in Fig. 6.

Another way of estimating the correction is to use the IGM-
corrected quasar spectrum of Lusso et al. (2015). By convolving
this spectrum with the UVOT filters effective areas, we obtain the
photometric contributions of the deabsorbed quasar core of 4C 71.07
(see Fig. 6). The differences between deabsorbed and absorbed SED
values8 allow us to estimate the average effective opacities and to
correct the UVOT data for IGM absorption. The opacity values are

8The ratio Tλ = Fλ,obs/Fλ,corr corresponds to the mean IGM transmission
function of Lusso et al. (2015).

Figure 7. The empirical template for the 4C 71.07 big blue bump corrected
for IGM absorption (grey). Blue dots mark the points that were used to
obtain a third-order polynomial fit to the thermal continuum (red thick line).
The dotted vertical line highlights the peak. The black dashed line represents
the Fν ∝ ν1/3 slope of a Shakura & Sunyaev disc spectrum.

reported in Table 2, while corrected data are shown in Fig. 6. As can
be seen, following Lusso et al. (2015) leads to a higher correction
than estimated by Ghisellini et al. (2010).

A final comment is due to remind that the disc emission of quasars
is variable and also in the case of 4C 71.07 a remarkable change (a
flux variation of a factor ∼2.5) has been noted by Raiteri et al. (in
preparation). However, this occurred on a time span of more than
30 yr and indeed quasar flux changes are usually of the order of a
few tenths of mag on time-scales of several months/years (e.g. Kaspi
et al. 2000). This is much less than the variability characterizing the
non-thermal radiation from the jet.

7 DI SC LUMI NOSI TY, ACCRETI ON RAT E,
A N D B L AC K H O L E M A S S

The empirical model built in the previous section allows us to
estimate the disc bolometric luminosity by integrating the thermal
continuum. This is obtained by fitting the big blue bump template
with a cubic polynomial (see Fig. 7) and leads to the extremely high
value Ldisc = 2.45 × 1047 erg s−1, assuming a luminosity distance
of 17 585 Mpc. The main uncertainty comes from the high-energy
part of the spectrum, which is poorly constrained. However, our
estimate is in good agreement with the value 2.25 × 1047 erg s−1

calculated by Ghisellini et al. (2010) with a completely different
procedure.

The peak of the thermal continuum is found at log νrest � 15.46
and implies a peak luminosity of (νLν)peak = 1.35 × 1047 erg s−1,
so that Ldisc/(νLν)peak = 1.8, close to the factor of 2 usually
assumed (e.g. Calderone et al. 2013; Ghisellini & Tavecchio 2015).
Moreover, the peak frequency is in agreement with that predicted
by accretion disc models for the same luminosity (e.g. Hubeny et al.
2000).

We note that the rising part of our disc template fairly matches
the Fν ∝ ν1/3 spectral distribution of a Shakura & Sunyaev disc
(Shakura & Sunyaev 1973) up to log νrest ∼ 15.25.

From the equation Ldisc = ηṀc2 (Shakura & Sunyaev 1973), we
can derive the accretion rate Ṁ once the efficiency of gravitational
energy release η is fixed. This can be as small as 0.06 for a
Schwarzschild’s black hole and up to 0.32 for a rotating Kerr’s
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1844 C. M. Raiteri et al.

black hole (Calderone et al. 2013). The disc bolometric luminosity
we estimated above then leads to accretion rates of 17 and 3.3
M� yr−1, respectively.

Calderone et al. (2013) proposed a method to estimate the black
hole mass and accretion rate from the disc luminosity based on
a Shakura & Sunyaev disc. By applying their equations (8) and
considering that the isotropic disc luminosity is about one half the
bolometric luminosity, we obtain MBH = (1.61–1.62) × 109 M� and
Ṁ = (18.0–18.3) M� yr−1 for viewing angles in the range 0◦–10◦,
as expected for a blazar. The Eddington luminosity is then LE =
1.6 × 1047 erg s−1 and the Eddington ratio is 0.66, a remarkably
high value (e.g. Ghisellini & Tavecchio 2015). The black hole mass
is somewhat smaller than that derived by Ghisellini et al. (2010),
who found 3 × 109 M�, but the difference is less than a factor of 2,
which is the expected uncertainty on the results.

A comparison of the nuclear properties estimated above with
those inferred from the analysis of the broad emission lines is
deferred to Raiteri et al. (in preparation).

8 SWIFT-XRT

XRT data were processed with version 6.24 of the HEASOFT9

package and calibration files dated 20180710. We ran the xrt-
pipeline on all observations in pointing mode in the period
of interest and ended up with 21 observations in WT mode and
43 observations in PC mode. Because all WT observations have
less than 1 min exposure, in the following we concentrate on the
observations in PC mode. Many of them are piled-up, and the
analysis of the source point spread function with the ximage tool
indicates that the problem affects the inner 3 pixel radius core
(1 pixel = 2.36 arcsec). To correct for pile-up, it is necessary to
puncture the centre of the region from which the source counts
are extracted and to reconstruct the PSF central maximum from
the wings. To this aim, we first run the xrtcentroid tool to
accurately identify the source coordinates on each image. Then, we
extracted the source counts from an annulus with 3 and 30 pixel
radii and the background counts in an annulus with 40 and 60 pixel
radii centred on the source.

The source spectra, grouped in at least 20 counts per energy
bin, were analysed in the 0.3–10 keV energy range with the Xspec
package. We adopted the Wilms, Allen & McCray (2000) elemental
abundances and a value for the Galactic absorption of NH = 2.76 ×
1020 cm−2 (Kalberla et al. 2005).

The XRT data examined by Ghisellini et al. (2010) were modelled
with a power law with Galactic absorption and the fit was very good
from a statistical point of view (χ2/ν = 0.99). Similarly, an analysis
of the X-ray data acquired by XMM–Newton in 2001 by Vercellone
et al. (2019) found only marginal evidence for absorption larger
than the Galactic value; when left free, the hydrogen column density
resulted in NH = (3.3 ± 0.2) × 1020 cm−2. They fit the XRT data
taken in 2015 with an absorbed power law with NH both free and
fixed to the Galactic value. In the former case, values between
3.1 and 7.4 × 1020 cm−2 were obtained as well as higher spectral
indices, i.e. softer spectra. Arcodia et al. (2018) studied the IGM
absorption towards high-redshift blazars. They applied different
models to the X-ray spectra of several sources, and concluded
that the best results are obtained when assuming that the intrinsic
spectrum is curved (e.g. a log-parabola) and there is some extra-

9https://heasarc.nasa.gov/lheasoft/

Figure 8. Top: Reduced chi-squared values obtained by fitting the XRT
spectra with: a power law with Galactic absorption (blue triangles), a power
law with free absorption (red diamonds), and a power law with absorption
fixed to our best-guess value Nbest

H = 6.3 × 1020 cm−2 (black squares).
Bottom: number of degrees of freedom in the fixed absorption cases.

Figure 9. Values of the hydrogen column density obtained by fitting the
XRT spectra with a power law with free NH. The red horizontal line indicates
the best-guess value Nbest

H = 6.3 × 1020 cm−2, while the blue dashed line
marks the Galactic value. Symbols are shown with increasing size for
increasing degrees of freedom within the ranges indicated by the orange
horizontal lines in Fig. 8. Filled symbols highlight those values that are 1
standard deviation within the mean and that have been considered to estimate
the best-guess NH.

absorption. They also noted that 4C 71.07 is an outlier in the NH(z)
versus z relation, showing smaller excess absorption than expected.

In the previous section, we saw that the UV emission of 4C 71.07
is likely to be strongly absorbed by the IGM. Therefore, we need to
carefully investigate the role of absorption also at X-ray energies.
We first compared the results obtained by fitting the XRT spectra
with a power law with Galactic absorption to those obtained when
NH is left free to vary. Fig. 8 shows that the improvement of the
goodness of fit in the latter case is substantial, especially for some of
the spectral fits. The best-fitting NH values are plotted in Fig. 9. They
show a large range of values, with a mean NH = 6.4 × 1020 cm−2

and a standard deviation of σ = 3.3 × 1020 cm−2. If we discard

MNRAS 489, 1837–1849 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/489/2/1837/5550753 by N
ational C

entral U
niversity user on 07 M

ay 2020

63

https://heasarc.nasa.gov/lheasoft/


The beamed jet and quasar core of 4C 71.07 1845

Figure 10. Results of the Swift-XRT data analysis when adopting a power-
law model with absorption fixed to Nbest

H = 6.3 × 1020 cm−2. Top: X-ray
flux density at 1 keV versus time. Middle: Photon index � versus time.
Bottom: Photon index versus flux density.

the cases that are 1 σ out from the mean, we obtain Nbest
H = 6.3 ×

1020 cm−2. We consider this value as the best guess we can make
for the total absorption affecting the X-ray spectra of 4C 71.07.

We then performed a third fitting run, where the spectra are
modelled with a power law with NH fixed to the best-guess value.
The corresponding χ2/ν are shown in Fig. 8. In general, they are
very close to the values obtained in the power law with NH free case.
The 1 keV flux densities and photon indices � are shown in Fig. 10.
The 1 keV flux ranges from 1.08 to 2.92 μJy, with a mean value
of 2.00 μJy and standard deviation of 0.47 μJy, while � goes from
1.10 to 1.58, with a mean value of 1.32 and standard deviation of
0.09. This case implies slightly softer spectra than in the case where
NH is fixed to the Galactic value, which yields a mean photon index
of 1.23. We note that there is no correlation between the flux and
the photon index.

We finally tested the effects of a spectral curvature by fitting a
log-parabola model with absorption fixed to Nbest

H . The curvature
parameter showed a very large spread with large uncertainties, so
we believe that this case cannot add meaningful information.

9 OBSERVATIONS BY FERMI

We processed the Pass 8 data (Atwood et al. 2013) from the Large
Area Telescope (LAT; Atwood et al. 2009) on board the Fermi
satellite using the SCIENCETOOLS software package version v10r0p5
and following standard procedures (see e.g. Carnerero et al. 2015).

Figure 11. Multiwavelength light curves of 4C 71.07. From top to bottom:
(i) 0.1–300 GeV fluxes (circles, 10−7 ph cm−2 s−1) and upper limits (plus
signs) from Fermi-LAT; (ii) 1 keV flux densities (μJy) from Swift-XRT; (iii)
Swift-UVOT flux densities (mJy) in w1 band corrected for the Galactic, but
not for IGM absorption; (iv) flux densities (mJy) in R band corrected for
the Galactic extinction; (v) flux densities (mJy) in H band corrected for the
Galactic extinction; (vi) radio flux densities (Jy) at 5 GHz (cyan plus signs),
8 GHz (blue crosses), 24 GHz (magenta circles), 37 GHz (grey triangles; the
solid line represents a cubic spline interpolation on the 30-d binned data),
86 GHz (red diamonds), 228 GHz (green squares). The blue and red vertical
lines guide the eye through the γ -ray and optical peaks, respectively.

We considered both a power-law and a log-parabola model for
the source spectrum and a week time bin for the light curve. In
Fig. 11, we show the γ -ray light curve in the 0.1–300 GeV energy
range resulting from the power-law fit.

1 0 B ROA D - BA N D M U LT I WAV E L E N G T H
B E H AV I O U R

Fig. 11 compares the behaviour of 4C 71.07 at different wave-
lengths, from the γ -rays to the radio band. The γ -ray light curve
shows two prominent maxima at JD = 2457238 and JD = 2457336.
We lack Swift observations at the time of the first maximum,
but the X-ray flux was in a high state shortly before. The X-ray
data exhibit a peak simultaneous to the second γ -ray maximum.
Interestingly, another X-ray peak at JD = 2457325 corresponds to
the maximum of the ultraviolet light curve, which in turn correlates
with a major optical flare. The following three optical maxima are
not covered by Swift observations. Their simultaneous γ -ray data
show moderately high states. Other remarkable X-ray levels are
reached at JD = 2457197, 2457511, and 2457607. The first event
was preceded by a minor optical flare and a mild flux increase is
also visible in the γ -rays. The second event has a possible, weak
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Figure 12. Broad-band SEDs of 4C 71.07 at four epochs, indicated in
the upper left inset. Near-infrared and optical data have been corrected
for the Galactic extinction. In the top panel, data in the u and ultraviolet
bands have also been corrected for the IGM absorption, so that these SEDs
represent the total deabsorbed source emission. In the bottom panel, the
big blue bump contributions estimated from the template shown in Fig. 5
have been subtracted from the near-infrared, optical and ultraviolet flux
densities, so that these SEDs represent the synchrotron jet emission. The X-
ray spectra have been obtained with a power-law model with absorption fixed
to our best-guess value Nbest

H = 6.3 × 1020 cm−2. γ -ray spectra have been
modelled with a log-parabola except for the faintest state, where a power
law was preferred. In the bottom panel, the solid lines are log-parabolic
fits and cubic spline interpolations to the synchrotron and inverse-Compton
components, respectively, to highlight the possible shift of the bump peaks
towards higher energies with increasing flux.

γ -ray, but no optical, counterpart, and the third event does not seem
to have any counterpart at all.

The near-infrared light curves are undersampled, so we can just
notice higher fluxes in the period of increased optical activity. As
for the radio bands, the 5 GHz data seem rather scattered, those at
8 GHz show little variability, while at 37, 86, and 228 GHz the flux
maximum is reached before the optical, X-ray and γ -ray activity
and then the radio flux declines.

Fig. 12 shows broad-band SEDs built with data simultaneous at
all frequencies but in the radio band, where a few days distance
was accepted because of the smoother flux variations at those
wavelengths. We chose four epochs, corresponding to different γ -
ray and optical brightness states. Two SEDs correspond to the two
peaks in the γ -ray light curve, while the other two SEDs refer to

the first and the fourth optical maxima. Swift data are available
for only two SEDs. The plotted XRT spectra are obtained with
a power-law model with absorption fixed to our best-guess value
N best

H = 6.3 × 1020 cm−2. Fermi-LAT spectra are fitted with log-
parabolic models but in the faintest state, where we show the results
of a power-law fit, as the curvature parameter of the log-parabolic
model was very small.

In the upper panel, the data in the u and ultraviolet bands have
been corrected for IGM absorption. Therefore, these SEDs represent
the total deabsorbed emission of the source, including the quasar
core and beamed jet contributions.

In the bottom panel, we subtracted the big blue bump contribu-
tions from the near-infrared, optical and ultraviolet fluxes according
to the prescriptions given in Section 6. These SEDs thus represent
the pure jet emission. In this representation, it is easier to see that
increasing brightness states in the near-infrared to ultraviolet bands
correspond to decreasing brightness states in γ -rays.

Log-parabolic fits to the data from the radio to the ultraviolet band
highlight that the frequency of the synchrotron peak shifts towards
higher values as the near-infrared-to-ultraviolet spectrum rises. A
simple interpolation through the X-ray and γ -ray data allows us to
verify that the same shift also applies to the inverse-Compton peak.
Moreover, we can give a rough estimate of the Compton dominance,
i.e. the ratio between ν Fν of the two peaks, in the two epochs where
Fermi data are available. This ratio is about 70 at JD = 2457325
and about 200 at JD = 2457337.

The jet emission SEDs allow us to estimate the jet bolometric
luminosity by integrating the synchrotron and inverse-Compton
bumps. The result for the JD = 2457325 epoch, which represents
a somewhat mean state, is Ljet = 9.42 × 1049 erg s−1, 98.5 per cent
of which is due to the high-energy bump. This extremely high
luminosity is linked to the jet power spent in radiation by the
relation (Ghisellini et al. 2014): Prad � 2 Ljet/�2, where � is the
bulk Lorentz factor. By considering a range of possible � values,
from � = 14 (Ghisellini et al. 2010) to � = 28 (Savolainen et al.
2010), we find Prad = (2.40–9.61) × 1047 erg s−1 � (1–4) Ldisc.
This puts 4C 71.07 close (within 1–2 σ ) to the best-fitting linear
correlation between radiative jet power and disc luminosity derived
by Ghisellini et al. (2014) and confirms the validity of this relation
at the highest blazar energies.

11 POLARI METRI C OBSERVATI ONS

Synchrotron emission is polarized and in blazars the degree of
polarization (P) and electric vector polarization angle (EVPA) can
be extremely variable (e.g. Smith 1996). The polarization properties
are expected to mirror the properties of the magnetic field in the
emission region(s) and hence they can potentially shed light on
the jet physics and structure. Actually, it is not clear yet to what
extent stochastic processes due to turbulence act in determining the
polarization behaviour in blazars (e.g. Marscher 2014; Kiehlmann
et al. 2017; Raiteri et al. 2017a). Large EVPA rotations have been
observed that are sometimes correlated with flares detected at γ -
rays (e.g. Blinov et al. 2018). The picture appears quite complex, as
changes in the jet viewing angle can mimic a stochastic process even
when the variations in flux and P, and EVPA rotations, are produced
by a deterministic process (Lyutikov & Kravchenko 2017).

Polarization data for this work were acquired at the Calar Alto,
Crimean, Lowell, and St. Petersburg observatories. The P and EVPA
behaviour in time is plotted in Fig. 13 and compared with the γ and
optical light curves. The optical light curve shows the contribution
of the jet to the R-band flux densities, Fjet = Ftot − FBBB, where
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The beamed jet and quasar core of 4C 71.07 1847

Figure 13. From top to bottom: (a) 0.1–300 GeV γ -ray flux
(10−7 ph cm−2 s−1) from Fermi-LAT; (b) R-band deabsorbed jet (black plus
signs) flux densities (mJy); (c) observed degree of polarization (per cent);
data are from Calar Alto (cyan squares), Crimean (orange plus signs),
Lowell (violet circles), and St. Petersburg (green crosses) observatories;
(d) degree of polarization (per cent) of the jet contribution (black squares),
after correcting the observed values for the dilution effect due to the big
blue bump; (e) EVPA (degree; symbols and colours as in panel c) adjusted
for the ±n × π ambiguity. Blue and red vertical dotted lines are drawn to
guide the eye through the γ -ray and optical major peaks, respectively.

FBBB = 0.532 mJy is the big blue bump contribution, as obtained
in Section 6 and listed in Table 1.

The observed degree of polarization varies very fast, ranging
from about zero (0.03 per cent) to 11 per cent. We have no data
simultaneous with the γ -ray and optical peaks, except for the first
major optical peak at JD = 2457325.5, where Pobs = 6.5 per cent.
The somewhat sparse sampling and large errors affecting many
polarization data points prevent us to draw firm conclusions, but
there seems to be a lack of correlation between P and the flux
(see also Fig. 14) that remains true even when we correct Pobs

for the dilution effect of the big blue bump to derive the degree
of polarization of the jet: Pjet = (Ftot × Pobs)/Fjet. The minimum
and maximum values of Pjet are 0.11 per cent and 47 per cent,
respectively. The maximum is more than four times higher than the
observed maximum value. We recall that the degree of polarization
expected for synchrotron radiation from a power-law distribution
of particles is Psyn = (p + 1)/(p + 7/3) = 0.69−0.75 for typical
power-law indices p = 2−3 (Rybicki & Lightman 1979). A value
for FBBB higher than what we have assumed would further increase
Pjet, pushing its maximum towards the above theoretical value.
Therefore, polarization can potentially be used to constrain the
emission contribution from the big blue bump in FSRQs.

Figure 14. Degree of polarization versus deabsorbed flux density. Black
plus signs refer to the jet component, while red circles to observed P and
total flux density.

The EVPA presents a ±n × π ambiguity that can be treated
giving a reasonable prescription. The values shown in Fig. 13 have
been obtained by simply minimizing the difference between subse-
quent angles. EVPA rotations both clockwise and counterclockwise
are recognizable, a behaviour that has often been ascribed to a
stochastic process due to turbulence (Marscher 2014; Raiteri et al.
2017a).

A fast and large clockwise rotation of about 180◦ occurs around
JD ∼ 2457104–10, during a period of low γ and optical activity.
A counterclockwise rotation of ∼140◦ in 12 d precedes the optical
‘sterile’ flare (i.e. without γ -ray counterpart) at JD = 2457443.
Other remarkable rotations are seen starting at JD = 2457470 (166◦

in a week, counterclockwise) and at JD = 2457507 (143◦ in 15 d
and possibly 230◦ in 17 d, clockwise), in periods when no significant
optical or γ -ray flux variations are observed.

1 2 C O N C L U S I O N S

Because of the beamed nature of the source, the blazar emission
that we observe is usually dominated by the non-thermal radiation
from the jet. However, FSRQs often receive considerable thermal
emission contributions from their quasar cores, which peak at
wavelengths increasing with redshift. But as the redshift becomes
higher, the more is the IGM that the blazar radiation must cross and
hence the stronger the absorption. The problem of disentangling
the jet and big blue bump contributions to the observed emission
and that of correcting the observed fluxes for the IGM absorption
are key issues when investigating the properties of high-redshift
FSRQs.

In this paper, we have analysed the flux and polarimetric be-
haviour of the high-redshift FSRQ-type blazar 4C 71.07. Optical,
near-infrared, and radio light curves have been built with data taken
by the WEBT during an intensive campaign in 2014–2016. These
have been complemented by ultraviolet and X-ray data from Swift
and by γ -ray data by Fermi.

During the campaign, we also obtained optical spectroscopic data
that have been analysed in detail by Raiteri et al. (in preparation). We
use here the average optical and near-infrared spectra to construct
a model for the source quasar core. We filled the gaps between the
near-infrared and the optical frequency range and in the ultraviolet
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by making use of the quasar templates by Polletta et al. (2007) and
Lusso et al. (2015), respectively. From the model we derived the
flux contributions of the big blue bump to the source photometry in
the various near-infrared, optical, and ultraviolet bands. These can
be subtracted from the observed fluxes to obtain the synchrotron jet
fluxes. Following Ghisellini et al. (2010) and Lusso et al. (2015),
we also estimate the opacity values that can be applied to the UVOT
data to correct for the IGM absorption.

We analysed the XRT data with different models and estimated
a best-guess value for the total absorption due to both the Galaxy
and IGM of Nbest

H = 6.3 × 1020 cm−2, which is more than twice the
Galactic value. The modest number of counts of the XRT spectra
does not allow us to distinguish whether some intrinsic spectral
curvature is present.

Light curves at different frequencies do not show persistent
correlation, in particular among γ -rays, X-rays, and optical fluxes.

Broad-band SEDs present, beside a prominent big blue bump,
a very strong Compton dominance. The correction for the IGM
absorption makes the ultraviolet spectrum harder and the X-ray
spectrum softer, and this implies a smoother connection between
them.

We verified that 4C 71.07 is characterized by extreme nuclear and
jet properties. Integration of the thermal continuum traced by our
big blue bump template allowed us to estimate the disc bolometric
luminosity, Ldisc = 2.45 × 1047 erg s−1, and to derive the mass
accretion rate, Ṁ � 18 M� yr−1, and black hole mass, MBH �
1.6 × 109 M�, from it in the case of a Shakura & Sunyaev disc. As
a consequence, the Eddington ratio is as high as 0.66. On the other
hand, we could estimate the jet bolometric luminosity integrating
the nuclear-subtracted SED, obtaining Ljet = 9.42 × 1049 erg s−1.
From this, we calculated the jet radiation power, Prad = (2.40–
9.61) × 1047 erg s−1 � (1–4) Ldisc. The disc and jet luminosities of
4C 71.07 are thus found to fit fairly well into the jet–disc relation for
blazars (Ghisellini et al. 2014), confirming it at the highest energy
values.

The polarization data acquired during the WEBT campaign
display strong variability in both the polarization degree and
polarization angle. This variability seems not to be correlated with
the flux behaviour. Correction of P for the dilution effect of the
thermal radiation from the quasar core brings the maximum from
∼ 11 per cent to ∼ 47 per cent, but does not lead to a correlation
with the flux. Noticeable EVPA rotations are observed, both
clockwise and counterclockwise. They mostly occur during periods
where the flux does not show significant changes and may be caused
by turbulence.

In the light of our results, we conclude by stressing the importance
of taking in due consideration the contribution of the quasar core
when analysing the emission from FSRQs and the role of IGM
absorption when dealing with high-redshift objects.
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Abstract We report the design concept and performance of a compact, lightweight and economical imaging

polarimeter, the Triple Range Imager and POLarimeter (TRIPOL), capable of simultaneous optical imagery

and polarimetry. TRIPOL splits the beam in wavelengths from 400 to 830 nm into g′-, r′- and i′-bands with

two dichroic mirrors, and measures polarization with an achromatic half-waveplate and a wire grid polar-

izer. The simultaneity makes TRIPOL a useful tool for small telescopes for the photometry and polarimetry

of time variable and wavelength dependent phenomena. TRIPOL is designed for a Cassegrain telescope

with an aperture of ∼1 m. This paper presents the engineering considerations of TRIPOL and compares the

expected with observed performance. Using the Lulin 1-m telescope and 100 seconds of integration, the

limiting magnitudes are g′ ∼ 19.0 mag, r′ ∼ 18.5 mag and i′ ∼ 18.0 mag with a signal-to-noise ratio of

10, in agreement with design expectation. The instrumental polarization is measured to be ∼ 0.3% in the

three bands. Two applications, one to the star-forming cloud IC 5146 and the other to the young variable

GM Cep, are presented as demonstrations.

Key words: instrumentation: photometers — instrumentation: polarimeters — techniques: photometric —

techniques: polarimetric — methods: observational — ISM: magnetic fields

1 INTRODUCTION

Polarization provides information about a celestial ob-

ject in addition to that acquired by photometry and spec-

troscopy (Tinbergen 1996; Clarke 2010). Yet a polarime-

ter is considered to be a specialized instrument when fit-

ted to an optical telescope with a small size aperture.

Nowadays, with commercial CCD cameras and other opti-

cal and electronic components readily available with good

performance, it has become feasible to design and fabricate

a compact and economical polarimetric imager to be used

for scientific programs with small telescopes. We report

on an imaging system, Triple Range Imaging POLarimeter

(TRIPOL), capable of simultaneous imaging photometry

⋆ Now at National Astronomical Observatories, Chinese Academy of

Sciences, Beijing, China
⋆⋆ Now at Department of Aerospace Engineering, Nihon University,

Japan

and polarimetry in three optical bands (g′, r′, i′). TRIPOL

was designed for a telescope with a primary mirror of

around one meter in diameter and located at a moderate ob-

serving site, with typical seeing of 1 to 2 arcsec. The tele-

scope is assumed to have a Cassegrain f-ratio from F/6 to

F/15, and the CCD pixel scale is from 10 to 20 µm to prop-

erly sample the point spread function. The optics uses no

lenses to magnify or reduce the image, and the elements,

such as dichroic mirrors, spectral filters, half-waveplate

(HWP) and wire grid polarizer (WGP), are all flat and thin

for easy optical alignment. TRIPOL is compact, measuring

300 × 350 × 250 mm in width, length and height respec-

tively, weighs only 15 kg including the data acquisition

system, and is easy to operate. It was designed to an ac-

curacy of ∼ 3′′ for alignment, and ∼ 0.05 mm for machin-

ing and positioning. This paper describes the performance

of the first (TRIPOL1) and second (TRIPOL2) units of
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TRIPOL adapted for use on the Lulin One-meter Telescope

(LOT) in Taiwan. In the F/8 beam of the LOT, and hence

a ∼ 3◦ cone-angle, effects such as spherical aberration,

chromatic aberration, and astigmatism are small compared

to the 20 µm pixel size. We compare the design param-

eters with observational results on the polarization mea-

surements of polarization standard stars, and demonstrate

the use of TRIPOL when targeting the star-forming cloud

IC 5146 and the young star GM Cep.

2 DESIGN OF TRIPOL

TRIPOL is composed of three parts, the polarization unit,

the color-decomposition unit and the data-acquisition unit,

plus three CCD cameras and a desktop computer. The

overview and layout of the optical components are de-

picted in Figure 1. Light from the telescope passes through

an HWP and a WGP, and is then decomposed by two

dichroic mirrors (DM1 and DM2) and band-pass filters

(BPFs) into three channels (g′, r′, i′). The incident pho-

tons are detected and converted to electrons in the CCD

camera with built-in readout electronics.

The polarization unit, consisting of a rotatable HWP

and a fixed WGP, working as a phase retarder and polariza-

tion analyzer, respectively, is located in front of the color-

decomposition unit. The HWP, with size of 33 mm×33 mm

and thickness of 3 mm, made of SiO2MgF2, was procured

from the optical shop Kogaku Giken Co. We employ a

commercial (from Edmund Optics Co.) WGP plate com-

posed of an Al wire grid, with size of 50 mm×50 mm and

thickness of 1.5 mm, sandwiched by thin glass plates, af-

fording a field-of-view as wide as the detector size. While

using birefringent materials, such as a Wollaston prism,

would allow for, alternatively, a dual beam design, thus

minimizing instrumental and sky effects on polarization

measurements, our design is much more compact and eco-

nomical. The WGP is slightly tilted to avoid ghost images

due to reflected glare.

For the color-decomposition unit, the central wave-

lengths (λ0) and bandwidths (∆λ) are defined by multi-

plying the transmission or reflection curves of the DMs

and BPFs for each of the g′-, r′- and i′-bands. The spec-

tral response functions of the DMs and BPFs are shown in

Figure 2.

Even though the TRIPOL optics makes no use of mir-

rors or lenses with power, astigmatism from tilted DMs and

spherical aberration from flat-parallel BPFs may still exist.

The g′-band optical train contains the BPF-g′ and a CCD

camera, the r′-band optical train holds DM1 tilted at an

angle of 30◦, and the r′-i′ optical train houses DM1 and

DM2 at angles of ±30◦.

Ray-tracing was executed using the software ZEMAX

for classical Cassegrain-type telescopes with apertures

D=0.7, 1.0 and 1.5 m, and f -ratios F/6, F/8, F/10, F/12.5

and F/15. We evaluated the tolerance of aberrations by

comparing the root mean square (RMS) radius in the spot

diagram with the detector pixel size and seeing size. It was

confirmed that the RMS radius of the spot, due mostly to

astigmatism, was smaller than 50 µm, or ∼2.5 times the

pixel size, even near the corners of the detector, and much

smaller than the seeing size, 1.5′′. With various parameters

for apertures and focal ratios, the optics is found tolerable

for an F/7 or slower beam. Astigmatism can be remedied

by wedging DM1 and DM2 by 0.18◦ and 0.24◦, respec-

tively, even for a system as fast as F/7.

TRIPOL was designed to use commercially avail-

able CCD cameras, with the specific model in accordance

with scientific and budgetary requirements. TRIPOL1 and

TRIPOL2 employed SBIG ST-9 XEi cameras using KAF-

0261E plus TC-237, having 512 × 512 pixels, each with

20 µm on a side. The detector response shows linearity up

to ∼50 000 counts, or about 1/3 of the full well. The dark

current is 10 [e/s] at temperature ∼ 0◦C and the readout

noise is 15 [e] per sampling.

The CCD cameras are located on the bottom plate so

as to align each of the array centers to the focal point of the

telescope within an accuracy of less than 0.1 mm (∼5 pix-

els) relative to each other. The SBIG ST-9 camera model

satisfied our initial need for point-source targets, but that

model is no longer available. Subsequent TRIPOL units

were upgraded to the camera model STT-8300. A com-

puter (Intel DN2800MT) controls simultaneous readout of

the three CCD cameras and the polarization units accord-

ing to the position angles of the HWP via three USB 2.0

cables. The overall cost of TRIPOL, excluding the cam-

eras and the computer, was about US$17 000 in 2010.

3 EVALUATION OF PERFORMANCE

In this section, we evaluate the performance of TRIPOL in

photometric and polarimetric measurements. In each case,

the engineering design parameters are compared with those

measured in actual observations.

3.1 Limiting Magnitudes for Photometry

The limiting magnitudes of TRIPOL2 were measured in

December 2012 using the LOT, for which each SBIG ST9-
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Fig. 1 (Left) Layout of the optical components and CCDs of TRIPOL2. Arrows illustrate the light paths. See the text for abbreviations.
(Right) Overview of the components with the control computer utilized for data acquisition beneath the bottom plate.

XEi 20 µm pixel corresponds to 0.5′′, giving a field of view

about 4.7′ × 4.7′.

We observed the Landolt Field 101–404 (Landolt

1992) for 100 s, and analyzed the images of the 12 stars

with a photometric aperture of 4.0′′, or 8 pixels in diam-

eter, and derived the limiting magnitudes of 19, 18.5 and

18, for signal to noise ratio (S/N) ∼ 10, respectively, in

the g′-, r′- and i′-bands. In every band, the measured and

expected values are in agreement with each other within

uncertainties of ∼ 0.5 mag. For a photometry-only observ-

ing run, the WGP could be removed to gain an increase of

about 60% in incident flux.

3.2 Efficiency and Reliability of Polarization

Measurements

The combination of a rotatable HWP and a fixed WGP, as

described in Section 2, follows the same design as the near-

infrared (J , H , Ks) polarimeter, SIRPOL, on the InfraRed

Survey Facility (Kandori et al. 2006, IRSF). Below, we de-

scribe the performance parameters measured in the labora-

tory, in comparison with observations of standard stars.

3.2.1 Efficiency of the polarization devices

The phase retarder of the HWP was designed and mea-

sured by Kogaku Giken Co. to be 180◦±2◦ over the wave-

length range 400 to 950 nm (see Fig. 3(a)). The transmit-

tance of the WGP was measured in this wavelength range

in steps of ∆λ = 50 nm. Two identical WGPs were ar-

ranged such that one was fixed while the other was rotat-

able. When rotating relative to each other, a silicone pho-

todiode was illuminated with a white light through the in-

termediate BPFs of ∆λ = 50 nm. A single rotation gives

a double sinusoidal curve. Fitting with a sinusoidal curve,

we obtain I(θ) = A sin 2(θ−φ)+B, where A is the ampli-

tude, B the residual and φ the phase-difference. For this we

parameterized the transmittances, Tmax and Tmin, parallel

and perpendicular to each other, as plotted in Figure 3(b)

and Figure 3(c) respectively. The contrast parameter, de-

fined as the extinction ratio, Tmax/Tmin, should be as high

as possible (infinite for a perfect polarizer), but in prac-

tice is considered satisfactory with a value above ∼ 100 to

substantially suppress the perpendicular component of po-

larization, i.e., the crosstalk. The contrast parameter mea-

sured for TRIPOL, presented as Figure 3(d), increases to-

ward long wavelengths and remains sufficiently high above

500 nm.

3.2.2 Observations of polarization standard stars

The TRIPOL images were reduced by standard proce-

dures for bias and dark subtraction, and corrected with flat-

fielding. For each polarization measurement, target frames

acquired with each filter at four HWP positions were

aligned using DAOPHOT (find, daomaster and daogrow)

and IRAF (geomap and geotran) packages. Then multi-

ple frames for each HWP were average-combined using

IRAF/imcombine. These four images, taken at each of the

four HWP positions, became the science images used for

photometry and polarimetry.
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Fig. 2 Transmittance of optical components for the three passbands: (top panel) transmission/reflectance of the dichroic mirrors,

(middle panel) transmission of the BPFs and (bottom panel) throughput.

Aperture photometry was performed using DAOFIND

(for source detection with a threshold of 5σ for the sky

variation) and PHOT (for aperture photometry) tasks of

DAOPHOT for point sources. Typical image full widths

at half maximum (FWHMs) for these runs varied between

2 and 4 pixels (1′′ − 2′′). The flux of a star at each position

of the HWP was estimated using IRAF/DAOPHOT with an

aperture size of 2.5 times the FWHM. The inner and outer

sky annuli were chosen to be 5 and 10 pixels more than the

star aperture. Fluxes at four angles are used to compute the

Stokes parameters as follows:

I = 1/2(I0 + I22.5 + I45 + I67.5),

Q = I0 − I45,

U = I22.5 − I67.5,
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Fig. 3 Performance of the TRIPOL WGP: (a) the phase retardant (in units of deg); (b) transmittance with two polarizers in a parallel
configuration; (c) transmittance with two polarizers in a perpendicular configuration; (d) contrast parameter (Tmax/Tmin). Those with
a value greater than 200, each marked with an upward arrow, are uncertain because of a small number in the denominator.

where I0, I22.5, I45 and I67.5 are the intensities at

the four HWP angles in deg respectively, with the

corresponding error being the square-root of the sum

of the square of each intensity error, i.e., δI =
√

(δI0)2 + (δI22.5)2 + (δI45)2 + (δI67.5)2. The errors

δQ and δU are computed similarly.

The level of polarization P (in percentage) and the po-

larization position angle θ (in deg) are then derived accord-

ingly,

P =
√

Q2 + U2/I,

θ = 0.5 arctan(U/Q),
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BD+32 3739 (14 August 2011)
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Fig. 4 The total counts of BD+32◦ 3739 showed inferior sky conditions in all g′- (in green), r′- (in red) and i′-bands for the first half
of the night, whereas the sky was relatively stable in the second half.

Fig. 5 TRIPOL i′-band polarization vector map (in red) of IC 5146 (Wang et al. 2017). The background image is the Herschel 250 µm
data (Arzoumanian et al. 2011). Also shown are the polarization vectors measured by AIMPOL at R band (in green) and Mimir at
near-infrared H band (in blue).

for which δP and δθ are estimated from the respective δQ

and δU .

Because P is positively defined, the derived polar-

ization is overestimated, especially for low S/N sources.

To correct for this bias, the debiased value Pdb =
√

P 2 − (δP )2 (Wardle & Kronberg 1974) is computed.

A polarization measurement relies on photometry at

different polarization angles, and therefore all conditions

pertaining to reliable photometric measurements apply.

Even under a perfect photometric sky, though, our ob-

servations, via a fixed sequence of images taken at 0-45-

22.5-67.5 deg, are subject to a small but noticeable flux

drift due to airmass changes, leading to spurious polar-

ization signals. Figure 4 depicts the results observed by

LOT/TRIPOL on 2011 August 14 for BD+32◦ 3739, a

standard star known to have null polarization (Schmidt

et al. 1992). The total g′ count, that is, the sum of g′
0

+

g′
22.5 +g′

45
+g′

67.5, indicates varying sky conditions during

the first session (a total of 10 sets of data, with each set

consisting of images at four polarization angles per filter),

starting at UT 12:53 (local time 20:53), but relatively stable

skies during the second session (also with 10 sets), starting

at local time 02:12. The ratio of the standard deviation of

the total counts to the average counts, used as a measure of

the sky stability, changed from about 13% in each of the

g′-, r′- and i′-bands in the first session, to about 1% in the

second session. The data taken in the first session hence

should be discarded.
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Fig. 6 The r′-band (a) light curve, (b) polarization and (c) polarization angle of the UX Ori-type young star GM Cep measured by
TRIPOL from late 2014 to late 2017 (Huang et al. 2019). GM Cep shows a significant temporal change of polarization in comparison
with two nearby stars.

Table 1 TRIPOL Measurements of Unpolarized Standard Stars

Star, mag/Pλ (Schmidt et al. 1992) Date Pg′ (%) Pr′(%) Pi′ (%)

BD+32◦3739, V = 9.31 2011 Aug 14 0.12 ± 0.11 0.12± 0.10 0.17± 0.15

PB = 0.039 ± 0.021 2011 Aug 15 0.14 ± 0.16 0.32± 0.14 0.19± 0.23

PV = 0.025± 0.017 2018 Oct 25 0.27 ± 0.27 0.26± 0.19 0.32± 0.18

2018 Oct 28 0.20 ± 0.20 0.16± 0.16 0.17± 0.12

BD+28◦4211, V = 10.53 2011 Aug 15 0.20 ± 0.19 0.34± 0.21 0.25± 0.10

PB = 0.063 ± 0.023 2011 Aug 17 0.08 ± 0.13 0.29± 0.14 0.32± 0.28

PV = 0.054± 0.027 2018 Oct 26 0.25 ± 0.12 0.20± 0.20 0.20± 0.20

PV = 0.054± 0.027 2018 Oct 27 0.28 ± 0.13 0.17± 0.17 0.21± 0.19

HD 212311, V = 8.10 2018 Oct 23 0.15 ± 0.05 0.15± 0.06 0.20± 0.05

PB = 0.028 ± 0.025 2018 Oct 24 0.20 ± 0.09 0.24± 0.06 0.13± 0.07

PV = 0.034± 0.021 2018 Oct 25 0.26 ± 0.12 0.23± 0.12 0.28± 0.14

2018 Oct 26 0.11 ± 0.11 0.10± 0.15 0.32± 0.21

2018 Oct 27 0.12 ± 0.12 0.23± 0.15 0.16± 0.16

2018 Oct 28 0.07 ± 0.11 0.21± 0.10 0.12± 0.12

A further correction is the polarization introduced by

the instrument, which is estimated by observing unpolar-

ized standard stars. The mean and standard deviation of

the measured polarization of unpolarized standards were

found to be Pg′ = 0.27 ± 0.12%, Pr′ = 0.32 ± 0.23%

and Pi′ = 0.25 ± 0.13%. These values, summarized in

Table 1, are considered as the instrumental polarization.

For the unpolarized standard stars, with brightness up to

V ∼ 12 mag, the overall accuracy of polarization mea-

surements with TRIPOL is estimated to be ∼ 0.3% with

an uncertainty of 3◦ for the polarization angle.

In every TRIPOL run, polarized standard stars should

be observed to calibrate the measured polarization angle to

the equatorial coordinate system. The TRIPOL measure-

ments of a selected set of unpolarized standard stars and

polarized stars are listed in Table 1 and Table 2 respec-

tively, demonstrating general agreement with the published

values, given that the observing wavelengths are slightly

different. An observing run was carried out exclusively for
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Table 2 TRIPOL Measurements of Polarized Standard Stars

Star/mag/Pλ , θλ (Schmidt et al. 1992) Date Pg′(%), θg′ (deg) Pr′(%), θr′ (deg) Pi′(%), θi′ (deg)

HD 154445, V = 5.61 2015 Feb 17 3.8± 0.1, 87 ± 3 3.4± 0.2, 82 ± 2 3.7± 0.1, 67 ± 3
PV = 3.780 ± 0.062, θV = 88.79 ± 0.47 2015 Feb 26 3.8± 0.1, 92 ± 3 3.7± 0.2, 90 ± 2 3.7± 0.1, 92 ± 3
PRc = 3.683± 0.072, θR = 88.91± 0.56 2015 Feb 27 3.8± 0.1, 88 ± 3 4.0± 0.2, 86 ± 2 3.5± 0.1, 87 ± 3
PIc = 3.246± 0.078, θI = 89.91± 0.69

HD 161056, V = 6.32 2015 Feb 27 3.9± 0.1, 67 ± 3 4.1± 0.2, 66 ± 2 3.7± 0.1, 67 ± 3
PV = 4.030 ± 0.025, θV = 66.93 ± 0.18
PRc = 4.012± 0.032, θR = 67.33± 0.23
PIc = 3.575± 0.030, θI = 67.78± 0.24

HD 204827, V = 7.93 2011 Aug 11 5.5± 0.2, 60 ± 1 5.3± 0.2, 61 ± 1 4.7± 0.2, 63 ± 2
PV = 5.322 ± 0.014, θV = 58.73 ± 0.08 2018 Oct 23 5.5± 0.3, 59 ± 3 5.0± 0.2, 58 ± 2 4.5± 0.3, 58 ± 2
PRc = 4.893± 0.029, θR = 59.10± 0.17 2018 Oct 24 5.8± 0.2, 61 ± 1 5.3± 0.2, 60 ± 1 4.5± 0.2, 62 ± 1
PIc = 4.189± 0.030, θI = 59.94± 0.20 2018 Oct 25 5.9± 0.1, 59 ± 1 5.3± 0.1, 60 ± 1 4.5± 0.1, 60 ± 1

2018 Oct 26 5.9± 0.1, 57 ± 1 5.2± 0.0, 59 ± 1 4.2± 0.1, 60 ± 1

2018 Oct 27 5.6± 0.2, 57 ± 1 5.3± 0.2, 58 ± 1 4.4± 0.2, 58 ± 1
2018 Oct 28 5.6± 0.1, 59 ± 1 5.1± 0.1, 59 ± 1 4.3± 0.1, 60 ± 1

HD 19820, V = 7.11 2018 Oct 23 4.5± 0.1, 115± 1 4.4± 0.1, 115± 1 4.2± 0.1, 114± 1
PV = 5.322 ± 0.014, θV = 114.93 ± 0.08 2018 Oct 24 4.6± 0.2, 114± 2 4.7± 0.1, 111± 1 4.0± 0.1, 115± 2
PRc = 4.893± 0.029, θR = 114.46 ± 0.17 2018 Oct 25 4.9± 0.2, 110± 2 4.0± 0.2, 115± 2 4.5± 0.1, 117± 2
PIc = 4.189± 0.030, θI = 114.48 ± 0.20 2018 Oct 26 4.2± 0.1, 111± 2 3.8± 0.1, 113± 1 3.5± 0.1, 115± 2
(Variable, this work) 2018 Oct 27 4.4± 0.1, 111± 1 4.3± 0.1, 113± 1 3.6± 0.1, 115± 1

2018 Oct 28 4.6± 0.2, 114± 1 4.6± 0.2, 113± 1 4.0± 0.1, 113± 1

standard star calibration in October 2018 to assess the in-

tranight and internight consistency of the TRIPOL mea-

surements. For unpolarized standard stars, accuracy is kept

to two decimal digits, and no polarization angle is listed.

For polarized standard stars, the fractional polarization is

kept to one decimal digit, with the polarization angle in

integers reflecting the uncertainties. In the October 2018

run, each target was measured a few times, and the entries

in Table 1 and Table 2 for each date are the average val-

ues of individual measurements and the associated errors.

Because we relied on the standard stars to correct for the

polarization angles (one offset per night for each angle at

each band), the values of angles scatter around the offset.

From the observations of polarization standards, we con-

clude that the WGP has a high efficiency for measuring

polarized light, and there is no need to correct for instru-

mental polarization, except for an angular offset.

Note that only standard stars from Schmidt et al.

(1992) known not to vary were selected. In the process

of our experiment, we found that one target, HD 19820,

however, exhibited noticeable variability in the polariza-

tion level, but with a relatively steady polarization angle

in our measurements. The mechanism of variability is un-

clear, but this O-type star is reported to be a binary sys-

tem with a period of 3.366324 d (Hilditch & Hill 1975;

Hill et al. 1994). Its polarization variability requires fur-

ther study but, in any case, using it as a standard is not

advisable.

4 SCIENTIFIC DEMONSTRATION

Data acquired by TRIPOL provide simultaneous informa-

tion such as flux, linear polarization and the source coordi-

nates in three bands, enabling study of the spectral energy

distribution (SED), color-magnitude and color-color dia-

grams, and polarization. The combination of wavelength-

dependence on polarization with the SED could distinguish

various emission and propagation processes, such as syn-

chrotron emission, scattering or extinction.

For imaging photometry, the time resolution of

TRIPOL is as fast as about 1 s, whereas for polarime-

try it is ∼ 15 s. As a single-beam instrument, TRIPOL

is susceptible to polarization caused by the instrument it-

self, and to sky variations. The effects of internal polar-

ization are assessed by observing standard stars. To miti-

gate the sky effects, multiple sets of observations are taken,

and those with comparable total counts in four polariza-

tion angles are used in polarization analysis. This compro-

mises the time resolution to a few minutes, but because

of the simultaneity in three bands, TRIPOL still proves

efficient. TRIPOL should be especially useful for inves-

tigating variable phenomena on timescales from a few sec-

onds to years or longer. These include, but are not lim-

ited to, gravitational wave counterparts (Morokuma et al.

2016), gamma-ray bursts, cataclysmic variables, eclipsing

binaries, Cepheids, novae, supernovae, blazars, Miras and

T Tauri stars (Chen et al. 2015; Huang et al. 2019).
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We are pursuing several programs for polarimetric

monitoring of Galactic star-forming regions. An organized

polarization pattern of background stars, as a result of

dichroic extinction by magnetically aligned dust grains,

provides the magnetic field structure in a dark cloud (Davis

& Greenstein 1951), whereas scattered light reveals the ra-

diation fields and spatial distribution of circumstellar mat-

ter of young stellar objects. Polarimetric observations with

TRIPOL2 on the LOT were carried out for IC 5146 on

2012 July 27 and 28. Seven fields were observed toward

the northwest part of this filamentary cloud, with a total

exposure time of 1.5 h (22.5 min for each HWP angle).

Polarization measurements simultaneously acquired in g′-,

r′- and i′-bands were corrected for both instrumental po-

larization as well as offset polarization angles by observing

polarized and unpolarized standard stars. Figure 5 displays

the i′-band polarization of the northwest part of IC 5146

(Wang et al. 2017).

Also plotted in Figure 5 are the ARIES Imaging

Polarimeter (AIMPOL) R-band and Mimir H-band po-

larization data. AIMPOL (Reutela et al. 2004), an op-

tical polarimeter installed on the 1.04 m Sampurnanand

Telescope of ARIES in Nainital, India, has been calibrated

well over the years by observing unpolarized and polarized

standard stars (Medhi et al. 2007; Eswaraiah et al. 2013).

Mimir is a near infrared imager for polarization measure-

ments (Clemens et al. 2007) mounted on the 1.8 m Perkins

Telescope in Arizona, operated by Lowell Observatory.

While TRIPOL2 and Mimir observations each cov-

ered a larger part of the filament than AIMPOL data did,

the polarization results measured by the three instruments,

two working in optical and one in near infrared, are con-

sistent with each other, suggesting a global magnetic field

roughly parallel to the long axis of the filament. On aver-

age, TRIPOL2 detected more prominent polarization than

Mimir, a manifestation of higher fractional polarization in

visible wavelengths because the extinction difference is

amplified. Infrared polarimetry, on the other hand, probes

denser parts of a molecular cloud. A combination of opti-

cal and infrared polarimetry, together with millimeter and

submillimeter interferometric observations of polarization,

hence offers an opportunity to scrutinize the magnetic field

structure at scales from a cloud core to the central protostar.

Detailed results on IC 5146 can be found in Wang et al.

(2017).

Another application of TRIPOL is targeting the point

source GM Cep, a 4-Myr T Tauri star undergoing abrupt

photometric variations caused by obscuration of protoplan-

etary dust clumps (Chen et al. 2012; Chen & Hu 2014;

Huang et al. 2019). The long-term photometric and po-

larimetric monitoring data, plotted in Figure 6, display a

noticeable polarization up to 8% with temporal variabil-

ity on a timescale of years, while the comparison star ex-

hibits a steady level of polarization, with a standard devi-

ation of less than 1%. Such polarization observations pro-

vide valuable information on the distribution and proper-

ties of the circumstellar dust clumps, from grain growth

from micron-size dust in transition to km-size planetesi-

mals (Huang et al. 2019).

5 SUMMARY

The simultaneous three-color (g′, r′, i′) polarimeter,

TRIPOL, is simple, compact and economical, suitable for a

small telescope at a moderate astronomical site. This paper

presents the design concept and compares the performance

to data taken on the LOT located in Taiwan. The limiting

magnitudes for photometry are found to be g′ ∼ 19 mag,

r′ ∼ 18.5 mag and i′ ∼ 18 mag, with an S/N of 10 and

an integration time of 100 s. The internal instrumental po-

larization is at the level of 0.3% for a 100-s integration

at all three bands. The simultaneous photometric and po-

larimetric capability should open up new research oppor-

tunities for time-domain astronomy on small or amateur

telescopes.
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ABSTRACT
We present a multiwavelength study of the flat-spectrum radio quasar CTA 102 during 2013–
2017. We use radio-to-optical data obtained by the Whole Earth Blazar Telescope, 15 GHz
data from the Owens Valley Radio Observatory, 91 and 103 GHz data from the Atacama Large
Millimeter Array, near-infrared data from the Rapid Eye Monitor telescope, as well as data
from the Swift (optical-UV and X-rays) and Fermi (γ -rays) satellites to study flux and spectral
variability and the correlation between flux changes at different wavelengths. Unprecedented
γ -ray flaring activity was observed during 2016 November–2017 February, with four major
outbursts. A peak flux of (2158 ± 63) × 10−8 ph cm−2 s−1, corresponding to a luminosity of
(2.2 ± 0.1) × 1050 erg s−1, was reached on 2016 December 28. These four γ -ray outbursts have
corresponding events in the near-infrared, optical, and UV bands, with the peaks observed at
the same time. A general agreement between X-ray and γ -ray activity is found. The γ -ray flux
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variations show a general, strong correlation with the optical ones with no time lag between
the two bands and a comparable variability amplitude. This γ -ray/optical relationship is in
agreement with the geometrical model that has successfully explained the low-energy flux and
spectral behaviour, suggesting that the long-term flux variations are mainly due to changes
in the Doppler factor produced by variations of the viewing angle of the emitting regions.
The difference in behaviour between radio and higher energy emission would be ascribed to
different viewing angles of the jet regions producing their emission.

Key words: radiation mechanisms: non-thermal – galaxies: individual: CTA 102 – galaxies:
jets – galaxies: nuclei – gamma-rays: general.

1 I N T RO D U C T I O N

Blazars are an extreme class of active galactic nuclei (AGNs) whose
bright and violently variable non-thermal radiation across the entire
electromagnetic spectrum is ascribed to the presence of a collimated
relativistic jet closely aligned to our line of sight (e.g. Blandford &
Rees 1978). This peculiar setting implies a strong amplification of
the rest-frame radiation because of Doppler boosting, together with
a contraction of the variability time-scales, and a blueshift of the
frequencies.

The relativistic jets of blazars are able to transport a huge
amount of power away from the central engine in the form of
radiation, kinetic energy, and magnetic fields. When this power
is dissipated, the particles emit the observed radiation, showing
the typical double-hump spectral energy distribution (SED) of
blazars. The first peak of the SED, usually observed between radio
and X-rays, is due to the synchrotron radiation from relativistic
electrons, while the second peak, usually observed from X-ray up
to TeV energies, is commonly interpreted as inverse Compton (IC)
scattering of seed photons, either internal or external to the jet,
by highly relativistic electrons. However, the nature of this second
hump is a controversial issue and other models involving hadronic
and lepto-hadronic processes have been proposed (e.g. Böttcher
et al. 2013).

Blazars are traditionally divided into flat-spectrum radio quasars
(FSRQs) and BL Lac objects (BL Lacs) based on the presence
or not, respectively, of broad emission lines (i.e. equivalent width
> 5 Å) in their optical and UV spectrum (e.g. Stickel et al. 1991).
Recently, a new classification was proposed based on the luminosity
of the broad-line region (BLR) in Eddington luminosity (Ghisellini
et al. 2011): sources with LBLR/LEdd higher or lower than 5 × 10−4

being classified as FSRQ or BL Lacs, respectively, in agreement
with a transition of the accretion regime from efficient to inefficient
between the two classes.

Blazar emission shows strong and unpredictable variability over
all the electromagnetic spectrum, from the radio band to γ -rays, with
time-scales ranging from minutes to years. Long-term observations
of blazars during different activity states provide an ideal laboratory
for investigating the emission mechanisms at work in this class of
sources. In this paper we present multifrequency observations of
the blazar CTA 102 during 2013–2017. CTA 102 (also known as
4C +11.69) is an FSRQ at redshift z = 1.037 (Schmidt 1965).
Flaring activity in the optical band has been observed from this
source in 1978 (Pica et al. 1988), 1996 (Katajainen et al. 2000),
and 2004 (Osterman Meyer 2009). However, simultaneous γ -ray
observations were not available for those events. The source was
detected for the first time in γ -rays by the Compton Gamma Ray
Observatory in 1992 with both the EGRET (Hartman et al. 1999)
and COMPTEL (Blom et al. 1995) instruments. Unfortunately,
no optical observations were available during the γ -ray detec-

tion (Villata et al. 1997). On the other hand, during the Fermi
era a remarkable outburst was simultaneously observed in 2012
September–October in near-infrared (near-IR) and optical bands
by the Whole Earth Blazar Telescope1 (WEBT) and γ -rays by the
Large Area Telescope (LAT) on board Fermi Gamma-ray Space
Telescope. Correlated variability in the two energy bands suggested
a co-spatial origin of the optical and γ -ray-emitting regions during
the flaring activity (Larionov et al. 2016).

In 2016 November, CTA 102 entered a new very-high-activity
state in γ -rays, as observed by Fermi-LAT, reaching a daily flux
higher than 1 × 10−5 ph cm−2 s−1 on 2016 December 16 (Ciprini
et al. 2016). This flaring activity continued for a few weeks in γ -rays
(e.g. Bulgarelli et al. 2016; Xu et al. 2016). A significant increase
of activity was observed over the entire electromagnetic spectrum
(e.g. Calcidese et al. 2016; Ojha, Carpenter & D’Ammando 2016;
Righini et al. 2016). In particular, an extreme optical and near-IR
outburst occurred in 2016 December, with a brightness increase up
to six magnitudes with respect to the faint state of the source (Raiteri
et al. 2017). In Raiteri et al. (2017) we explained the flux and spectral
variations in optical, near-IR, and radio bands by means of an
inhomogeneous curved jet with different jet regions changing their
orientation, and hence their Doppler factors, in time. Alternative
theoretical scenarios have been proposed to explain the 2016–2017
flaring behaviour of CTA 102. According to Casadio et al. (2019)
the outburst was produced by a superluminal component crossing a
recollimation shock, while for Zacharias et al. (2017, 2019) it was
due to ablation of a gas cloud penetrating the relativistic jet in a
leptonic or hadronic scenario.

The radio-to-optical and γ -ray emission are produced by two
different mechanisms (i.e. synchrotron and IC emission in leptonic
models), although related to the same relativistic electron popula-
tion. Therefore, the γ -ray variability can be used as a further test
to verify the geometrical model that we proposed to explain the
low-energy flux variability in CTA 102 during 2013–2017. In the
geometrical scenario, the γ -ray and optical radiation are produced
in the same jet region, therefore the γ -ray and optical fluxes undergo
the same Doppler beaming and should be linearly correlated.

In this paper we present a multiwavelength analysis of the
CTA 102 emission from radio to γ -rays between 2013 January
1 and 2017 February 9, in particular during the bright flaring
activity occurred during 2016 November–2017 February. The radio-
to-optical observations performed in the framework of a campaign
led by the WEBT, already presented in Raiteri et al. (2017), are
complemented by the Atacama Large millimeter/Submillimeter
Array (ALMA) at 91 and 103 GHz, the Owens Valley Radio
Observatory (OVRO) data at 15 GHz, the Rapid Eye Mount (REM)
near-IR data, and a detailed analysis of data collected by the Neil

1http://www.oato.inaf.it/blazars/webt
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Gehrels Swift Observatory (optical–UV and X rays) and Fermi (γ -
rays) satellites. The data set used in this paper is the richest in terms
of number of data points and broad-band coverage presented in
literature for the period considered here.

Sun constraints prevented us to have observations from optical
and near-infrared WEBT observatories and Swift satellite after
2017 February 9, not allowing us to investigate the connection
between the γ -ray flaring activity observed in 2017 March–April
(see e.g. Shukla et al. 2018) and the emission from near-IR to X-
rays. After that period the infrared-to-X-ray coverage is insufficient
to adequately test the geometrical model and to investigate the
connection between low-energy and γ -ray emission.

The paper is organized as follows. In Sections 2 and 3 we present
Fermi-LAT and Swift data analysis and results, respectively, whereas
in Section 4 we report on the radio-to-optical observations. Multi-
frequency flux and spectral variability are discussed in Sections 5
and 6, respectively. The application of the geometrical model by
Raiteri et al. (2017) to the γ -ray, optical, and radio variability is
discussed in Section 7. We discuss the previous results and draw
our conclusions in Section 8. Throughout this paper, we assume
the following cosmology: H0 = 71 km s−1 Mpc−1, �M = 0.27, and
�� = 0.73 in a flat Universe (Ade et al. 2016).

2 FERMI-LAT DATA: ANALYSIS AND RESULTS

The Fermi-LAT is a pair-conversion telescope operating from 20
MeV to > 300 GeV. Further details about the Fermi-LAT are given
in Atwood et al. (2009).

The LAT data used in this paper were collected from 2013
January 1 (MJD 56293) to 2017 February 9 (MJD 57793).
During this time, the LAT instrument operated almost entirely
in survey mode. The Pass 8 data (Atwood et al. 2013), based
on a complete and improved revision of the entire LAT event-
level analysis, were used. The analysis was performed with the
SCIENCETOOLS software package version v11r5p3. Only events be-
longing to the ‘Source’ class (evclass = 128, evtype = 3)
were used. We selected only events within a maximum zenith
angle of 90 deg to reduce contamination from the Earth limb
γ -rays, which are produced by cosmic rays interacting with the
upper atmosphere. The spectral analysis was performed with
the instrument response functions P8R2 SOURCE V6 using a
binned maximum-likelihood method implemented in the Science
tool gtlike. Isotropic (‘iso source v06.txt’) and Galactic diffuse
emission (‘gll iem v06.fit’) components were used to model the
background (Acero et al. 2016).2 The normalization of both com-
ponents was allowed to vary freely during the spectral fitting.

We analysed a region of interest of 20◦ radius centred at the
location of CTA 102. We evaluated the significance of the γ -ray
signal from the source by means of a maximum-likelihood test
statistic (TS) defined as TS = 2 × (logL1 − logL0), where L is the
likelihood of the data given the model with (L1) or without (L0) a
point source at the position of CTA 102 (e.g. Mattox et al. 1996).
The source model used in gtlike includes all the point sources
from the 3FGL catalogue that fall within 30◦ of CTA 102. We also
included new candidates within 10◦ of CTA 102 from a preliminary
eight-year point source list (FL8Y3). The spectra of these sources
were parametrized by a power law (PL), a log-parabola (LP), or a
super exponential cut-off, as in the catalogues.

2http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/

Figure 1. Integrated flux light curve of CTA 102 (upper panel), spectral
slope (middle panel), curvature parameter (bottom panel) obtained in the
0.1–300 GeV energy range during 2013 January 1–2017 February 9 (MJD
56293–57793) with 30-d time bins. The open symbols refer to results
obtained with β fixed to 0.07 (see the text for details).

A first maximum-likelihood analysis was performed over the
whole period to remove from the model the sources having TS <

25. A second maximum-likelihood analysis was performed on the
updated source model. In the fitting procedure, the normalization
factors and the spectral parameters of the sources lying within 10◦

of CTA 102 were left as free parameters. For the sources located
between 10◦ and 30◦ from our target, we kept the normalization and
the spectral shape parameters fixed to the values from the 3FGL
catalogue.

Integrating over 2013 January 1–2017 February 9 the fit with an
LP model, dN/dE ∝ E/E

−α−β log(E/E0)
0 , as in the 3FGL and FL8Y

catalogues, results in TS = 125 005 in the 0.1–300 GeV energy
range, with an integrated average flux of (93.8 ± 0.6) × 10−8

ph cm−2 s−1, a spectral slope α = 2.16 ± 0.01 at the reference
energy E0 = 308 MeV, and a curvature parameter around the
peak β = 0.07 ± 0.01. The corresponding apparent isotropic γ -
ray luminosity is (5.1 ± 0.1) × 1048 erg s−1. As a comparison in the
3FGL catalogue, covering the period 2008 August 4–2012 July 31,
the integrated average flux is (16.1 ± 0.5) × 10−8 ph cm−2 s−1,
and the spectrum is described by an LP with a spectral slope
α = 2.34 ± 0.03 at the reference energy E0 = 308 MeV, and a
curvature parameter around the peak β = 0.13 ± 0.02. This indicates
a moderate change of the average γ -ray spectrum during the period
studied here, in which the flux is a factor of approximately six higher
than the first four years of LAT operation.

Fig. 1 shows the γ -ray flux (top panel) and spectral parameters
(middle panel: spectral slope; bottom panel: curvature parameter)
evolution of CTA 102 for the period 2013 January 1–2017 February
9 using an LP model and 30-d time bins. For each time bin, the
spectral parameters of both CTA 102 and all sources within 10◦

from it were left free to vary. For the time bins in which the fit
results in a TS < 300 for CTA 102, the statistics is not enough for
obtaining a detailed characterization of the spectrum with complex
spectral models, therefore we run again the likelihood analysis using
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MWL behaviour of CTA 102 during 2013–2017 5303

Figure 2. Upper panel: Integrated flux light curve of CTA 102 obtained in
the 0.1–300 GeV energy range during 2013 January 1–2017 February 9 with
five-day time bins. The arrow refers to 2σ upper limit on the source flux.
Upper limits are computed when TS < 10. Different outbursts are labelled
with an identification number in the plot. Bottom panel: X-ray light curve
in the 0.3–10 keV energy range obtained by Swift-XRT (see Section 3 for
details).

an LP model with the curvature parameter fixed to the value obtained
integrating over the entire period (i.e β = 0.07). The γ -ray spectrum
of CTA 102 shows a remarkable variability on monthly time-scale,
with a spectral slope between 1.88 and 2.97 (the average spectral
slope is 〈α〉 = 2.30 ± 0.09), and a curvature parameter between 0.04
and 0.26 (the average curvature parameter is 〈β〉 = 0.13 ± 0.04),
although for the latter the uncertainties are relatively large.

For investigating the γ -ray variability on different time-scales,
we have produced a γ -ray light curve for the entire period with five-
day time bins (Fig. 2). For each time bin, the spectral parameters of
CTA 102 and all sources within 10◦ of it were frozen to the values
resulting from the likelihood analysis over the respective monthly
time bin. When TS < 10, 2σ upper limits were calculated. Six
peaks corresponding to periods with fluxes higher than 2 × 10−6

ph cm2 s−1 were observed in 2013 April 4–8 (MJD 56386–56390; I),
2014 October 21–25 (MJD 56951–56955; II), 2015 December 26–
30 (MJD 57382–57386; III), 2016 February 19–23 (MJD 57437–
57441; IV), 2016 August 22–26 (MJD 57622–57626; V), and 2016
December 30–2017 January 3 (MJD 57752–57756; VI), with an
increase of the flux of a factor between 2.5 and 14 with respect to
the average flux estimated during 2013–2017.

Finally, we have produced a γ -ray light curve with one-day and
12-h time bins for the period of high activity, i.e. 2016 November
11–2017 February 9 (MJD 57703–57793), as shown in Fig. 3. In
the analysis of the sub-daily light curves, we fixed the flux of the
diffuse emission components at the value obtained by fitting the
data over the entire period analysed in this paper. For each time
bin, the spectral parameters of both CTA 102 and all sources within
10◦ of it were frozen to the values resulting from the likelihood
analysis in the monthly time bins. The peak flux of the daily
light curve dates 2016 December 28 (MJD 57750), with a flux
of (2158 ± 63) × 10−8 ph cm−2 s−1, corresponding to a γ -ray

Figure 3. Integrated flux light curve of CTA 102 obtained by Fermi-LAT
in the 0.1–300 GeV energy range during 2016 November 11–2017 February
9, with one-day time bins (top panel), and 12-h time bins (bottom panel).

luminosity (2.2 ± 0.1) × 1050 erg s−1. A similar peak flux was
observed on 12-h time-scales, (2200 ± 111) × 10−8 ph cm−2 s−1

in the second bin of 2016 December 28, corresponding to a γ -ray
luminosity (2.2 ± 0.1) × 1050 erg s−1. These values are among the
highest γ -ray luminosities ever measured for blazars, comparable
to what was observed for 3C 454.3 (Abdo et al. 2011) and S5
0836+710 (Orienti et al. 2019). As a comparison, in 2012 the γ -ray
flux of CTA 102 reached a peak flux of ∼9 × 10−6 ph cm−2 s−1

(Larionov et al. 2016).
The search for variability on very short time-scale in γ -rays is

beyond the scope of this paper. Rapid variability on time-scale
of minutes was observed in 2016 December, with a peak flux of
∼3.5 × 10−5 ph cm−2 s−1 (Gasparyan et al. 2018; Shukla et al.
2018; Meyer, Scargle & Blandford 2019).

3 NEIL GEHRELS SWIFT OBSERVATORY DATA:
ANALYSI S AND RESULTS

The Neil Gehrels Swift Observatory satellite (Gehrels et al. 2004)
carried out 73 observations of CTA 102 between 2013 March 24
(MJD 56436) and 2017 January 18 (MJD 57771). The observations
were performed with all three instruments on board: the X-ray
Telescope (XRT; Burrows et al. 2005, 0.2–10.0 keV), the Ultravi-
olet/Optical Telescope (UVOT; Roming et al. 2005, 170–600 nm),
and the Burst Alert Telescope (BAT; Barthelmy et al. 2005, 15–
150 keV).

The hard X-ray flux of this source turned out to be below the
sensitivity of the BAT instrument for such short exposures and
therefore the data from this instrument will not be used. Moreover,
the source is not present in the Swift BAT 105-month hard X-ray
catalogue (Oh et al. 2018).

The XRT data were processed with standard procedures (xrt-
pipeline v0.13.3), filtering, and screening criteria by using
the HEASOFT package (v6.22). The data were collected in photon
counting mode in all the observations. The source position in
detector coordinates was optimized for each observation by means
of XIMAGE. The source extraction region is centred on these
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5304 F. D’Ammando et al.

Figure 4. Swift-XRT photon index as a function of the 0.3–10 keV
unabsorbed flux. The red points highlight the high-activity period.

coordinates. The source count rate in some observations is higher
than 0.5 count s−1: these observations were checked for pile-up
and a correction was applied following standard procedures (e.g.
Moretti et al. 2005). To correct for pile-up we excluded from
the source extraction region the inner circle of three-pixel radius
by considering an annular region with outer radius of 30 pixel
(1 pixel ∼ 2.36 arcsec). For the other observations source events
were extracted from a circular region with a radius of 20 pixels.
Background events were extracted from a circular region with
radius of 50 pixels far away from bright sources. Ancillary response
files were generated with xrtmkarf, and account for different
extraction regions, vignetting and point spread function corrections.
We used the spectral redistribution matrices v014 in the calibration
data base maintained by HEASARC.4 We fitted the spectrum with
an absorbed PL using the photoelectric absorption model tbabs
(Wilms, Allen & McCray 2000), with a neutral hydrogen column
density fixed to its Galactic value in the source direction (NH

= 2.83 × 1020 cm−2; Kalberla et al. 2005). The results of the fit are
reported in Table A1 and the 0.3–10 keV fluxes are shown in Fig. 2
in comparison to the γ -ray light curve obtained by Fermi-LAT.

The X-ray flux (0.3–10 keV) varied between 7.6 × 10−13 and
68.1 × 10−13 erg cm−2 s−1 and the photon index between 1.14 and
1.85, with an average value of 〈	X〉 = 1.40 ± 0.15. In Fig. 4 we
plotted the XRT photon index as a function of flux in the 0.3–
10 keV energy range. A harder-when-brighter spectral trend has
been observed in X-rays in several blazars (e.g. Krawczynski et al.
2004; D’Ammando et al. 2011; Raiteri et al. 2012; Aleksic et al.
2015; Hayashida et al. 2015), although not always present also in
the same source (e.g. Hayashida et al. 2012; Aleksic et al. 2017;
Carnerero et al. 2017). This behaviour is usually related to the
competition between acceleration and cooling processes acting on
relativistic electrons. No spectral hardening with increasing flux is
observed either in the entire period or in the high-activity period
alone for CTA 102. This suggests that a change in the electron energy
distribution is not the main driver of the long-term variability in this

4https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/

energy band. However, at the peak of the X-ray activity the photon
index is harder than the average value observed over 2013–2017.

During the Swift pointings, the UVOT instrument observed
CTA 102 in all its optical (v, b, and u) and UV (w1, m2, and
w2) photometric bands (Poole et al. 2008; Breeveld et al. 2010).
We analysed the data using the uvotsource task included in the
HEASOFT package (v6.22). Source counts were extracted from a
circular region of five-arcsec radius centred on the source, while
background counts were derived from a circular region of 20 arcsec
radius in a nearby source-free region. Observed magnitudes are
reported in Table B1. An increase of 4.5–5.5 mag with respect to
the faint state of the source was observed in the UVOT bands, with
a range of values: v = 11.44–16.86, b = 12.56–17.24, u = 11.78–
16.27, w1 = 11.33–16.18, m2 = 11.36–16.17, w2 = 11.52–16.46.

Following Raiteri et al. (2010, 2011) to obtain de-absorbed flux
densities we used the count rate to flux density conversion factors
CF and amount of Galactic extinction A� for each UVOT band
that have been obtained by folding the quantities of interest with
the source spectrum and effective areas of UVOT filters and are
reported in Larionov et al. (2016).

Besides correcting flux densities for Galactic extinction, we also
subtracted the thermal emission contribution due to the accretion
disc and BLR according to the model by Raiteri et al. (2014).

4 OPTI CAL-TO-RADI O OBSERVATI ONS

CTA 102 has been monitored by the GLAST-AGILE Support Pro-
gram (GASP) of the WEBT in the optical, near-infrared, and radio
bands since 2008. Optical-to-radio GASP-WEBT data collected
in 2013–2017 have been presented in Raiteri et al. (2017). That
data set is here complemented with data at 15 GHz by the OVRO
telescope, at 91 and 103 GHz by ALMA, in the near-IR by the
REM telescope, in the optical by the Swift satellite. The optical
photometric observations used in this paper were acquired at the fol-
lowing observatories: Abastumani (Georgia), AstroCamp (Spain),
Belogradchik (Bulgaria), Calar Alto (Spain), Campo Imperatore
(Italy), Crimean (Russia), Kitt Peak (USA), Lowell (USA; 70 cm,
DCT and Perkins telescopes), Lulin (Taiwan), Michael Adrian
(Germany), Mt. Maidanak (Uzbekistan), New Mexico Skies (USA),
Osaka Kyoiku (Japan), Polakis (USA), Roque de los Muchachos
(Spain; Liverpool, NOT and TNG telescopes), ROVOR (USA),
Rozhen (Bulgaria; 200 and 50/70 cm telescopes), San Pedro Martir
(Mexico), Sirio (Italy), Skinakas (Greece), Steward (USA; Kuiper,
Bok, and Super-LOTIS), St. Petersburg (Russia), Teide (Spain),
Tien Shan (Kazakhstan), Tijarafe (Spain), Tucson (USA), Valle
d’Aosta (Italy), and Vidojevica (Serbia).

Near-IR data were collected within the WEBT project in the J, H,
and K bands at the Campo Imperatore, Lowell (Perkins) and Teide
observatories. These data are here complemented with observations
performed by REM (Zerbi et al. 2001; Covino et al. 2004), a robotic
telescope located at the ESO Cerro La Silla observatory (Chile), in
the period 2016 November 15–2016 December 11. All raw near-IR
frames obtained with the REM telescope were reduced following
standard procedures. Instrumental magnitudes were obtained via
aperture photometry and absolute calibration has been performed by
means of secondary standard stars in the field reported by 2MASS.5

The data presented here were obtained as Target of Opportunity
observations triggered by the γ -ray flaring activity of the source (PI:
F. D’Ammando). Observed magnitudes are reported in Table C1.

5http://www.ipac.caltech.edu/2mass/
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MWL behaviour of CTA 102 during 2013–2017 5305

Table 1. Variability amplitude estimated over the period 2013 January 1–2017 February 9 in the different energy bands. Values are
corrected for Galactic extinction and the thermal emission contribution. For the minimum and maximum flux density the MJD at
which the value is collected is reported in parenthesis.

Band Minimum flux density Maximum flux density Variability amplitude
(erg cm−2 s−1) (erg cm−2 s−1)

γ -rays 5.91 × 10−13 (MJD 57177–57181) 3.02 × 10−9 (MJD 57752–57756) 5110
X-ray 7.60 × 10−12 (MJD 57386) 6.81 × 10−11 (MJD 57759) 9
W2 1.95 × 10−12 (MJD 56958) 4.92 × 10−10 (MJD 57751) 253
M2 3.41 × 10−12 (MJD 56958) 6.90 × 10−10 (MJD 57752) 202
W1 2.55 × 10−12 (MJD 56958) 5.95 × 10−10 (MJD 57751) 233
U 2.50 × 10−12 (MJD 56958) 3.37 × 10−10 (MJD 57752) 135
B 2.98 × 10−13 (MJD 56893) 7.20 × 10−10 (MJD 57750) 2416
V 1.97 × 10−13 (MJD 56874) 7.71 × 10−10 (MJD 57750) 3920
R 2.20 × 10−13 (MJD 56785) 7.76 × 10−10 (MJD 57750) 3523
I 3.62 × 10−13 (MJD 56785) 8.01 × 10−10 (MJD 57750) 2210
J 6.18 × 10−13 (MJD 56879) 6.96 × 10−10 (MJD 57752) 1126
H 8.59 × 10−13 (MJD 56879) 7.10 × 10−10 (MJD 57752) 827
K 1.09 × 10−12 (MJD 56879) 5.73 × 10−10 (MJD 57751) 526
230 GHz 2.25 × 10−12 (MJD 56832) 1.62 × 10−11 (MJD 57754) 7
103 GHz 1.63 × 10−12 (MJD 56837) 6.93 × 10−12 (MJD 57649) 4.3
91 GHz 1.51 × 10−12 (MJD 56837) 5.84 × 10−12 (MJD 57649) 3.9
37 GHz 7.92 × 10−13 (MJD 56839) 1.89 × 10−12 (MJD 57671) 2
15 GHz 4.28 × 10−13 (MJD 56651) 5.99 × 10−13 (MJD 57708) 1.5

Optical and near-IR flux densities were dereddened following the
prescriptions of the NASA/IPAC Extragalactic Database6 (NED)
and corrected for the thermal emission contribution according to
the model of Raiteri et al. (2017).

Radio and mm observations were done at the Metsähovi Radio
Observatory (Finland) at 37 GHz, and at the 30-m IRAM telescope
(Spain) and the Sub-millimeter Array (Hawaii, USA) at 230 GHz.
We also added the ALMA data collected at 91 and 103 GHz (Band
3) during 2013–2017 and included in the ALMA calibrator source
catalogue.7

As part of an ongoing blazar monitoring program, the OVRO
40-Meter Telescope has observed CTA 102 at 15 GHz regularly
since the beginning of 2009. The OVRO 40-Meter Telescope uses
off-axis dual-beam optics and a cryogenic receiver with 2 GHz
equivalent noise bandwidth centred at 15 GHz. Atmospheric and
ground contributions as well as gain fluctuations are removed with
the double switching technique (Readhead et al. 1989) where the
observations are conducted in an ON–ON fashion so that one of
the beams is always pointed on the source. Until 2014 May the
two beams were rapidly alternated using a Dicke switch. Since
2014 May, when a new pseudo-correlation receiver replaced the
old receiver, a 180 deg phase switch is used. Relative calibration
is obtained with a temperature-stable noise diode to compensate
for gain drifts. The primary flux density calibrator is 3C 286,
with an assumed value of 3.44 Jy (Baars et al. 1977); DR21 is
used as secondary calibrator source. Details of the observation
and data reduction schemes are given in Richards et al. (2011).
Observations acquired at 15 GHz by OVRO were used in this
paper together with those obtained within the WEBT project. The
radio flux at 15 GHz varied between 2.85 and 3.88 Jy during
2013–2017.

Radio-to-optical light curves collected by WEBT, REM, ALMA,
and OVRO will be compared to the γ -ray light curve obtained by
Fermi-LAT in the Section 5.

6http://ned.ipac.caltech.edu/
7https://almascience.eso.org/alma-data/calibrator-catalogue

5 MULTI FREQUENCY FLUX VARI ABI LITY

Variability studies of radio-to-γ -ray emission from blazars can
provide important insights into the physics of the jet and the
mechanisms at work in these sources. Flares can be explained e.g.
by a shock propagating downstream the jet and/or by variations of
the Doppler factor, which depends on the bulk Lorentz factor of
the relativistic plasma in the jet and on the viewing angle. During
flares, blazars usually show greater variability amplitudes in the
high-energy part of the spectrum than in the low-energy one (e.g.
Wehrle et al. 1998; Raiteri et al. 2012). However, some sources
increased their brightness by hundreds of times also in infrared and
optical bands. In this context, the 2016–2017 outburst of CTA 102
presented here is one of the best cases to study.

We quantify the observed variability of the CTA 102 jet emission
in the different energy bands through the variability amplitude,
calculated as the ratio of maximum to minimum flux. Values
in the γ -ray band are based on the light curve with five-day
time bins. Near-infrared-to-UV fluxes are corrected for Galactic
extinction. Moreover, the contribution of the thermal emission from
the disc, BLR, and torus is removed to properly consider only the
jet contribution to the flux. In Table 1 and Fig. 5, we report the
variability amplitude estimated over the period 2013 January 1–
2017 February 9 in the different bands. The variability amplitude
may depend on the sampling of the light curves at the different
frequencies. In the case of CTA 102, observations were available
in all energy bands at the peak of the flare, making the values
obtained representative of the increase of activity of the source. The
variability amplitude shows a rising trend with increasing frequency
in the radio-to-optical range and it declines in the UV. The X-ray
band has a small variability amplitude, in particular if compared
to the γ -ray one. This can be related to the lower energies of the
electrons producing X-rays with respect to those producing γ -rays.
The similar variability amplitude at 230 GHz and in the X rays may
be a hint that they are produced by the same electron population
in the same jet region through the synchrotron and IC emission
mechanism, respectively, as found e.g. for BL Lacertae (Raiteri
et al. 2013).
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Figure 5. Variability amplitude versus frequency in the different energy
bands estimated over the period 2013 January 1–2017 February 9. Values
are corrected for Galactic extinction and the thermal emission contribution.

Figure 6. Multifrequency light curve normalized to the maximum value
observed for the period 2016 November 11–2017 February 8 (MJD 57003–
57792) in the following energy bands (from top to bottom): γ -rays (100
MeV–300 GeV), X-rays (0.3–10 keV), B, V, R, I, J, H, and K. Filled triangles:
WEBT data; open triangles: UVOT data; open squares: REM data. Main
γ -ray outbursts are labelled as F1, F2, F3, and F4 in the top panel.

Simultaneous flux variations at low and high energies indicate
that their emission comes from the same region of the jet and that
the same electrons produce both the synchrotron and IC fluxes (e.g.
Fossati et al. 2008). However, flaring events in the optical band with
no counterpart at high energies were observed in some blazars (e.g.
Chatterjee et al. 2013; D’Ammando et al. 2013). Strong variability
characterizes the emission over the entire electromagnetic spectrum

Figure 7. Comparison of the Fermi-LAT γ -ray light curve with 12-h time
bins (top panel) and R-band light curve (bottom panel) normalized to the low-
est value observed in the period 2016 November 11–2017 February 8. Main
γ -ray outbursts and ‘orphan’ flares are labelled as F1, F2, F3, F4, and orphan
in the top panel. The ‘sterile’ flare is labelled as sterile in the bottom panel.

of CTA 102 in 2016–2017, in particular during the period 2016
November 11–2017 February 8 (MJD 57003–57792), making this
an ideal target to investigate the connection of the flux behaviour
observed in γ -rays with the flux behaviour at lower energies.

In Fig. 6, we compare the γ -ray light curve obtained by Fermi-
LAT with 12-h time bins during the highest activity period, 2016
November 11–2017 February 8 (MJD 57003–57792, corresponding
to the outburst VI in Fig. 2), to the infrared-to-X-ray light curves.
All fluxes are normalized to the maximum value observed in the
considered period in order to compare when and how much the flux
increased in the different energy bands. In the γ -ray light curve we
can see four major outbursts peaked on 2016 December 15 (MJD
57737; F1), 2016 December 22 (MJD 57744; F2), 2016 December
27 (MJD 57749; F3), and 2017 January 4 (MJD 57757; F4). The
third outburst appears more prominent and shows a larger increase
with respect to the others. These four outbursts have corresponding
events in optical, with the peaks observed at the same time. In J, H,
and K bands the sampling is sparse and only two of the four peaks
are observed. A high X-ray flux has been observed in the period that
covers the γ -ray flares F1 and F2, and two X-ray peaks are evident
at the time of the γ -ray flares F3 and F4.

If we compare the γ -ray and optical (R band, the best sampled
band) fluxes normalized to the respective lowest values observed
during 2016 November 11–2017 February 9 (Fig. 7), it is evident
that the four main flares occurred at the same time. A similar
amplitude has been observed in the two bands, except for the
first flare. In particular, the same variability amplitude has been
observed during the main peak. On the other hand, not all the
events observed in the optical band have a counterpart in γ -rays
and vice versa. In addition to the ‘sterile’ optical flare8 occurred
around 2016 December 1 (MJD 57723), no significant optical

8With ‘sterile flare’ and ‘orphan flare’ we mean a flare observed in the
optical band with no counterpart at γ -ray frequencies, and a flare that is
observed at the high energies only, respectively.
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Figure 8. DCF between the γ -ray fluxes obtained with five-day time bins
and the R-band flux densities with one day binning over the whole 2013–
2017 period.

Figure 9. DCF between the γ -ray fluxes obtained with 12-h time bins
and the R-band flux densities with one-hour binning during the 2016–
2017 flaring period. The inset shows the result of cross-correlating 1000
Monte Carlo realizations of the two data sets according to the ‘flux
redistribution/random subset selection’ technique.

activity corresponds to the increase of γ -ray activity peaked on
2017 January 24 (MJD 57777) and 2017 February 6 (MJD 57790)
(‘orphan’ flares). This indicates that the interpretation of the source
variability must be more complicated than the fair overall optical–γ

correlation would suggest.
Cross-correlation analysis between flux variations in different

bands can allow us to determine whether the emissions come from
the same region of the jet or not. We used the discrete correlation
function (DCF; Edelson & Krolik 1988; Hufnagel & Bregman 1992)
to analyse cross-correlations. Correlation produces positive peaks
in the DCF and is strong if the peak value approaches or even
exceeds one. The DCF between the γ -ray and the optical (R-band)
light curves over the whole 2013–2017 period is displayed in Fig. 8,
showing a main peak compatible with no time lag. When comparing
the γ -ray light curve with 12-h time bin with the optical light curve
with one-hour binning in the high-activity period of Fig. 7, the DCF
shows again a main peak compatible with no time lag, with DCFp

= 0.94 (Fig. 9). This indicates strong correlation between γ -ray
and optical emission, with no evidence of delay between the flux
variations in the two bands, in agreement with the results presented
in Larionov et al. (2017). We determine the uncertainty in this

Figure 10. Multifrequency light curve normalized to the maximum value
observed for the period 2016 November 11–2017 February 8 (MJD 57003–
57792) in the following energy bands (from top to bottom): γ -rays (100
MeV–300 GeV), w2, m2, and w1 bands.

result by performing 1000 Monte Carlo simulations according to the
‘flux redistribution/random subset selection’ technique (Peterson
et al. 1998; Raiteri et al. 2003), which tests the importance of
sampling and data errors. Among the 1000 simulations, we obtain
that 78.3 per cent of simulations (>1σ ) give a time lag between 0
and 0.6 d, as shown in the inset of Fig. 9. This is compatible with
no delay between optical and γ -ray emission. The secondary DCF
peaks in Fig. 9 are due to the multipeaked structure of the outburst.

Although the UV data collected by Swift-UVOT are sparser than
the optical ones, we can recognize a similar behaviour in the γ -
ray and UV light curves with similar increase of flux during the
flaring period when normalized to the maximum value (Fig. 10),
even though the variability amplitude is smaller in UV with respect
to the γ -ray band.

The sparse X-ray data in 2013–2015 indicate a low flux, in
keeping with the relatively low activity observed also in γ -rays
(see Fig. 2). The comparison between the γ -ray and the X-ray light
curves during the high-activity period shows a general agreement,
with the γ -ray peaks corresponding to high X-ray fluxes (Fig. 11).
Cross-correlation of the γ -ray (12-h time bins) and X-ray light
curves in the high-activity period shows a good correlation with
a time lag compatible to zero within the DCF bin size of six days
(Fig. 12). The different sampling of the light curves does not allow a
more detailed comparison. However, the X-ray variability amplitude
appears much smaller than at γ -rays.

The correlation between the radio-mm fluxes on one side and
the optical and γ -ray fluxes on the other side is rather puzzling.
In general, they present a different behaviour, but sometimes they
share common features. As one can see in Fig. 13, the mm data
at 230 GHz show a steady flux increase starting from the end of
2015 and culminating with a prominent outburst peaking on 2017
January 1 (MJD 57754). A comparison with the γ -ray light curve
reveals that the end of 2015 also marks the beginning of the activity
in this band, with the major peak observed at the same time of the
230 GHz one.
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Figure 11. Fermi-LAT γ -ray light curve with 12-h time bins in the 0.1–300
GeV energy range (top panel) and X-ray light curve in the 0.3–10 keV energy
range (bottom panel) in the period 2016 November 11–2017 February 9.

Figure 12. DCF between the γ -ray fluxes obtained with 12-h time bins and
the X-ray flux.

A steady flux increase starting from the end of 2015 is observed
also at 91–103 GHz, is marginally detectable at 37 GHz, and
vanishes at 15 GHz. Enhanced activity is present at the beginning
of 2014 at 230, 91–103, and 37 GHz, when the light curves at both
lower and higher frequencies appear rather flat.

The light curves at 91–103, 37, and 15 GHz present peaks in
2016 October–November. The increase of delay of the radio peaks
going to lower frequencies is in agreement with synchrotron self-
absorption opacity effects. The decrease of the flux variation ampli-
tudes towards lower frequencies is expected, if the radio emission at
lower frequencies comes from more external and extended regions
of the jet, in average less aligned to our line of sight. In and around
the same period, the sampling at 230 GHz is poor. The closest
events at γ -ray and optical frequencies date 2016 August (flare V
in Fig. 2), and, before, there is a stronger γ -ray flare in 2016 March
(flare IV) during a seasonal gap in the optical light curve.

The DCF between the γ -ray and 15 GHz fluxes (see Fig. 14)
shows a small peak at a negative time lag of about two months,

Figure 13. Multifrequency light curve for the period 2013 January 1–2017
February 9 in the following energy bands (from top to bottom): γ -rays (100
MeV–300 GeV; five-day time bins, in units of 10−8 ph cm−2 s−1; Fermi-
LAT data), 230 GHz (in units of Jy; triangles: SMA data, squares: IRAM
data), 91 and 103 GHz (in units of Jy; ALMA data), 37 GHz (in units of Jy;
Metsähovi data), 15 GHz (in units of Jy; OVRO data).

Figure 14. DCF between the γ -ray fluxes obtained with five-day time bins
and the 15 GHz flux densities.

indicating radio variations preceding the γ -ray ones. This signal
comes from the cross-match of the 15 GHz flare peaking at the
beginning of 2016 November with the γ -ray acme two months
later. A stronger DCF maximum occurs at time lag of about 250 d,
indicating radio variations following the γ -ray ones by about eight
to nine months. This suggests that linking the 2016 October–
November radio flare observed from 103 to 15 GHz with the 2016
March γ -ray flare is more likely. Therefore, a delayed radio outburst
at 15 GHz can be expected also some months after the 2017 January
main flare observed in the γ -ray, optical, and 230 GHz band.

However, extending the OVRO light curve at 15 GHz up to 2018
July (see Fig. D1), a radio outburst is visible only in 2018 February,
more than one year after the 2017 γ -ray, optical and mm peaks.
Its peak flux is only a few per cent greater than the maximum flux
reached in 2016 October–November. On the basis of the delay
between γ -ray emission and radio emission at 15 GHz found here
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MWL behaviour of CTA 102 during 2013–2017 5309

Figure 15. Broad-band SED of CTA 102 in three different brightness states
labelled with their MJD. In the optical-UV bands, ground-based data are
shown as open circles, while UVOT data are displayed with squares. The
X-ray spectra are represented by PL fits, while the Fermi-LAT spectra are
plotted according to LP models; in both cases we took the uncertainties on
the parameters into account.

and usually observed in blazar objects (e.g. Pushkarev et al. 2010;
Fuhrmann et al. 2014), it is unlikely that the 2018 radio outburst
at 15 GHz is related to the main flaring activity observed at the
beginning of 2017 in γ -ray, optical, and at 230 GHz. Therefore, we
conclude that the γ -ray flaring activity in 2017 has no (delayed)
counterpart in the 15 GHz light curve.

In the framework of the geometrical model, the difference in
behaviour between radio and higher energy emission would be
ascribed to different viewing angle (with consequent different
Doppler boosting of the emission) of the jet regions producing
their emission. The extent of misalignment between the emitting jet
regions can be inferred from the corresponding light curves, as will
be shown in Section 7.

6 MULTIFREQUENCY SPECTRAL
VARIABILITY

Fig. 15 shows the broad-band SED of CTA 102 in three brightness
states with near-contemporaneous data in the optical, UV, X-ray,
and γ -ray bands. The optical-to-radio data set presented in Raiteri
et al. (2017) has been complemented with data at 15 GHz by the
OVRO telescope, at 91 and 103 GHz by ALMA, and in the near-IR
by the REM telescope, in the optical-to-X-rays by the Swift satellite,
and at γ -rays by the Fermi satellite. In addition to SMA, Metsähovi,
ALMA, and OVRO data, radio observations collected by RATAN-
600 radio telescope (Mingaliev et al. 2001) from 1.0 to 21.7 GHz
have been considered. Because of the longer variability time-scales
of the radio light curves, radio data are included also if taken within
a few days from the reference epoch.

The highest state corresponds to MJD = 57761 (2017 January 8).
Optical data were acquired at the Tijarafe Observatory and fairly
overlap with the UVOT data. The intermediate state dates MJD =
57635 (2016 September 4), and comes from the declining phase
of the small flare preceding the big outburst (flare V in Fig. 2).
The optical data are from the Mt. Maidanak Observatory and are
in satisfactorily agreement with the UVOT data. For the low state,
we chose MJD = 57364 (2015 December 8), about one year before
the culmination of the big outburst. Optical data are from the St.
Petersburg Observatory; the B-band point appears a bit fainter than
the corresponding UVOT value, but they agree within errors. For

the LAT data the spectra are extracted on five-day time-scale as
done in Fig. 2, except for the high state in which the daily LAT
spectrum is included.

The intermediate- and the low-state SED become very close in
the UV, where the emission contribution of the big blue bump peaks
in coincidence of the Ly αλ1216 broad emission lines. The X-ray
spectral shape in the intermediate state is softer than expected, but
it is affected by large errors. Finally, the peak of the IC component
shifts at a much higher energy in the high state, confirming the result
found for the synchrotron component by Raiteri et al. (2017).

7 GEOMETRI CAL MODEL APPLI ED TO
γ -RAY, OPTI CAL, AND RADI O DATA

In Raiteri et al. (2017) we interpreted the long-term variability of
the CTA 102 synchrotron flux in terms of variation of the Doppler
factor because of changes of the viewing angle of the jet-emitting
regions. The intrinsic flux is assumed to be constant on time-
scales of months or longer in the rest frame, while flast flares
can be due to intrinsic, energetic processes. From the observed
multiwavelength light curves we derived how the jet moves, i.e.
how the regions emitting at different frequencies align with respect
to the line of sight. Support to this twisting jet scenario comes from
both observations and theory. Examples of helical jet structures and
wobbling motion have been observed with high angular resolution
images in the radio band in both extragalactic and Galactic sources
(see e.g. Agudo et al. 2007, 2012; Perucho et al. 2012; Fromm et al.
2013; Britzen et al. 2017, 2018; Miller-Jones et al. 2019).

In numerical magnetohydrodynamics (MHD) simulations of
relativistic jets in 3D, instabilities can develop which distort the
jet itself and produce wiggled structures (Nakamura, Uchida &
Hirose 2001; Mignone et al. 2010). Moreover, orbital motion in a
binary black hole system or a warped accretion disc can lead to jet
precession, which modifies the jet orientation with respect to the
line of sight (Liska et al. 2018).

Raiteri et al. (2017) performed their analysis on radio–optical
data, concentrating on the light curves at 37 and 230 GHz, and
in the R band. In the following we investigate the outcome of the
proposed geometrical model when applied to both higher and lower
frequencies. We examine the γ -ray and 15 GHz flux variability; the
X-ray data are too sparse for a meaningful analysis. We consider the
γ -ray light curve from 2013 January 1 (MJD 56293), with a time
bin of five days before 2016 November 11 (MJD 57703) and 12 h
after. The γ -ray light curve is compared to the optical (R band) and
radio (15 GHz) light curves in Fig. 16.

As in Raiteri et al. (2017), we modelled the optical long-term
trend with a cubic spline interpolation through the data binned with
a variable time interval, which shortens as the flux rises: �t = �t0/n
when F > Fminn2 + α , where the exponent 2 applies to a continuous
jet and α = 1.7 is the spectral index in the R band. We used the same
binning to obtain the spline in the γ -ray band, while for 15 GHz
case we adopted a 30-d bin because of the smoother behaviour, as
done by Raiteri et al. (2017) for the 37 and 230 GHz light curves.

From the splines we derived the Doppler factors9 δ(t) displayed
in Fig. 16 as

δ(t) = δmin (Fspline/Fmin)1/(2+α),

9The Doppler factor is defined as δ = 1/[	 (1 − β cos θ )], where 	 is the
bulk Lorentz factor, β the velocity normalized to the speed of light, and θ

the viewing angle.
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5310 F. D’Ammando et al.

Figure 16. Light curves of CTA 102 in the γ -ray (a), optical (b), and 15 GHz radio (c) bands. The black curves indicate splines interpolations with variable
time bin in the optical and γ -ray bands, and 30-d bins at 15 GHz; they represent the long-term trends. The Doppler factor δ for the γ -ray (blue), the optical
(red), and the radio (green) bands are plotted in panel (d), while (e) shows the corresponding viewing angles. In panel (d) and (e) the grey dot–dashed curve
shows the trend obtained for the 230 GHz data according to Raiteri et al. (2017).

where Fspline are the flux densities defined by the spline interpola-
tions, Fmin are their minimum values, and δmin = 3.7 is obtained by
assuming a bulk Lorentz factor 	 = 20 and a maximum jet viewing
angle θmax = 9 deg (Raiteri et al. 2017). We adopted a spectral index
equal to the optical one for the γ -ray band and equal to zero for the
15 GHz case.

The behaviour of δ(t) in the optical and γ -ray bands are in fair
general agreement, as expected if the optical and γ -ray photons
are produced in the same jet region. Small differences between the
Doppler factor estimated in the optical and γ -ray bands are justified
by the fact that we derived the Doppler factors by interpolating
through data affected by errors and collected in bands with different
samplings. There is some discordance only in the last part of
the considered period, where some γ -ray activity has no optical
counterpart (see discussion in the next section).

In contrast with the optical and γ -ray cases, the Doppler factor
resulting from the 15 GHz long-term trend is only marginally
variable. Actually, in general the Doppler factor and its variability
decrease from 230 to 15 GHz, in agreement with the decrease of
their flux variability amplitude.

We interpret the time variability of the Doppler factor as due
to changes in the jet viewing angle, which implies a twisting jet.
The trend of the viewing angle is derived from the definition of the

Doppler factor and is shown in Fig. 16. The flux maxima correspond
to maxima in the Doppler factor and minima in the viewing angle.
The plots of θ (t) suggest that the part of the jet producing the
optical and γ -ray radiation is characterized by intense wiggling, the
viewing angle ranging from about nine to two degrees. In contrast,
the viewing angle remains more stable as we proceed towards longer
wavelengths, i.e. towards outer and larger jet regions. At 15 GHz θ (t)
varies between 8.4 and nine degrees. Indeed, the viewing angle of
the radio-emitting regions can be seen as an average over extended
zones of the curved jet. This would also be the reason why the rise
of the 230 GHz flux towards the 2016–2017 peak starts much earlier
than in the optical and γ -ray bands. Indeed, while the optical and γ -
ray fluxes reach the minimum viewing angle abruptly, the larger and
curved jet section emitting the millimetre flux starts to align with
the line of sight even before the optical and γ -ray-emitting zone.
The maximum ‘misalignment’ between the γ -optical and 15 GHz
emitting regions is reached during the culmination of the 2016–2017
outburst and is about seven degrees.

In Fig. 17 we show the relationship between γ -ray and optical
fluxes starting from 2013 January 1 (MJD 56293). Each γ -ray flux
is associated with the average of the optical fluxes acquired within
2.5 d from the time of the γ data point when the γ -ray bin is
five days, within six hours when the bin is 12 h. The slope of
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MWL behaviour of CTA 102 during 2013–2017 5311

Figure 17. The relationship between γ -ray and optical fluxes. The γ -ray fluxes have been associated with the average optical fluxes obtained by considering
optical data close in time to the γ -ray optical points. The blue dots refer to the outburst period, the red dots to the period of the γ -ray ‘orphan’ flare
(MJD > 57775). The black and orange solid lines represent linear fits to all the data and to the data in the outburst period, respectively.

the linear fit is 0.82 and the linear Pearson correlation coefficient
is 0.95.

The geometrical effect is expected to be more evident during
the outburst, when we also have better sampling. If we restrict the
linear fit to the outburst data in the time interval 2016 November
23–2017 January 22 (MJD 57715–5777510), we obtain a linear fit
with slope equal to 1.00 and linear Pearson correlation coefficient
equal to 0.90. A unity slope is what one expects if both the γ -ray
and optical long-term trends are due to Doppler factor variations
(Larionov et al. 2016), so this result supports the idea that the
variability during the outburst is mainly caused by changes in δ, as
predicted by the geometrical model.

8 D I S C U S S I O N A N D C O N C L U S I O N S

In Raiteri et al. (2017) the results of radio-to-optical monitoring of
the FSRQ CTA 102 in 2013–2017 were presented and a geometrical
model was applied to those data. In this paper, that data set has been
complemented with data at 15 GHz by the OVRO telescope, at 91
and 103 GHz by ALMA, in the near-IR by the REM telescope,
in the optical-to-X-rays by the Swift satellite, and at γ -rays by the
Fermi satellite. These new data have been analysed in view of the
above geometrical interpretation.

Since 2013 April, the source showed significant flux and spectral
variability in γ -rays on a monthly time-scale, with several periods
of high activity. A general correlation is found between the optical,
infrared, and γ -ray flux variations, which are consistent with being
simultaneous, suggesting that the observed emission is produced in
the same region of the jet.

The source showed strong activity in the period mid 2016–
February 2017 at all frequencies. In particular, an unprecedented
γ -ray flaring activity was observed, reaching a peak flux of
(2158 ± 63) × 10−8 ph cm− 2 s−1 in the 0.1–300 GeV energy

10The range corresponds to a γ -ray spline flux exceeding 5 ×
10−10 erg cm−2 s−1.

range on 2016 December 28, corresponding to an apparent isotropic
luminosity of (2.2 ± 0.1) × 1050 erg s−1. Comparable values are
obtained on 12-h time bin in the same day. The peak luminosity
observed for CTA 102 is comparable to the highest values observed
in blazars so far. Four main outbursts are observed in γ -rays between
2016 November 11 and 2017 February 9, and corresponding events
are observed in near-IR, optical, and UV with the peaks at the same
time. A common trend was observed also between the X-ray and
γ -ray emission in the high-activity state. No significant harder-
when-brighter behaviour was observed in X-rays, indicating that a
change in the electron energy distribution is not the main driver of
the variability in this band.

The same variability amplitude was observed in the optical (R
band) and γ -ray bands during the high-activity period. DCF analysis
suggests a strong correlation between the flux variations in optical
and γ -rays, with no detectable lag between the emission in the two
bands. However, not all the events observed in the optical band have
a counterpart in γ -rays and vice versa. The interpretation of these
‘orphan flares’ is a challenge for all theoretical models aiming to
explain blazar variability. They are likely produced in a different
emitting region or by a different emission process (e.g. magnetic
reconnection; Petropoulou, Giannios & Sironi 2016) with respect
to the emitting region and mechanism responsible for the long-term
behaviour.

On the other hand, the ‘sterile’ optical flare observed around
2016 December 1 (MJD 57723) can be due to the fact that the
optical emitting region presents substructures (e.g. Narayan & Piran
2012), and not all of them produce significant γ -ray emission.
Alternatively, magnitude and direction of a turbulent magnetic
field should affect mostly the synchrotron emission, producing an
increase of flux in optical not observed in γ -rays (e.g. Marscher
et al. 2014). These ‘sterile’ and ‘orphan’ flares are superposed to
the long-term variability well explained by the geometrical model
adopted here.

We have investigated the source behaviour at higher (γ -ray) and
lower (15 GHz) frequencies than those analysed in Raiteri et al.
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(2017) by means of their geometrical interpretation of the source
variability. This model implies that different emitting regions can
change their alignment with respect to the line of sight, leading to
a different Doppler boosting and thus enhancement of the observed
flux from one region with respect to that from another region. We
have derived the trends in time of the Doppler factor and of the
viewing angle for the jet regions responsible for the γ -ray and
15 GHz emission. The trends inferred from the γ -ray data are in fair
agreement with the optical ones and the relationship between the γ -
ray and optical fluxes is linear, as predicted by the model, confirming
it. We note that a γ -ray/optical linear correlation during the outburst
may be obtained also with a change of the electron density within
a leptonic, one-zone model, where the γ -rays are produced by an
external Compton mechanism. However, the geometrical model also
accounts for the continuous time evolution of the multiwavelength
flux and not only for single snap-shots of the source behaviour.

A change in the direction of the jet, which became oriented more
closely to our line of sight (θ ∼ 1.2 deg), has been observed with
Very Long Baseline Array images at 43 GHz during the γ -ray flaring
activity of CTA 102 in 2012 September–October (Casadio et al.
2015). These orientation changes can be due to MHD instabilities
developing in the jet, precession, or orbital motions in a binary
system of supermassive black holes.

Alternative theoretical scenarios have been proposed to explain
the flaring activity observed during 2016–2017 in CTA 102. In
particular, the multiwavelength flares from 2016 December to 2017
January are explained by Casadio et al. (2019) as the interaction
between a new jet component and a possible recollimation shock
at ∼0.1 mas. The variability Doppler factor associated with such
interaction (i.e. δ var = 34 ± 4) is compatible with the values
obtained applying our geometrical model (see Fig. 16). However,
Casadio et al. (2019) did not try to reproduce the evolution in
time of the flaring activity or the long-term behaviour of the
multiwavelength light curves with their model.

The long-term trend in optical, X-ray, and γ -ray band has been
discussed in a scenario in which the increase of activity is due to
the ablation of a gas cloud by the relativistic jet within a hadronic
emission model in Zacharias et al. (2019). However, the proposed
hadronic model results in super-Eddington jet powers at all times.
This is a common problem in the application of hadronic models
to the SED modelling of blazars (e.g. Böttcher et al. 2013). These
extreme jet powers obtained in hadronic models are in conflict
with the estimates of the jet power based on radio lobes and
X-ray cavities (e.g. Merloni & Heinz 2007; Godfrey & Shabala
2013), and the corresponding accretion rates should imply a very
short accretion mode and/or a very small duty cycle in the SMBH
evolution compared to estimated lifetimes of active phases of AGNs
(e.g. Zdziarski & Boettcher 2015). Moreover, the optical and X-ray
coverage, both in the flaring and long-term periods, at which the
theoretical model proposed in Zacharias et al. (2019) has been
applied appears not adequate to obtain robust results due to long
gaps of data and relatively small number of data. The details of
the model should be tested with more complete data set like that
presented in this paper.

We conclude that the observed long-term flux and spectral
variability of CTA 102 at both low and high energies can well
be explained by an inhomogeneous curved jet where the observed
emission at different frequencies is modulated by changes in the
orientation of the corresponding emitting regions with respect to
our line of sight.

The main strength of this geometrical model is that it can explain
the long-term flux and spectral evolution of CTA 102 in a simple

way, with very few assumptions. Its main justification is its ability
to explain the contraction of the variability time-scales and the
increase of variability amplitude during outburst found by Raiteri
et al. (2017). That is the signature of Doppler factor variations
which cannot be justified by other models. The analysis performed
in this paper, on a wider data set extending to high energies,
confirms the model, showing in particular that the relationship
between the γ -ray and optical fluxes is linear, as predicted by the
model.
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APPENDIX A: SWIFT-XRT RESULTS

Table A1. Log and fitting results of Swift-XRT observations of CTA 102 using a PL model with NH fixed to Galactic
absorption. Fluxes are corrected for the Galactic absorption. Full table available online.

Date (UT) MJD Net exposure time Flux 0.3–10 keV Photon index
(s) (× 10−13 erg cm−2 s−1) (	X)

2013 May 24 56436 1041 8.2 ± 1.4 1.42 ± 0.20
2013 June 20 56463 3019 11.2 ± 1.2 1.39 ± 0.12
2013 June 23 56466 2974 8.3 ± 1.1 1.36 ± 0.18
2014 Oct 28 56958 4942 10.3 ± 0.7 1.38 ± 0.08
2014 Oct 30 56960 4942 9.9 ± 0.7 1.36 ± 0.09
2015 Dec 06 57362 1940 12.7 ± 1.4 1.46 ± 0.14
2015 Dec 08 57364 1793 9.0 ± 1.2 1.45 ± 0.16
2015 Dec 09 57365 1970 11.4 ± 1.3 1.39 ± 0.15
2015 Dec 12 57368 1616 12.2 ± 2.0 1.14 ± 0.20
2015 Dec 14 57370 1603 9.3 ± 1.6 1.31 ± 0.21

APPENDIX B: SWIFT-UVOT RESULTS

Table B1. Observed magnitude of CTA 102 obtained by Swift-UVOT. Full table available online.

Date (UT) MJD v b u w1 m2 w2

2013 May 24 56436 16.86 ± 0.12 17.18 ± 0.09 16.17 ± 0.07 16.04 ± 0.08 16.09 ± 0.06 16.28 ± 0.07
2013 June 20 56463 – – – 16.03 ± 0.06 – 16.06 ± 0.06
2013 June 23 56466 – – – – 16.06 ± 0.06 –
2014 Oct 28 56958 16.77 ± 0.11 17.11 ± 0.09 16.27 ± 0.08 16.18 ± 0.09 16.17 ± 0.06 16.46 ± 0.08
2014 Oct 30 56960 16.55 ± 0.08 17.01 ± 0.07 16.03 ± 0.06 16.02 ± 0.07 15.99 ± 0.08 16.29 ± 0.07
2015 Dec 06 57362 15.82 ± 0.08 16.46 ± 0.08 15.49 ± 0.07 15.45 ± 0.08 15.61 ± 0.09 15.81 ± 0.09
2015 Dec 08 57364 16.49 ± 0.11 16.83 ± 0.09 15.90 ± 0.08 15.73 ± 0.09 15.71 ± 0.09 16.07 ± 0.08
2015 Dec 09 57365 16.61 ± 0.14 16.99 ± 0.11 15.94 ± 0.09 15.80 ± 0.10 15.98 ± 0.11 16.13 ± 0.09
2015 Dec 12 57368 16.78 ± 0.13 17.04 ± 0.10 15.95 ± 0.08 15.93 ± 0.09 15.91 ± 0.10 16.11 ± 0.08
2015 Dec 14 57370 16.57 ± 0.09 17.24 ± 0.08 16.17 ± 0.07 15.89 ± 0.07 16.05 ± 0.09 16.15 ± 0.07
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APPENDIX C: REM RESULTS

Table C1. Log and fitting results of REM observations of CTA 102 in J, H, and K bands.

Date (UT) MJD J H K
(mag) (mag) (mag)

2016-11-15 57707 – 11.062 ± 0.038 10.251 ± 0.206
2016-11-16 57708 11.889 ± 0.036 11.089 ± 0.042 10.209 ± 0.071
2016-11-17 57709 11.762 ± 0.040 – –
2016-11-18 57710 – 11.181 ± 0.038 –
2016-11-20 57712 11.559 ± 0.020 10.776 ± 0.032 10.017 ± 0.090
2016-11-21 57713 11.635 ± 0.018 10.791 ± 0.035 10.032 ± 0.156
2016-11-23 57715 11.167 ± 0.036 10.394 ± 0.035 –
2016-11-25 57717 11.498 ± 0.037 10.671 ± 0.059 9.938 ± 0.151
2016-11-27 57719 11.672 ± 0.034 10.863 ± 0.028 10.051 ± 0.119
2016-11-29 57721 11.042 ± 0.045 10.293 ± 0.072 –
2016-12-02 57724 10.510 ± 0.034 9.727 ± 0.044 8.903 ± 0.265
2016-12-04 57726 10.573 ± 0.033 9.808 ± 0.054 –
2016-12-06 57728 10.811 ± 0.057 10.040 ± 0.065 –
2016-12-11 57733 11.193 ± 0.056 10.345 ± 0.048 –

A P P E N D I X D : E X T E N D E D OV RO L I G H T C U RV E

Figure D1. OVRO light curve of CTA 102 at 15 GHz between 2013 January 1 (MJD 56293) and 2018 July 21 (MJD 58320).
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Abstract

The third observing run by LVC has brought the discovery of many compact binary coalescences. Following the
detection of the first binary neutron star merger in this run (LIGO/Virgo S190425z), we performed a dedicated
follow-up campaign with the Zwicky Transient Facility (ZTF) and Palomar Gattini-IR telescopes. The initial
skymap of this single-detector gravitational wave (GW) trigger spanned most of the sky observable from Palomar
Observatory. Covering 8000 deg2 of the initial skymap over the next two nights, corresponding to 46% integrated
probability, ZTF system achieved a depth of ≈21 mAB in g- and r-bands. Palomar Gattini-IR covered 2200 square
degrees in J-band to a depth of 15.5 mag, including 32% integrated probability based on the initial skymap. The
revised skymap issued the following day reduced these numbers to 21% for the ZTF and 19% for Palomar Gattini-
IR. We narrowed 338,646 ZTF transient “alerts” over the first two nights of observations to 15 candidate
counterparts. Two candidates, ZTF19aarykkb and ZTF19aarzaod, were particularly compelling given that their
location, distance, and age were consistent with the GW event, and their early optical light curves were
photometrically consistent with that of kilonovae. These two candidates were spectroscopically classified as
young core-collapse supernovae. The remaining candidates were ruled out as supernovae. Palomar Gattini-IR
did not identify any viable candidates with multiple detections only after merger time. We demonstrate that
even with single-detector GW events localized to thousands of square degrees, systematic kilonova discovery is
feasible.

Unified Astronomy Thesaurus concepts: Gravitational wave astronomy (675); Transient detection (1957); Optical
telescopes (1174)

1. Introduction

The third observing run (O3) by the network of gravita-
tional-wave (GW) detectors with Advanced LIGO (Aasi et al.
2015) and Advanced Virgo (Acernese et al. 2015) began in
2019 April. This detector network has already observed over a
score binary black holes thus far (LIGO Scientific Collabora-
tion & Virgo Collaboration 2019a, 2019b, 2019c, 2019d,
2019e, 2019f). The current discovery rate builds on the success
of the first few observing runs, which yielded 10 binary black
hole detections (Abbott et al. 2019).

In addition, the coincident discovery of the binary neutron
star (BNS) merger GW170817(Abbott et al. 2017a), a short
gamma-ray burst (SGRB) GRB170817A(Abbott et al. 2017b;
Goldstein et al. 2017; Savchenko et al. 2017), with an
afterglow (Alexander et al. 2017; Haggard et al. 2017; Hallinan
et al. 2017; Margutti et al. 2017; Troja et al. 2017) and
“kilonova” (KN) counterpart, AT2017gfo (Chornock et al.
2017; Coulter et al. 2017; Cowperthwaite et al. 2017; Drout
et al. 2017; Evans et al. 2017; Kasliwal et al. 2017; Kilpatrick
et al. 2017; Lipunov et al. 2017; McCully et al. 2017;
Nicholl et al. 2017; Pian et al. 2017; Shappee et al. 2017;
Smartt et al. 2017; Utsumi et al. 2017), initiated a new era of
multi-messenger astronomy. Among many other science cases,
measurements of the equation of state of neutron stars
(Bauswein et al. 2013, 2017; Abbott et al. 2017a; Radice
et al. 2018; Coughlin et al. 2019f), the formation of heavy
elements (Just et al. 2015; Wu et al. 2016; Abbott et al. 2017c;
Roberts et al. 2017; Rosswog et al. 2017; Kasliwal et al.
2019a), and the expansion rate of the universe (Abbott et al.
2017d; Hotokezaka et al. 2018; Coughlin et al. 2019e) are all
important results of the first BNS detection.

Following the success of GW170817, the Zwicky Transient
Facility (ZTF; Bellm et al. 2018; Masci et al. 2018; Dekany
et al. 2019; Graham et al. 2019) on the Palomar 48 inch
telescope, and Palomar Gattini-IR, a new wide-field near-
infrared survey telescope at Palomar observatory, have been
observing both SGRBs from the Fermi Gamma-ray Burst
Monitor (Ahumada et al. 2018; Coughlin et al. 2018b, 2018c,
2018d, 2018e, 2019a; Cenko et al. 2018) and GW events from
LIGO. In addition to finding the “afterglow” associated with a

highly relativistic jet powered by an SGRB (Wijers et al. 1997;
Mészáros & Rees 1998; Ascenzi et al. 2019), our goal has been
to identify a KN, the ultraviolet/optical/near-infared (near-IR)
emission generated by the radioactive decay of r-process
elements (Lattimer & Schramm 1974; Li & Paczynski 1998;
Metzger et al. 2010; Roberts et al. 2011; Rosswog 2015; Kasen
et al. 2017). The ZTF and Palomar Gattini-IR surveys are our
discovery engines, and the Global Relay of Observatories
Watching Transients Happen (GROWTH) network41 is our
follow-up network. GROWTH uses a variety of facilities
worldwide across various wavelengths to perform rapid follow-
up and classification of objects.
There are many survey systems participating in the searches

for GW counterparts. Among many others, the Dark Energy
Camera (DECam; Flaugher et al. 2015), the Gravitational-wave
Optical Transient Observer (GOTO; O’Brien 2018), the
Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS; Kaiser et al. 2010; Chambers et al. 2016),
the All-Sky Automated Survey for Supernovae (ASASSN;
Shappee et al. 2014) and Asteroid Terrestrial-impact Last Alert
System (ATLAS; Tonry et al. 2018) all have performed
observations of events during the third observing run. ZTF
provides a competitive addition to these systems, given its
depth ( ~m 20.6AB in 30 s), wide field of view (FOV≈
47 deg2 per exposure), and average cadence of ∼3 days over
the entire accessible sky. In particular, the cadence is important
for establishing candidate history when performing target
of opportunity (ToO) observations. The SGRB program,
that has covered localization regions spanning thousands of
square degrees (Coughlin et al. 2019a), demonstrated that ZTF
is capable of detecting GW170817-like sources out to the
Advanced LIGO/Virgo detection horizon at about (∼200Mpc;
Abbott et al. 2018). In addition, Palomar Gattini-IR (K. De
et al. 2019, in preparation; Moore & Kasliwal 2019) is covering
the entire visible northern sky every two nights to a J-band
depth of ≈15.5–16 AB mag. With its 25 deg2 FOV and near-IR
sensitivity, Palomar Gattini-IR provides a complementary
system for objects that are expected to be as red as KNe

41 http://growth.caltech.edu/
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(Metzger 2017), albeit at lower sensitivity (a source as bright as
GW170817 would be detected at ∼20Mpc).

The first BNS detection of O3, LIGO/Virgo S190425z, was
a single-detector event discovered by the Advanced LIGO-
Livingston detector, with Virgo also observing at the time
(LIGO Scientific Collaboration & Virgo Collaboration 2019f).
Occurring at 2019 April 25 08:18:05 UTC, the estimated false
alarm rate was 1 in 70,000 yr, with a high likelihood of being a
BNS. The first reported BAYESTAR skymap provided an
extremely coarse localization, resulting from the low signal-to-
noise ratio in Advanced Virgo; it spanned ∼10,000 deg2,
which is nearly a “pi of the sky.” The updated LALInference
skymap (LIGO Scientific Collaboration & Virgo Collaboration
2019g), released at 2019 April 26 15:32:37 UTC, reduced
the localization region requiring coverage by ≈25% to
∼7500 deg2. The all-sky averaged distance to the source is
156±41Mpc.
In this Letter, we describe an ∼8000 square degree search

for the KN counterpart to a single-detector GW event. Our
campaign emphasizes the key role played by both large FOV
telescopes like ZTF and Palomar Gattini-IR, as well as the
associated follow-up systems. We demonstrate that our strategy
for tiling the sky, vetting candidates, and pursuing follow-up is
robust, and capable of promptly reducing 338,646 transient
alerts from ZTF to a handful of interesting candidates for
follow-up. Our Letter is structured as follows. We describe our
observing plan in Section 2. The identified candidates,
including their follow-up, are detailed in Section 3. We
summarize our conclusions and future outlook in Section 4.

2. Observing Plan

Because S190425z came during Palomar night-time (2019
April 25 08:18:05 UTC), it occurred concurrently with ongoing
survey observations by both ZTF and Palomar Gattini-IR.
Within the 90% localization, approximately 44% of the original
BAYESTAR map was observable from Palomar over the
whole night, corresponding to ≈5000 deg2. The GW event was
automatically ingested into the GROWTH ToO Marshal, a
database that we specifically designed to perform target-of-
opportunity follow-up of events localized to large sky-error
regions, including GW, neutrino, and gamma-ray burst events
(Coughlin et al. 2019a). Among several other features, the ToO
marshal allows us to directly trigger the telescope queue for
certain facilities to which GROWTH has access, namely ZTF,
Palomar Gattini-IR, DECam, Kitt Peak EMCCD Demonstrator
(KPED) on the Kitt Peak 84 inch telescope (Coughlin et al.
2019d), the Lulin One-meter Telescope (LOT) in Taiwan, and
the GROWTH-India telescope42 (V. Bhalerao et al. 2019, in
preparation). We provide a brief description of each instrument
in Table 1.

Triggering ToO observations for survey instruments like
ZTF and Palomar Gattini-IR halts their ongoing survey
observations and redirects them to observe only certain fields
as directed by an observation plan. The observation plan
generated by the ToO marshal relies on gwemopt (Coughlin
et al. 2018a, 2019c), a code that optimizes the telescope
scheduling process for GW follow-up. gwemopt handles
both synoptic and galaxy-targeted search strategies; we
employed the former to conduct observations with some of
our facilities, Palomar Gattini-IR, GROWTH-India and ZTF,
and the latter for scheduling observations with KPED. The
coverage for both ZTF and Palomar Gattini-IR is shown in
Figure 1, and the limiting magnitudes as a function of time in
Figure 2.

2.1. ZTF

Serendipitously, after the BNS merger time and before the
GW alert was distributed, ZTF had already observed 1920 deg2

of the sky in the r-band, corresponding to ∼19% of the initial
BAYESTAR map and ∼12% of the LALInference map. This
overlap between ongoing survey observations and the LIGO-
Livingston-only localization is unsurprising as both of the
Advanced LIGO interferometers have maximum sensitivity in
the sky overhead in North America (Finn & Chernoff 1993;
Kasliwal & Nissanke 2014).
ZTF triggered ToO observations lasting three hours starting

at 2019 April 25 09:19:07.161 UT, one hour after the trigger
time. On night1, our observing strategy involved a sequence of
g–r–g band exposure blocks; each exposure was 30 s, with a
typical depth of 20.4 mag, which is the normal duration of
exposures during ZTF survey operation. The g–r–g sequence is
the baseline observing strategy for GW follow-up with ZTF as
it is specifically designed to capture the inter- and intra-night
color evolution of GW170817-like KNe and to distinguish
them from supernovae (Kilpatrick et al. 2017; Shappee et al.
2017). Due to the size of the localization, we obtained a g–r
sequence, requiring references for each scheduled field.
In addition, we required a 30 minutes gap between observations
in g and r to avoid asteroids. Accounting for the loss in
probability due to chip gaps and the processing success,
ZTF covered 3250 deg2, corresponding to about 36% of the
initial BAYESTAR and 19% of the LALInference maps on
night1.
Motivated by the increase in available observation time (∼5

more hours than the first night), we modified our strategy on
night2 by taking longer integrations of 90 s each, corresp-
onding to an average depth of 21.0 mag. We obtained one
epoch in each of g- and r-band, corresponding to about 46%
probability in the initial BAYESTAR or 21% of the
LALInference maps.
After our observations on both nights were complete, a new

LALInference skymap was released at 2019 April 26 14:51:42

Table 1
Telescope Specifications, Including Name, FOV, Pixel Scale, Telescope Aperture, and Available Filters

Name FOV Pixel Scale Aperture Filters

ZTF 47 deg2 1 0 48 in g, r, i
Palomar Gattini-IR 25 deg2 8 7 30 cm J
GROWTH-India 0.5 deg2 0 67 70 cm u, g, r, i, z
LOT 13 2×13 2 0 39 1 m g, r, i
KPED 4 4×4 4 0 26 2.1 m g, r, U, B, V, I

42 https://sites.google.com/view/growthindia/
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UT (LIGO Scientific Collaboration & Virgo Collaboration
2019h). The LALInference runs reduced the skymap to ∼7500
deg2 and shifted more of the probability to two lobes near the Sun
and in the Southern hemisphere (see Figure 1). In summary, ZTF
covered about 8000 deg2 within the 99% integrated probability
region within its two nights of observations. This corresponds to
46% of the probability in the original BAYESTAR skymap and
21% of the probability in the LALInference skymap. Our
observations with ZTF over the two nights covered a 5σ median
depth of mAB=21.0 in r-band and mAB=20.9 in g-band.

2.2. Palomar Gattini-IR

Palomar Gattini-IR initiated ToO observations of the
localization region at 2019 April 25 09:12:09 UT, 11 minutes
after the initial notice time. The synoptic tiling strategy was
determined in the same way as for ZTF (Coughlin et al. 2018a).
Palomar Gattini-IR imaged a total of 2401 deg2 of the
localization region spread over 227 field tiles, covering 32%
of the probability region of the BAYESTAR skymap and 19%
for the LALInference localization. Each field visit consisted of
a sequence of eight dithered exposures of 8.1 s each, amounting
to a total exposure time of 64.8 s per field. This resulted in a
median stacked depth of mAB=15.5 in J-band. The real-time
data reduction pipeline (K. De et al. 2019, in preparation)
reduced the data and identified transient candidates through the
application of difference imaging using reference images of the
fields.

2.3. Galaxy-targeted Follow-up

In addition to the synoptic surveys for counterparts, a subset of
the available systems performed galaxy-targeted follow-up. This
strategy was used by a number of teams to observe GW170817
(Arcavi et al. 2017b; Coulter et al. 2017; Valenti et al. 2017). The
galaxy-targeted follow-up program relies on the Census of the
Local Universe catalog (Cook et al. 2019); it is complete to 85%
in star formation and 70% in stellar mass at 200Mpc. The sky
area coverage of galaxies is ≈1% within these local volumes
(Cook et al. 2019). This makes targeted galaxy pointing tractable
for small FOV telescopes (see Arcavi et al. 2017a or Golkhou
et al. 2018 for example). Of the galaxies within the volume, our
work prioritizes them for follow-up as follows.
The GROWTH ToO Marshal uses an algorithm modified

from LCO’s galaxy-targeted follow-up of GW events (Arcavi
et al. 2017a), which uses a combination of a galaxy’s location

Figure 1. Coverage of S190425z. Left: the top and bottom rows show the ≈47 deg2 ZTF tiles and the ≈25 deg2 Palomar Gattini-IR tiles, respectively, on the 90%
probability region of the initial BAYESTAR skymap, along with the identified transients highlighted in Table 3. For the ZTF observations, the numbering scheme is 1:
ZTF19aarykkb, 2: ZTF19aarzaod, 3: ZTF19aasckwd, 4: ZTF19aasfogv, 5: ZTF19aasejil, 6: ZTF19aaryxjf, 7: ZTF19aascxux, 8: ZTF19aasdajo, 9: ZTF19aasbamy,
10: ZTF19aasckkq, 11: ZTF19aarycuy, 12: ZTF19aasbphu, 13: ZTF19aasbaui, 14: ZTF19aarxxwb, 15: ZTF19aashlts. Right: tilings of the two telescopes on the final
LALInference map. We only include the tiles in the inner 90% probability region for each skymap.

Figure 2. Limiting magnitude as a function of time for S190425z. On the top
row is ZTF, while the bottom row is Palomar Gattini-IR, with the left, middle,
and right panels corresponding to observations on the first, second, and third
nights, respectively. The red and green triangles correspond to the r- and
g-band limits from ZTF, while the black triangles correspond to the J-band
limits from Palomar Gattini-IR.
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in the GW localization region (including the distance), Sloc, the
galaxy’s absolute B-band luminosity, Slum, and the likelihood
of detecting a counterpart at the galaxy’s distance Sdet. We
define Sdet as a prioritization of a transient’s potential
brightness, taking a fiducial limiting magnitude, mlim, for the
exposures of mAB=22, and convert it to a limiting apparent
luminosity Llim. We also compute the luminosity for a potential
transient with an absolute magnitude between −12 and −17,
using wide bounds to be robust against differences in intrinsic
brightness. Then, Sdet becomes = -

-
S L L

L Ldet
KNmax KNmin

KNmax lim
, which we

limit to be between 0.01 and 1. Our final metric is
therefore = ´ ´S S S Sloc lum det.

Beginning 4 hr after the event, LOT observed 85 galaxies in
the initial 90% localization (Tan et al. 2019a, 2019b). LOT
used 180 s exposures in R-band with seeing varying between
1 5 and 2 5. Using comparisons to Pan-STARRS images,
these exposures yielded a typical 5σ limiting magnitude of
mAB=20. Similarly, KPED started the galaxy-targeted
follow-up 1.9 hr after the merger and continued until the first
ZTF candidates came online. KPED imaged 10 galaxies in the
r-band filter for 300 s, finding no visible transients up to
r=20.8 (Ahumada et al. 2019a). 300 s is the fiducial time
chosen for KPED to potentially reach limiting magnitudes of
mAB=22, useful for both the transient discovery and follow-
up (Coughlin et al. 2019d).

3. Candidates

We now briefly describe the candidate filtering criteria for
the ToO program for ZTF and Palomar Gattini-IR (see
Coughlin et al. 2019a for further details). For GROWTH-
India, LOT, and KPED, we did not identify any viable
counterparts without previous history of variability in the
analysis.

3.1. Candidates from ZTF

A ZTF transient alert is defined as a 5σ change in
brightness in the image relative to the reference epoch. For
ZTF, all transient alerts flagged for follow-up required at least
two detections separated by 15 minutes in order to remove
asteroids and other transient objects. We used the Pan-
STARRS1 point source catalog (PS1 PSC; Tachibana &
Miller 2018) to remove candidates located less than 2″ from
likely point sources (i.e., stars). Full details on the PS1 PSC
can be found in Tachibana & Miller (2018); briefly, the
authors build a machine learning model that determines the
relative likelihood that a PS1 source is a point source or
extended based on PS1 colors and shape measurements. The
model is trained using sources observed with the Hubble
Space Telescope, achieving an overall accuracy of ∼94%, and
classifying ∼1.5×109 total sources.

We also used a real-bogus (RB) classifier to remove
common image subtraction artifacts (Mahabal et al. 2019).
This method consists of a random forest classifier trained with
real objects and artifacts from ZTF images, separating objects
with an accuracy of ∼89%. In order to capture the majority of
real events, the threshold was set to RB>0.25. In addition, the
transients must have brightened relative to the reference image,
leading to a positive residual after the image subtraction.
Furthermore, the program excluded all objects within 20″ of
mAB<15 stars to avoid artifacts from blooming, thus
excluding ∼2%–5% of the imaged region, which depends

significantly on stellar density.43 The final step involved
constraining the search to events that have no historical
detections prior to three days before the trigger.
This filtering scheme reduced the number of ZTF alerts from

50802 to 28 for the first night and from 287844 to 234
relevant candidates for the second night. A more detailed
breakdown on the number of alerts that successfully met the
criteria at each filtering step can be found in Table 2.
The candidates that passed these criteria were filtered and

displayed by the GROWTH Marshal (Kasliwal et al. 2019b), a
database used to display historical lightcurves (including upper
limits) for each object that also performs cross-matches with
external catalogs. We subjected each of the remaining
candidates to a thorough human vetting process to determine
whether the transient could be a viable counterpart to
S190425z. Through this vetting process, we removed candi-
dates whose coordinates were outside the 90% contour in the
GW localization, and candidates that had archival detections in
the Pan-STARRS1 Data Release 2 (Flewelling 2018). We
flagged active galactic nuclei based on theWISE colors (Wright
et al. 2010) for each transient and its offset from the nucleus of
the galaxy. Furthermore, we prioritized candidates whose
photometric/spectroscopic redshift was consistent with the
GW distance estimate, and whose extinction-corrected light
curve exhibited rapid color evolution initially. For the most
promising candidates in our vetted list, we performed forced
photometry at the position of the source to ensure that there
were no historical detections with ZTF.
Our first night of observations yielded only two such

candidates that passed both the automatic filtering and human
vetting processes. These two candidates were ZTF19aarykkb
and ZTF19aarzaod. The second night of observations allowed
us to identify additional candidates detected on the first night
that were consistent with the new skymap, thereby increasing
our candidate list from two to 13 from the first night to the
second. We describe the most promising of these 15 candidates
in more detail in Section 3.3.

Table 2
Filtering Results for Both ZTF Nights

Filtering Criteria
# of Alerts on

April 25 # of Alerts on April 26

ToO alerts 50,802 287,844
Positive subtraction 33,139 182,095
Real 19,990 118,446
Not stellar 10,546 61,583
Far from a bright source 10,045 58,881
Not moving 990 5815
No previous history 28 234

Note. The quantities represent the number of alerts that passed a particular step
in the filter. Each step is run over the remaining alerts from the previous stage.
The criteria are described in Section 3.1 and the total number of relevant
candidates is highlighted. In particular, “Real” indicates an RB score greater
than 0.25, and “not moving” indicates that are there more than two detections
separated by at least 30 minutes. The bold values refer to the final number of
candidates remaining after our initial filter process.

43 Estimates of the amount of excluded area rely on the assumption that the
sky fraction excluded around mAB<15 stars, within a few circular regions of
1 deg2 in the skymap that we checked, is representative of the overall sky
fraction excluded from the entire imaged region.
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To double-check that we did not miss any candidates, we
used Kowalski,44 an open-source system used internally at
Caltech (primarily) to archive and access ZTF’s alerts and light
curves (Duev et al. 2019). Specifically, we used Kowalskiʼs
web-based GUI called the ZTF Alert Lab, with which users can
efficiently query, search, and preview alerts. Our results were
consistent with the results above. To triple-check that we did
not miss any candidates, we also carried out an additional
automatic search of the AMPEL alert archive (Nordin et al.
2019) for transients that might have escaped. No additional
candidates from either night were found.

3.2. Candidates from Palomar Gattini-IR

For Palomar Gattini-IR, we adopted the following selection
criteria for human vetting of sources identified in the difference
imaging.

1. We selected candidates that were at least 1′ away from
bright stars with mJ<10, excluding ∼0.7%–2% of the
imaged region, in order to remove contamination from
subtraction artifacts.45

2. The first detection of the candidate must have been after
the GW trigger time.

3. An object must have at least two detections with a signal-
to-noise ratio greater than 5 or a signal-to-noise ratio
greater than 7 in one detection. Among sources with
single detections, we also rejected known asteroids.

No viable counterparts were identified in this search.

3.3. Follow-up of ZTF Candidates

The 15 sources that were identified from ZTF observations
are shown in Table 3 and on Figure 1. Using a variety of
resources including the spectral energy distribution (SED)
Machine (SEDM; Blagorodnova et al. 2018; Rigault et al.
2019) on the Palomar 60 inch (P60) telescope, the Double
Beam Spectrograph (DBSP; Oke & Gunn 1982) on the
Palomar 200 inch (P200) telescope, the Robert Stobie
Spectrograph (RSS; Smith et al. 2006) on the Southern African
Large Telescope (SALT), the Liverpool telescope (LT; Steele
et al. 2004), the GROWTH-India telescope, the KPED, the
Himalayan Chandra Telescope (HCT), the Discovery Channel
Telescope (DCT), and LOT, we followed up each of these
candidates with further photometry and/or spectroscopy.
A total of five objects were classified using spectroscopy

(Buckley et al. 2019; Nicholl et al. 2019; Perley et al. 2019a)
and we tracked the color evolution of 15 objects using
photometry for about seven days on average. A KN is expected
to show a rapid evolution in magnitude (Metzger 2017);
GW170817 faded Δr∼1 mag per day over the first three days
and by Δr∼4.2 mag total around day 10. Thus, we can use
photometric light curves to determine whether a transient is
consistent with the expected evolution for a KN. Some
photometrically monitored transients showed evolution that
was too slow (Δr∼0.1 mag per day) to be consistent with
GW170817 or KN model predictions. Many other candidates
highlighted in Kasliwal et al. (2019c) were observed with
GROWTH facilities; however, they were later excluded by the
updated LALInference skymap. In addition to these sources,
we reported objects in Kasliwal et al. (2019c) with ZTF
detections before the event time to the community in order to
limit the number of false positives identified by other surveys
that may not have recently imaged those areas of the sky.
We now provide a broad summary of the most promising

candidates ruled out by spectroscopy, as examples of the follow-
up performed by the GROWTH facilities when vetting candidates.

Table 3
Follow-up Table for the Palomar Gattini-IR Candidate Described in Section 3.2 and the 15 Most Interesting ZTF Candidates from Kasliwal et al. (2019c)

and Anand et al. (2019)

Candidate Coordinates (R.A., Decl.) Discov. Mag. Classification Spec. Facilities Phot. Evol. Redshift/Host

ZTF19aarykkb 17:13:21.95 −09:57:52.1 r=18.63 SNII z=0.024 HCT, LT, DCT ... 0.024 (s)
ZTF19aarzaod 17:31:09.96 −08:27:02.6 r=20.11 SNIIn z=0.028 SALT ... 0.028 (s)
ZTF19aasckwd 16:52:39.45 +10:36:08.3 r=20.15 SN Ia z=0.145 SOAR ... 0.15 (s)
ZTF19aasckkq 16:33:39.14 +13:54:36.7 g=20.86 SN IIb z=0.052 P200, SOAR ... 0.053 (s)
ZTF19aasbphu 16:22:19.95 +21:24:29.5 r=19.71 Nuclear* ... 0.11 0.0971 (p)
ZTF19aaryxjf 16:58:22.87 −03:59:05.1 g=19.95 SN* ... −0.014 0.07791 (s, GLADE)
ZTF19aarxxwb 19:14:46.40 −03:00:27.0 g=18.89 SN* ... 0.12 hostless
ZTF19aasdajo 16:57:25.21 +11:59:46.0 g=20.7 SN* ... 0.045 0.292 (p)
ZTF19aasbamy 15:25:03.76 +24:55:39.3 g=20.66 SN* ... 0.01 0.201 (p)
ZTF19aarycuy 16:16:19.97 +21:44:27.4 r=20.07 SN* ... 0.02 0.127 (p)
ZTF19aasbaui 15:40:59.91 +24:04:53.8 g=20.49 SN* ... 0.01 0.04 (s, CLU)
ZTF19aasejil 17:27:46.99 +01:39:13.4 g=20.53 SN* ... 0.01 0.199 (p)
ZTF19aascxux 17:13:10.39 +17:17:37.9 g=20.56 SN* ... 0.06 0.165 (p)
ZTF19aashlts 16:52:45.01 −19:05:38.9 r=19.95 SN* ... 0.03 hostless
ZTF19aasfogv 17:27:22.32 −11:20:01.9 g=20.53 SN* ... 0.01 hostless

Note. The sources with a star (*) have photometric evolution (in units of mag/day) that is inconsistent with the evolution of a KN (Section 3.3). Spectra obtained with
SOAR (Nicholl et al. 2019) were critical in classifying ZTF19aasckwd and ZTF19aasckkq while spectra from SALT (Buckley et al. 2019) allowed the classification of
ZTF19aarzaod. GROWTH teams acquired spectra of ZTF19aarykkb with HCT, LT, and DCT (Dichiara et al. 2019; Pavana et al. 2019; Perley et al. 2019a) and also
provided useful photometric data toward the classification of these transients (Ahumada et al. 2019a, 2019b; Bhalerao et al. 2019; Perley et al. 2019b; Tan et al.
2019b). We monitored the transients on average for seven days. The redshift, spectroscopic (s) or photometric, (p) of the host galaxy is also listed.

44 https://github.com/dmitryduev/kowalski
45 Estimates of the amount of excluded area rely on the assumption that the
sky fraction excluded around mAB<10 stars, within a few circular regions of
1 deg2 in the skymap that we checked, is representative of the overall sky
fraction excluded from the entire imaged region.
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In particular, we highlight the light curves of ZTF19aarykkb,
ZTF19aarzaod, ZTF19aasckkq, and ZTF19aasckwd in the top-
left, top-right, lower-left and lower-right panels, respectively, in
Figure 3 and discuss them briefly below. The associated spectra

are shown in the top panel of Figure 5; the spectrum of
ZTF19aasckwd is not shown as we only have a spectrum of the
galaxy host. We used the value of H0=67.4 km s−1Mpc−1

(Aghanim et al. 2018) to calculate absolute magnitudes.

Figure 3. Light curves and r-band cutouts for the ZTF candidates discussed in Section 3.3. The light curves are constructed with data acquired with GROWTH
facilities: for ZTF19aarykkb, the data is from ZTF, LOT, GIT, and LT; for ZTF19aarzaod, ZTF, LOT, and LT; for ZTF19aasckkq, ZTF, KPED, and LT; and for
ZTF19aasckwd, ZTF and KPED. We used colors to represent each band in the light curves: green for g-band, red for r-band, yellow for i-band, and black for z-band.
While triangles in the light curve represent upper limits, filled circles are the magnitudes of the object. For each transient, the cutout on the left corresponds to the ZTF
discovery image and the right cutout corresponds to the ZTF reference image of the host. A cross marks the location of the transient in the reference image. The
cutouts are 0.7 sq. arcmin with north being up and east to the left.
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3.3.1. ZTF19aarykkb

We first detected the transient ZTF19aarykkb 2.13 hr after
the merger and highlighted it in the first ZTF GCN (Kasliwal
et al. 2019c). ZTF19aarykkb is 12 1 offset from the host
galaxy, which is at a redshift of z=0.024, corresponding to a
luminosity distance of 106Mpc. The absolute magnitude of the
discovery is g=−15.9, which is broadly consistent with
GW170817 and KNe predictions. We ran forced photometry in
archival ZTF images of the region, finding no variability at the
coordinates before the merger. The last upper limit at this
location was 5.8 days before the LVC alert in g-band
(mAB>18.74 in g-band). Due to its distance and discovery
mag, several facilities followed up this source (Burke et al.
2019; Chang et al. 2019a; Dichiara et al. 2019; Morihana
et al. 2019a; Nicholl et al. 2019; Perley et al. 2019a; Rhodes
et al. 2019). The LOT group in Taiwan imaged the object 6 hr
after the transient set in Palomar (Tan et al. 2019b); later that
day, the LT continued the monitoring. This object was imaged
18 times within the first 26 hr after the merger. The first
spectrum for this object came from the Himalayan Chandra
Telescope (HCT) about 10.67 hr after the trigger (Pavana et al.
2019), showing a strong Hα line at a redshift of z=0.024.
This was confirmed 8 hr later by the LT team with the
Spectrograph for the Rapid Acquisition of Transients (SPRAT;
Piascik et al. 2014), who classified it as a young SN Type II
(Perley et al. 2019a), based on the characteristic P-Cygni
profile in the LT spectrum. An additional spectrum was taken
about 10 hr later with the DeVeny spectrograph mounted on the
4.3 m DCT (Dichiara et al. 2019), showing similar strong Hα,
furthermore confirming the SN classification (see Figure 5).

3.3.2. ZTF19aarzaod

ZTF19aarzaod was first detected by ZTF 2.15 hr after the
merger (Kasliwal et al. 2019c) with its last upper limit
(mAB>20.01 in g-band) six days prior the merger. Forced
photometry did not show previous history of variability at the
transient location. The redshift of the host galaxy is z=0.028,
putting the transient at a distance of 128.7 Mpc. The transient
is offset by 8 2 from the host galaxy and its absolute
magnitude at discovery was r=−15.3, which is also
consistent with a GW170817-like KN. ZTF19aarzaod was
extensively followed up with various observatories (Buckley
et al. 2019; Castro-Tirado et al. 2019; Hiramatsu et al. 2019;
Izzo et al. 2019; Morihana et al. 2019a; Nicholl et al. 2019;
Rhodes et al. 2019; Wiersema et al. 2019) and was imaged 13
times during the first day. Spectroscopic observations of
ZTF19aarzaod were taken with RSS mounted on SALT on UT
2019 April 26.0 under a special GW follow-up program 2018-
2-GWE-002 and reduced with a custom pipeline based on
PyRAF routines and the PySALT package (Crawford et al.
2010). The spectrum covered a wavelength range of
470–760 nm with a spectral resolution of R=400. The
spectrum shows broad Hα emission along with some He I
features (see Figure 5) classifying it as a type II supernova at
z=0.028 (Buckley et al. 2019).

3.3.3. ZTF19aasckkq

The transient ZTF19aasckkq (Anand et al. 2019) was first
detected by ZTF 1.23 hr after the merger. It is offset from the
host galaxy by 10 1, and its last upper limit (mAB>20.1 in
g-band) was the night before the merger. We ran forced

photometry at the location of the transient, finding no activity
before the merger. The discovery absolute mag is r=−16.3,
similar to GW170817 at peak. ZTF19aasckkq was followed up
18 hr after the last ZTF detection by LT and KPED (Ahumada
et al. 2019b). This transient was imaged 16 times for a period
of 3.8 days by a variety of observing groups (Ahumada et al.
2019b, 2019c; Perley et al. 2019b, 2019c). Nicholl et al. (2019)
first classified ZTF19aasckkq as a Type IIb SN at z∼0.05,
which is consistent with the galaxy redshift (Hosseinzadeh
et al. 2019). In Figure 5, we highlight the presence of He I, Hα,
and Hβ absorption features in the first spectrum we acquired
with P200+DBSP, confirming its classification as a SN IIb at a
redshift of z=0.0528. The source was still bright at r=19.8,
14 days after S190425z.

3.3.4. ZTF19aasckwd

ZTF19aasckwd was detected 1.23 hr after the merger about
4 2 from its host galaxy (Anand et al. 2019). Its last upper limit
(mAB>20.1 in g-band) was the night before the trigger. The
forced photometry search did not show activity prior to the
merger. This transient was imaged five times during the first
24 hr and it was classified as a SN Ia by Nicholl et al. (2019) at
a redshift of z=0.145 (Hosseinzadeh et al. 2019). The
absolute magnitude at discovery was r=−19.2, a few
magnitudes brighter than what is expected from a KN.

3.4. Follow-up of Non-ZTF Candidates

Here, we report on the follow-up triggered by the GROWTH
team of a number of transients discovered by other facilities to
be consistent with the LALInference skymap. We queried the
GROWTH follow-up marshal at the positions of the most
promising transients announced in order to determine whether
(1) the transient had historical detections with ZTF, or (2) our
concurrent photometry of the object also supported the KN
hypothesis. Additionally, we used LT, GROWTH-India
Telescope, and DECam to obtain photometry of the candidates
that were not detected with ZTF because they were either
fainter than the ZTF average upper limits or inaccessible due to
their sky location. Table 4 summarizes the most relevant non-
GROWTH objects followed up by the GROWTH collabora-
tion, and we briefly discuss them below.

3.4.1. Swift’s Ultraviolet/Optical Telescope (UVOT) Candidate

We followed up photometrically the Swift/UVOT candidate
(Breeveld et al. 2019), discovered at R.A.=17:02:19.2,
decl.=−12:29:08.2 in u-band with mVega=17.7±0.2.
The transient was within a few hundred arcseconds of two
galaxies within the localization volume. After its initial
detection with Swift, several other facilities (Andreoni et al.
2019b; Arcavi et al. 2019; Breeveld et al. 2019; Chang et al.
2019b; De et al. 2019; Hu et al. 2019; Im et al. 2019; Kann
et al. 2019; Kong et al. 2019; Morihana et al. 2019b; Shappee
et al. 2019; Tanvir et al. 2019; Troja et al. 2019; Waratkar et al.
2019), including ZTF and Palomar Gattini-IR, reported non-
detections or pre-discovery upper limits that indicated the
transient might be rapidly fading in the ultraviolet. Palmese
et al. (2019) reported an object offset by <1″ from the position
of the reported UVOT candidate after visually inspecting
archival DECam optical images. Using the GROWTH-DECam
program, Bloom et al. (2019) detected a source that is
consistent with the coordinates reported by Palmese et al.
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(2019), but no transient at the coordinates reported by Swift
(Kong et al. 2019; see Table 4). The slight trailing observed in
images of the original UVOT source (which introduced
uncertainty in the astrometry) strongly hinted at the physical
association between the transient and the offset source. The
colors of the associated source (r−z=1.53 and g−r>
0.97) are consistent with those of a M2-dwarf (West et al.
2011). For this reason, a likely explanation for the observed
ultraviolet transient is that it was a galactic M2-dwarf flare
(Bloom et al. 2019; Lipunov et al. 2019b), unassociated with
the GW event. The photometry of the UVOT candidate is
shown with a Sloan Digital Sky Survey (SDSS) spectra of a
M2-dwarf in Figure 4.

3.4.2. AT2019ebq/PS19qp

We also obtained spectroscopy of AT2019ebq/PS19qp
(Smith et al. 2019) with the Near-Infrared Echellete Spectro-
meter (NIRES) on Keck II. This candidate was initially claimed
to be exceptional in that its optical spectrum taken with the
Gran Telescopio Canarias (GTC) contained broad absorption
features “unlike normal supernovae;” therefore Jonker et al.
(2019) highlighted it as a promising KN candidate. Our near-IR
spectrum taken ∼1.5 days after the trigger, however, exhibited
broad P-Cygni SN-like features of He I that indicated that the
transient was a Type Ib/c SN (Jencson et al. 2019), ruling out
its association with S190425z (see the bottom panel of
Figure 5). Several other facilities that also followed up this
source helped verify its classification (Carini et al. 2019;
Dimitriadis et al. 2019; Jencson et al. 2019; Lipunov et al.
2019a; McCully et al. 2019; Morokuma et al. 2019; Schady
et al. 2019).

Seven additional PS1 candidates (out of the 20 transients
reported by Smith et al. 2019) were ruled out based on previous
ZTF detections (Andreoni et al. 2019a; see Table 4).

3.4.3. Marginal ATLAS Candidates

Additionally, we acquired a short sequence (40 s each in gri
filters) of imaging at the locations of all five of the marginal
ATLAS transients reported by McBrien et al. (2019) using IO:
O (Steele et al. 2004) on the 2 m Liverpool Telescope (Perley
& Copperwheat 2019). No significant source was detected at
the location of any of them (to typical depths of 22 mag; see
Table 4). Combined with the fact that none of these transients
had a detectable host galaxy, this suggests these transients were

Table 4
GROWTH Follow-up Table for Candidates Reported by Other Surveys

Candidate Coordinates (R.A., Decl.) Discovery Mag. GROWTH Follow-up Upper Limits

UVOT 17:02:19.21 −12:29:08.2 u=17.74 GIT, LOT, DECAM DECam g > 24.0
... ... ... ... DECam r > 24.0
... ... ... ... DECam i > 23.7
... ... ... ... DECam z > 23.1

AT2019ebq-PS19qp 17:01:18.33 −07:00:10.4 i=20.40 Keck spectrum SN Ib/c ...

Gaia19bpt 14:09:41.88 +55:29:28.1 o=18.49 ZTF19aarioci (4.12) ...

AT2019ebu-PS19pp 14:19:49.43 +33:00:21.7 i=20.77 ZTF19aasbgll (2.10) r=20.60
AT2019ebw-PS19pq 15:02:17.02 +31:14:51.6 i=20.92 ZTF19aasazok (11.95) g=20.91
AT2019ecc-PS19pw 15:26:29.53 +31:39:47.5 i=20.10 ZTF19aapwgpg (17.96) r=20.14
AT2019eck-PS19qe 15:44:24.53 +32:41:11.0 i=20.81 ZTF19aapfrrw (24.97) g=20.13
AT2019ecl-PS19qg 15:48:11.85 +29:12:07.1 i=20.51 ZTF19aasgwnp (25.89) g=21.02
AT2019ebr-PS19qj 16:35:26.48 +22:21:36.4 i=19.79 ZTF18aaoxrvr (25.86) g=20.83
AT2019ebo-PS19qn 16:54:54.71 +04:51:31.5 i=20.02 ZTF19aarpgau (9.87) g=20.40

AT2019eao-ATLAS19hyo 13:01:18.63 +52:09:02.1 o=19.36 LT g > 22.1
AT2019ebn-ATLAS19hwh 13:54:47.42 +44:46:27.3 o=19.07 LT g > 22.1
AT2019ebm-ATLAS19hwn 12:59:58.58 +29:14:30.7 o=19.42 LT g > 22.3
AT2019ebl-ATLAS19hyx 14:32:31.53 +55:45:00.1 o=19.28 LT g > 22.3
AT2019dzv-ATLAS19hxm 14:01:45.02 +46:12:56.1 o=19.23 LT g > 22.2

Note. GROWTH-India, LOT, and DECam-GROWTH follow-up of the Swift/Ultraviolet/Optical Telescope (UVOT) candidate discovered by Breeveld et al. (2019) helped
confirm its classification as a likely M-dwarf flare (Andreoni et al. 2019b; Arcavi et al. 2019; Bloom et al. 2019; Breeveld et al. 2019; Chang et al. 2019b; De et al. 2019; Hu
et al. 2019; Im et al. 2019; Kann et al. 2019; Kong et al. 2019; Lipunov et al. 2019b; Morihana et al. 2019b; Palmese et al. 2019; Shappee et al. 2019; Tanvir et al. 2019;
Troja et al. 2019; Waratkar et al. 2019). Our initial Keck spectrum of another promising candidate, AT2019ebq/PS19qp (Smith et al. 2019) showed it was a Type II SN
(Jencson et al. 2019). Several of the PS1 candidates reported by Smith et al. (2019), as well as Gaia19bpt (Kostrzewa-Rutkowska et al. 2019) were found to have previous
detections with ZTF (Andreoni & Bellm 2019; Coughlin et al. 2019b). For these sources, we list the number of days before S190425z that they were detected in parentheses.
LT provided constraining upper limits of some reported ATLAS candidates (McBrien et al. 2019; Perley & Copperwheat 2019).

Figure 4. DECam (g, r, i and z-band) fluxes of the UVOT candidate discussed
on Section 3.4.1 are over-plotted on the spectra of an SDSS M2-dwarf.
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likely to be spurious or perhaps short-timescale flares from
faint stars.

4. Conclusions

In this Letter, we have described the first follow-up of a
binary neutron star event with ZTF and Palomar Gattini-IR.
Covering more than 8000 deg2 with ZTF and 2400 deg2 with
Palomar Gattini-IR over two nights, we show how these
systems in combination with follow-up facilities are capable of
rapidly identifying and characterizing transients on hour to day
timescales over sky regions of this size. We show how it is
possible to reduce 338,646 alerts to 15 previously unidentified
candidate counterparts. We also show how with the follow-up
resources available to GROWTH, we can rule out these objects
as viable candidates.

Assuming an optical/near-IR counterpart with a luminosity
similar to that of GW170817, which had an absolute magnitude
of about −16 in g-, r-, and J-bands, the apparent magnitude in
these bands for the distribution of distances to S190425z is
mAB≈19–20.5. This varies between 1 mag brighter than to
near the detection limit for ZTF for this analysis, indicating
ZTF is well primed for detecting a GW170817-like source at
these distances. We expect that a closer or brighter than

expected source (GW170817 would be detected at ∼20Mpc)
should be detectable with Palomar Gattini-IR.
As a cross-check of the number of sources that we are

identifying, we compare to the fiducial SN rate of
≈10−4 Mpc−3 yr−1 (Li et al. 2011). The 90% localization
volume of the GW skymap is ∼2.1×107 Mpc3. As stated
above, ZTF covered about 46% of the skymap, meaning that
we expect to detect ∼2.1×107 Mpc3×1.04×10−4 Mpc−3

yr−1×0.46≈2.7 day−1. Because the distribution of Type II
SNe at peak luminosity falls between absolute magnitudes of
≈−15 to −20 mag (Richardson et al. 2014), brighter than the
expected distribution at peak for KNe, our follow-up observa-
tions with ZTF should have detected all of the bright, and most
of the dim Type II SNe. Having taken images for about 12 hr
during the nights, we would expect to detect ∼1–2, which is
consistent with the two young SNe highlighted in this Letter.
Going forward, prioritizing further automatized classification

of objects can lead to more rapid follow-up and dissemination
of the most interesting objects. For example, the inclusion of
machine-learning-based photometric classification codes such
as RAPID (Muthukrishna et al. 2019) will help facilitate
candidate selection and prioritization. We are also actively
improving the scheduling optimization, and have since added a

Figure 5. Spectra of all the candidates for which spectroscopic data were taken. The transient name and instrument used to obtain the spectrum are noted on the right-
hand side of the plot. We show the spectrum for AT2019ebq/PS19qp in its own panel given the different wavelengths covered from the other transients. The dotted
gray lines show the characteristic features in each spectrum that helped with its classification. These four transients were all classified as core-collapse SNe. The
classification and phase for each transient is as follows: ZTF19aasckkq—SN IIb, seven days; ZTF19aarykkb—SN II, one day (Dichiara et al. 2019); ZTF19aarzaod—
SN II, zero days (Buckley et al. 2019); AT2019ebq/PS19qp—SN Ib/c, one day (Jencson et al. 2019).
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feature to schedule using the “secondary” ZTF grid, that is
designed to fill in the chip gaps.

The follow-up of S190425z highlights two important points.
The first is that rapid dissemination of updated GW skymaps is
useful for tiling prioritization. This helps mitigate the effects of
shifting localization regions, including potentially decreasing
sky areas. The second is that we are capable of performing
nearly all-sky searches with ZTF and Palomar Gattini-IR and
conducting the necessary follow-up with partner facilities, even
in the case of a single-detector GW trigger. This event serves
to extend the frontier in searches for optical transients in
large areas. The intermediate Palomar Transient Factory found
optical counterparts to eight long GRBs localized to ∼100 deg2

(Singer et al. 2015), with GRB 130702A (Singer et al. 2013)
being the first of its kind, and this event has shown it is possible
to cover more than an order of magnitude larger sky area. One
caveat to this conclusion is that in general, single-detector
localizations will include regions on the sky that are not
accessible to one ground-based facility alone; this motivates the
use of coordinated networks of telescopes with worldwide
coverage (Nissanke et al. 2013; Kasliwal & Nissanke 2014).
However, we have demonstrated that the network on hand is
capable of overcoming the challenges of rapidly and efficiently
searching for electromagnetic counterparts in this new era of
GW astronomy.
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Evidence for Late-stage Eruptive Mass Loss in the Progenitor to SN2018gep, a Broad-
lined Ic Supernova: Pre-explosion Emission and a Rapidly Rising Luminous Transient
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Abstract

We present detailed observations of ZTF18abukavn (SN2018gep), discovered in high-cadence data from the
Zwicky Transient Facility as a rapidly rising (1.4± 0.1 mag hr−1) and luminous ( = -M 20g,peak mag) transient. It
is spectroscopically classified as a broad-lined stripped-envelope supernova (Ic-BL SN). The high peak luminosity
( ´ -L 3 10 erg sbol

44 1), the short rise time ( =t 3 daysrise in g band), and the blue colors at peak ( ~ -g r 0.4– )
all resemble the high-redshift Ic-BL iPTF16asu, as well as several other unclassified fast transients. The early
discovery of SN2018gep (within an hour of shock breakout) enabled an intensive spectroscopic campaign,
including the highest-temperature ( T 40,000 Keff ) spectra of a stripped-envelope SN. A retrospective search
revealed luminous ( ~ » -M M 14g r mag) emission in the days to weeks before explosion, the first definitive
detection of precursor emission for a Ic-BL. We find a limit on the isotropic gamma-ray energy release

< ´gE 4.9 10 erg,iso
48 , a limit on X-ray emission < -L 10 erg sX

40 1, and a limit on radio emission
n n

-L 10 erg s37 1. Taken together, we find that the early (<10 days) data are best explained by shock
breakout in a massive shell of dense circumstellar material (0.02 M) at large radii ( ´3 10 cm14 ) that was ejected
in eruptive pre-explosion mass-loss episodes. The late-time (>10 days) light curve requires an additional energy
source, which could be the radioactive decay of Ni-56.

Key words: methods: observational – shock waves – stars: mass-loss – supernovae: individual – surveys
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1. Introduction

Recent discoveries by optical time-domain surveys challenge
our understanding of how energy is deposited and transported in
stellar explosions (Kasen 2017). For example, over 50 transients
have been discovered with rise times and peak luminosities too
rapid and too high, respectively, to be explained by radioactive
decay (Poznanski et al. 2010; Drout et al. 2014; Arcavi et al.
2016; Shivvers et al. 2016; Tanaka et al. 2016; Pursiainen et al.
2018; Rest et al. 2018). Possible powering mechanisms include
interaction with extended circumstellar material (CSM; Chevalier
& Irwin 2011), and energy injection from a long-lived central
engine (Kasen & Bildsten 2010; Woosley 2010; Kasen et al.
2016). These models have been difficult to test because the
majority of fast-luminous transients have been discovered post
facto and located at cosmological distances (z∼0.1).
The discovery of iPTF16asu (Wang et al. 2017; Whitesides

et al. 2017) in the intermediate Palomar Transient Factory (iPTF;
Law et al. 2009) showed that at least some of these fast-luminous
transients are energetic (10 erg52 ) high-velocity (“broad-lined”;
v20,000 km -s 1) stripped-envelope (Ic) supernovae (Ic-BL
SNe). The light curve of iPTF16asu was unusual among Ic-BL
SNe in being inconsistent with Ni56 -decay (Cano 2013; Taddia
et al. 2019). Suggested power sources include energy injection by
a magnetar, ejecta-CSM interaction, cooling-envelope emission,
and an engine-driven explosion similar to low-luminosity
gamma-ray bursts—or some combination thereof. Unfortunately,
the high redshift (z=0.187) precluded a definitive conclusion.

Today, optical surveys such as ATLAS (Tonry et al. 2018)
and the Zwicky Transient Facility (ZTF; Bellm et al. 2019a;
Graham et al. 2019) have the areal coverage to discover rare
transients nearby, as well as the cadence to discover transients
when they are young (<1 day). For example, the recent
discovery of AT2018cow at 60Mpc(Smartt et al. 2018;
Prentice et al. 2018) represented an unprecedented opportunity
to study a fast-luminous optical transient up close, in detail, and
in real time. Despite an intense multiwavelength observing
campaign, the nature of AT2018cow remains unknown—
possibilities include an engine-powered stellar explosion
(Prentice et al. 2018; Ho et al. 2019; Margutti et al. 2019;
Perley et al. 2019), the tidal disruption of a white dwarf by an
intermediate-mass black hole (Kuin et al. 2019; Perley et al.
2019), and an electron capture SN (Lyutikov & Toonen 2019).
Regardless of the origin, it is clear that the explosion took place
within dense material (Ho et al. 2019; Margutti et al. 2019;
Perley et al. 2019) confined to 10 cm16 (Ho et al. 2019).

Here we present SN2018gep, discovered as a rapidly rising
(1.4± 0.1mag -hr 1) and luminous ( = -M 20g,peak ) transient in
high-cadence data from ZTF (Ho et al. 2018c). The high inferred
velocities (>20,000 km -s 1), the spectroscopic evolution from a
blue continuum to a Ic-BL SN (Costantin et al. 2018), and the
rapid rise ( =t 3 daysrise in g band) to high peak luminosity
( ´ -L 3 10 erg sbol

44 1) all suggest that SN2018gep is a low-
redshift (z=0.03154) analog to iPTF16asu. The early discovery
enabled an intensive follow-up campaign within the first day of the
explosion, including the highest-temperature (Teff40,000K)
spectra of a stripped-envelope SN to date. A retrospective search in
ZTF data revealed the first definitive detection of pre-explosion
activity in a Ic-BL.

The structure of the paper is as follows. We present our radio
through X-ray data in Section 2. In Section 3 we outline basic
properties of the explosion and its host galaxy. In Section 4 we
attribute the power source for the light curve to shock breakout

in extended CSM. In Section 5 we compare SN2018gep to
unidentified fast-luminous transients at high redshift. Finally, in
Section 6 we summarize our findings and look to the future.
Throughout the paper, absolute times are reported in UTC and
relative times are reported with respect to t0, which is defined in
Section 2.1. We assume a standard ΛCDM cosmology (Planck
Collaboration et al. 2016).

2. Observations

2.1. ZTF Discovery

ZTF observing time is divided between several different
surveys, conducted using a custom mosaic camera (Dekany
et al. 2016) on the 48 inch Samuel Oschin Telescope (P48) at
Palomar Observatory. See Bellm et al. (2019a) for an overview
of the observing system, Bellm et al. (2019b) for a description
of the surveys and scheduler, and Masci et al. (2019) for details
of the image processing system.
Every 5σ point-source detection is saved as an “alert.” Alerts

are distributed in avro format (Patterson et al. 2019) and can be
filtered based on a machine learning–based real-bogus metric
(Duev et al. 2019; Mahabal et al. 2019), light-curve properties,
and host characteristics (including a star-galaxy classifier;
Tachibana & Miller 2018). The ZTF collaboration uses a web-
based system called the GROWTH marshal (Kasliwal et al.
2019) to identify and keep track of transients of interest.
ZTF18abukavn was discovered in an image obtained at UT

2018 September 9 03:55:18 (start of exposure) as part of the
ZTF extragalactic high-cadence partnership survey, which
covers 1725 deg2 in six visits (3g, 3r) per night (Bellm et al.
2019b). The discovery magnitude was = r 20.5 0.3 mag,
and the source position was measured to be a = 16 43 48.22h m s,
d = +41 02 43. 4d m s (J2000), coincident with a compact galaxy
(Figure 1) at =z 0.03154 or »d 143 Mpc. As described in
Section 2.3, the redshift was unknown at the time of discovery;
we measured it from narrow galaxy emission lines in our
follow-up spectra. The host redshift along with key observa-
tional properties of the transient are listed in Table 1.
As shown in Figure 2, the source brightened by over two

magnitudes within the first three hours. These early detections
passed a filter written in the GROWTH marshal that was

Figure 1. The position of SN2018gep (white crosshairs) in its host galaxy.
Images from the Canada–France–Hawaii Telescope Legacy Survey (2004–2012),
combined using the prescription in Lupton et al. (2004).
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designed to find young SNe. We announced the discovery and
fast rise via the Astronomer’s Telegram (Ho et al. 2018c), and
reported the object to the IAU Transient Server (TNS28), where
it received the designation SN2018gep.

We triggered ultraviolet (UV) and optical observations with
the UV/Optical Telescope (UVOT; Roming et al. 2005) aboard
the Neil Gehrels Swift Observatory (Gehrels et al. 2004), and
observations began 10.2 hr after the ZTF discovery (Schulze
et al. 2018a). A search of IceCube data found no temporally
coincident high-energy neutrinos (Blaufuss 2018).
Over the first two days, the source brightened by two

additional magnitudes. A linear fit to the early g-band
photometry gives a rise of 1.4±0.1 mag -hr 1. This rise rate
is second only to the IIb SN 16 gkg (Bersten et al. 2018) but
several orders of magnitude more luminous at discov-
ery ( » -M 17 magg,disc ).

To establish a reference epoch, we fit a second-order
polynomial to the first three days of the g-band light curve in
flux space, and define t0 as the time at which the flux is zero. This
gives t0 as being 25±2 minutes prior to the first detection, or
»t0 UT 2018 September 9 03:30. The physical interpretation of

t0 is not straightforward, since the light curve flattens out at early
times (see Figures 2 and 3). We proceed using t0 as a reference
epoch but caution against assigning it physical meaning.

2.2. Photometry

From D »t 1 day to D »t 60 days, we conducted a
photometric follow-up campaign at UV and optical wave-
lengths using Swift/UVOT, the Spectral Energy Distribution
Machine (SEDM; Blagorodnova et al. 2018) mounted on the
automated 60 inch telescope at Palomar (P60; Cenko et al.
2006), the optical imager (IO:O) on the Liverpool Telescope
(LT; Steele et al. 2004), and the Lulin 1 m Telescope (LOT).

Basic reductions for the LT IO:O imaging were performed
by the LT pipeline.29 Digital image subtraction and photometry
for the SEDM, LT, and LOT imaging was performed using the

Fremling Automated Pipeline (FPipe; Fremling et al. 2016).
Fpipe performs calibration and host subtraction against Sloan
Digital Sky Survey reference images and catalogs (SDSS; Ahn
et al. 2014). SEDM spectra were reduced using pysedm
(Rigault et al. 2019).
The UVOT data were retrieved from the NASA Swift Data

Archive30 and reduced using standard software distributed with
HEASOFT version 6.19.31 Photometry was measured using
UVOTMAGHIST with a 3″ circular aperture. To remove the host
contribution, we obtained a final epoch in all broadband filters on
UT 2018 October 18 and built a host template using UVOTIMSUM
and UVOTSOURCE with the same aperture used for the transient.
Figure 3 shows the full set of light curves, with a cross

denoting the peak of the r-band light curve for reference. The
position of the cross is simply the time and magnitude of our
brightest r-band measurement, which is a good estimate given
our cadence. The photometry is listed in Table 5 in Appendix A.
Note that despite the steep spectral energy distribution (SED) at
early times, the K-correction is minimal. We estimate that the
effect is roughly 0.03 mag, which is well within our uncertainties.
In Figure 4 we compare the rise time and peak absolute
magnitude to other rapidly evolving transients from the literature.

2.3. Spectroscopy

The first spectrum was taken 0.7 day after discovery by the
Spectrograph for the Rapid Acquisition of Transients (SPRAT;
Piascik et al. 2014) on the LT. The spectrum showed a blue
continuum with narrow galaxy emission lines, establishing this
as a luminous transient ( = -M 19.7g,peak ). Twenty-three
optical spectra were obtained from D =t 0.7–61.1 days using
SPRAT, the Andalusia Faint Object Spectrograph and Camera
(ALFOSC) on the Nordic Optical Telescope (NOT), the
Double Spectrograph (DBSP; Oke & Gunn 1982) on the
200 inch Hale telescope at Palomar Observatory, the Low
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on
the Keck I 10 m telescope, and the Xinglong 2.16 m telescope
(XLT+BFOSC) of NAOC, China (Wang et al. 2018). As
discussed in Section 3.2, the early D <t 5 days spectra show
broad absorption features that evolve redward with time, which
we attribute to carbon and oxygen. By D ~t 8 days, the
spectrum resembles a stripped-envelope SN, and the usual
broad features of a Ic-BL emerge (Costantin et al. 2018).
We use the automated LT pipeline reduction and extraction

for the LT spectra. LRIS spectra were reduced and extracted
using Lpipe (Perley 2019). The NOT spectrum was obtained
at parallactic angle using a 1″ slit, and was reduced in a
standard way, including wavelength calibration against an arc
lamp, and flux calibration using a spectrophotometric standard
star. The XLT+BFOSC spectra were reduced using the
standard IRAF routines, including corrections for bias, flat
field, and removal of cosmic rays. The Fe/Ar and Fe/Ne arc
lamp spectra obtained during the observation night are used to
calibrate the wavelength of the spectra, and the standard stars
observed on the same night at similar airmasses as the
supernova were used to calibrate the flux of the spectra. The
spectra were further corrected for continuum atmospheric
extinction during flux calibration, using mean extinction curves
obtained at Xinglong Observatory. Furthermore, telluric lines
were removed from the data.

Table 1
Key Observational Properties of SN2018gep and Its Host Galaxy

Parameter Value Notes

z 0.03154 From narrow host emission lines
Lpeak ´3 10 erg43 Peak UVOIR bolometric

luminosity
trise 0.5–3 days Time from t0 to Lpeak

Erad 10 erg50 UVOIR output, D =t 0.5–40 days
Mr,prog −15 Peak luminosity of pre-explosion

emission

gE ,iso < ´4.9 1048 Limit on prompt gamma-ray
emission from Fermi/GBM

LX < ´ -2.5 10 erg s41 1 X-ray upper limit from Swift/XRT
at Δt=0.4–14 days

< -10 erg s40 1 X-ray upper limit from Chandra at
Δt=15 and D =t 70 days

n nL » -10 erg s37 1 9 GHz radio luminosity from VLA
at Δt=5 and Δt=16

M ,host* ´ M1.3 108
 Host stellar mass

SFRhost 0.12 M
-yr 1 Host star formation rate

Host metallicity 1/5 solar Oxygen abundance on O3N2 scale

28 https://wis-tns.weizmann.ac.il
29 https://telescope.livjm.ac.uk/TelInst/Pipelines/#ioo

30 https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
31 https://heasarc.nasa.gov/lheasoft/
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Swift obtained three UV-grism spectra between UT 2018
September 15 3:29 and 6:58 (D »t 6.4 days) for a total exposure
time of 3918 s. The data were processed using the calibration and
software described by Kuin et al. (2015). During the observation,
the source spectrum was centered on the detector, which is the
default location for Swift/UVOT observations. Because of this,
there is second-order contamination from a nearby star, which was
reduced by using a narrow extraction width (1 3 instead of 2 5).
The contamination renders the spectrum unreliable at wavelengths
longer than 4100Å, but is negligible in the range 2850–4100Å
due to absorption from the interstellar medium. Below 2200Å, the
spectrum overlaps with the spectrum from another star in the field
of view.

The resulting spectrum (Figure 5) shows a single broad
feature between 2200Å and 3000Å (rest frame). One
possibility is that this is a blend of the UV features seen in
superluminous supernovae (SLSNe). Line identifications for
these features vary in the SLSN literature, but are typically
blends of Ti III, Si III, C II, C III, and Mg II (Quimby et al. 2011;
Howell et al. 2013; Mazzali et al. 2016; Yan et al. 2017).
The spectral log and a figure showing all the spectra are

presented in Appendix B. In Section 3.2 we compare the early
spectra to spectra at similar epochs in the literature. We model
one of the early spectra, which shows a “W” feature that has
been seen in SLSNe, to measure the density, density profile,
and element composition of the ejecta. From the Ic-BL spectra,
we measure the velocity evolution of the photosphere.

2.4. Search for Pre-discovery Emission

The nominal ZTF pipeline only generates detections above a
5σ threshold. To extend the light curve further back in time, we
performed forced photometry at the position of SN2018gep
on single-epoch difference images from the IPAC ZTF
difference imaging pipeline. The ZTF forced photometry
point spread functions (PSF)–fitting code will be described in

Y. Yao et al. (2019, in preparation). As shown in Figure 2,
forced photometry uncovered an earlier 3σ r-band detection.
Next, we searched for even fainter detections by constructing

deeper reference images than those used by the nominal
pipeline, and subtracting them from 1 to 3 day stacks of ZTF
science images. The reference images were generated by
performing an inverse-variance weighted coaddition of 298 R-
band and 69 g-band images from PTF/iPTF taken between
2009 and 2016 using the CLIPPED combine strategy in
SWarp (Bertin 2010; Gruen et al. 2014). PTF/iPTF images
were used instead of ZTF images to build references as they
were obtained years prior to the transient, and thus less likely to
contain any transient flux. No cross-instrument corrections
were applied to the references prior to subtraction. Pronounced
regions of negative flux on the PTF/iPTF references caused by
crosstalk from bright stars were masked out manually.
We stacked ZTF science images obtained between UT 2018

February 22 and 2018 August 31 in a rolling window (segregated
by filter) with a width of 3 days and a period of 1 day, also using
the CLIPPED technique in SWarp. Images taken between 2018
Sep 01 and t0 were stacked in a window with a width of 1 day and
a period of 1 day. Subtractions were obtained using the
HOTPANTS (Becker 2015) implementation of the Alard & Lupton
(1998) PSF matching algorithm. Many of the ZTF science images
during this period were obtained under exceptional conditions, and
the seeing on the ZTF science coadds was often significantly better
than the seeing on the PTF/iPTF references. To correct for this
effect, ZTF science coadds were convolved with their own PSFs,
extracted using PSFEx, prior to subtraction. During subtraction,
PSF matching and convolution were performed on the template
and the resulting subtractions were normalized to the photometric
system of the science images. We show two example subtractions
in Figure 6.
Using these newly constructed deep subtractions, PSF photo-

metry was performed at the location of SN2018gep using the PSF

Figure 2. The rapid rise in the first few minutes and first few days after the ZTF discovery of SN2018gep. We also show an r-band point from prior to discovery that
was found in retrospect by lowering the detection threshold from 5σ to 3σ. Top left: the rise in magnitudes gives an almost unprecedented rate of 1.4±0.1 mag -hr 1.
Bottom left: the rise in flux space together with the quadratic fit and definition of t0. Right: the rise in flux space showing the quadratic fit.
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of the science images. To estimate the uncertainty on the flux
measurements made on these subtractions, we employed a Monte
Carlo technique, in which thousands of PSF fluxes were measured
at random locations on the image, and the PSF-flux uncertainty
was taken to be the 1σ dispersion in these measurements. We
loaded this photometry into a local instance of SkyPortal (Van der
Walt et al. 2019), an open-source web application that
interactively displays astronomical data sets for annotation,
analysis, and discovery.

We detected significant flux excesses at the location of
SN2018gep in both g and r bands in the weeks preceding t0
(i.e., its first detection in single-epoch ZTF subtractions). The
effective dates of these extended prediscovery detections are
determined by taking an inverse-flux variance weighted average
of the input image dates. The detections in the week leading up
to explosion are ~ »m m 22g r , which is approximately
the magnitude limit of the coadd subtractions. However, in an
r-band stack of images from August 24–26 (inclusive), we detect
emission at ~m 21.5r at 5σ above the background.

Assuming that the rapid rise we detected was close to the
time of explosion, this is the first definitive detection of pre-
explosion emission in a Ic-BL SN. There was a tentative
detection in another source, PTF 11qcj (Corsi et al. 2014), 1.5
and 2.5 yr prior to the SN. In Section 4 we discuss possible
mechanisms for this emission, and conclude that it is likely
related to a period of eruptive mass loss immediately prior to
the explosion. We note that it is unlikely that this variability
arises from active galactic nucleus (AGN) activity, due to the
properties of the host galaxy (Section 3.3).
With forced photometry and faint detections from stacked

images and deep references, we can construct a light curve that
extends weeks prior to the rapid rise in the light curve, shown
in Figure 7.

2.5. Radio Follow-up

We observed the field of SN2018gep with the Karl G. Jansky
Very Large Array (VLA) on three epochs: on 2018 September
14 UT under the Program ID VLA/18A-242 (PI: D. Perley;

Figure 3. UV and optical light curves from Swift and ground-based facilities. The arrow marks the last nondetection, which was in r band. The red cross marks the
peak of the r-band light curve, which is 16.3 mag atD =t 4 days. The full set of light curves is shown as gray lines in the background, and each panel highlights an
individual filter in black. We correct for Galactic extinction using the attenuation curve from Fitzpatrick (1999) and = =-E R A 0.01B V V V for RV=3.1 and
AV=0.029 (Schlafly & Finkbeiner 2011).
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Ho et al. 2018b), and on 2018 September 25 and 2018 November
23 UT under the Program ID VLA/18A-176 (PI: A. Corsi). We
used 3C286 for flux calibration, and J1640+3946 for gain
calibration. The observations were carried out in X- and Ku-band
(nominal central frequencies of 9 GHz and 14GHz, respectively)
with a nominal bandwidth of 2 GHz. The data were calibrated
using the automated VLA calibration pipeline available in the
CASA package (McMullin et al. 2007) then inspected for further
flagging. The CLEAN procedure (Högbom 1974) was used to
form images in interactive mode. The image rms and the radio flux
at the location of SN2018gep were measured using imstat in
CASA. Specifically, we report the maximum flux within pixels
contained in a circular region centered on the optical position of
SN2018gep with radius comparable to the FWHM of the VLA
synthesized beam at the appropriate frequency. The source was
detected in the first two epochs, but not in the third (see Table 2).
As we discuss in Section 4, the first two epochs were conducted in
a different array configuration than the third epoch, and may have
had a contribution from host galaxy light.

We also obtained three epochs of observations with the AMI
large array (AMI-LA; Zwart et al. 2008; Hickish et al. 2018), on
UT 2018 September 12, 2018 September 23, and 2018 October
20. AMI-LA is a radio interferometer comprised of eight 12.8m
diameter antennas that extend from 18m up to 110m in length and
operates with a 5GHz bandwidth around a central frequency of
15.5 GHz.

We used a custom AMI data reduction software package
reduce_dc (e.g., Perrott et al. 2013) to perform initial data
reduction, flagging, and calibration of phase and flux. Phase
calibration was conducted using short interleaved observations
of J1646+4059, and for absolute flux calibration we used
3C286. Additional flagging and imaging were performed using
CASA. All three observations resulted in null detections with

3σ upper limits of m»120 Jy in the first two observations, and
a 3σ upper limit of m»120 Jy in the last observation.
Finally, we observed at higher frequencies using the Sub-

millimeter Array (SMA; Ho et al. 2004) on UT 2018 September
15 under its target-of-opportunity program. The project ID was
2018A-S068. Observations were performed in the sub-compact
configuration using seven antennas. The observations were
performed using RxA and RxB receivers tuned to LO frequencies
of 225.55GHz and 233.55GHz, respectively, providing 32GHz
of continuous bandwidth ranging from 213.55 to 245.55GHz with
a spectral resolution of 140.0 kHz per channel. The atmospheric
opacity was around 0.16–0.19 with system temperatures around
100–200K. The nearby quasars 1635+381 and 3C345 were used
as the primary phase and amplitude gain calibrators with absolute
flux calibration performed by comparison to Neptune. Passband
calibration was derived using 3C454.3. Data calibration was
performed using the MIR IDL package for the SMA, with
subsequent analysis performed in MIRIAD (Sault et al. 1995). For
the flux measurements, all spectral channels were averaged
together into a single continuum channel and an rms of 0.6 mJy
was achieved after 75 minutes on-source.
The full set of radio and submillimeter measurements are

listed in Table 2.

2.6. X-Ray Follow-up

We observed the position of SN2018gep with Swift/XRT
from Δt≈0.4–14 days. The source was not detected in any
epoch. To measure upper limits, we used web-based tools
developed by the Swift-XRT team (Evans et al. 2009). For the
first epoch, the 3σ upper limit was 0.003 ct s−1. To convert the
upper limit from count rate to flux, we assumed32 a Galactic
neutral hydrogen column density of ´ -1.3 10 cm20 2, and a
power-law spectrum with photon index G = 2. This gives33 an
unabsorbed 0.3–10 keV flux of < ´ - - -9.9 10 erg cm s14 2 1,
and < ´ -L 2.5 10 erg sX

41 1.
We obtained two epochs of observations with the Advanced

CCD Imaging Spectrometer (Garmire et al. 2003) on the Chandra
X-ray Observatory via our approved program (Proposal No.

Figure 4. The rise time and peak absolute magnitude of SN2018gep, iPTF16asu
(a high-redshift analog), and unclassified fast-luminous transients from Drout
et al. (2014), Arcavi et al. (2016), Rest et al. (2018), and Perley et al. (2019).
When possible, we report measurements in rest-frame g band, and define “rise
time” as time from half-max to max. For iPTF16asu, we use the quadratic fit to
the early g-band light curve from Whitesides et al. (2017) as well as their reported
peak magnitude, but caution that this is rest-frame r band. For KSN2015K, there
are only observations in the Kepler white filter (Rest et al. 2018).

Figure 5. Swift/UVOT grism spectrum shifted to the rest frame. The black line
shows the data binned such that each bin size is 10 Å. Light gray represents 1σ
uncertainties after binning. The spectrum has been scaled to match the UVOT
u-band flux at this epoch (integrated from 3000 Å to 3900 Å), which was
determined by interpolating the Swift u-band light curve.

32 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
33 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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19500451; PI: Corsi). The first epoch began at 9:25 UTC on 2018
10 October (D »t 15 days) under ObsId 20319 (integration time
12.2 ks), and the second began at 21:31 UTC on 2018 December 4
(D »t 70 days) under ObsId 20320 (integration time 12.1 ks). No
X-ray emission is detected at the location of SN2018gepin either
epoch, with 90% upper limits on the 0.5–7.0 keV count rate of
» ´ - -2.7 10 ct s4 1. Using the same values of hydrogen column
density and power-law photon index as in our XRT measurements,
we find upper limits on the unabsorbed 0.5–7 keV X-ray flux of
< ´ -3.2 10 15 erg cm−2 s−1, or (for a direct comparison to the
XRT band) a 0.3–10 keV X-ray flux of < ´ -4.2 10 15

erg cm−2 s−1. This corresponds to a 0.3–10 keV luminosity upper
limit of < ´ -L 1.0 10 erg sX

40 1.

2.7. Search for Prompt Gamma-Ray Emission

We created a tool to search for prompt gamma-ray emission
(GRBs) from Fermi-Gamma-ray Burst Monitor (GBM) (Gruber
et al. 2014; von Kienlin et al. 2014; Narayana Bhat et al. 2016), the
Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005), and the
IPN, which we have made available online.34 We did not find any
GRB consistent with the position and t0 of SN2018gep.

Our tool also determines whether a given position was
visible to BAT and GBM at a given time, using the spacecraft
pointing history. We use existing code35 to determine the BAT
history. We find that the position of SN2018gep was in the
BAT field of view from UTC 03:13:40 to 03:30:38, before
Swift slewed to another location.

We also find that at t0 SN2018gep was visible to the Fermi
GBM (Meegan et al. 2009). We ran a targeted GRB search in
10–1000 keV Fermi/GBM data from three hours prior to t0 to

half an hour after t0. We use the soft template, which is a
smoothly broken power law with low-energy index −1.9 and
high-energy index −2.7, and an SED peak at 70 keV. The
search methodology (and parameters of the other templates) are
described in Blackburn et al. (2015) and Goldstein et al. (2016).
No signals with a consistent location were found. For the 100 s
integration time, the fluence upper limit is ´ - -2 10 erg cm6 2.
This limit corresponds to a 10–1000 keV isotropic energy
release of < ´gE 4.9 10 erg,iso

48 . Limits for different spectral
templates and integration times are shown in Figure 8.

2.8. Host Galaxy Data

We measure line fluxes using the Keck optical spectrum
obtained at D »t 61 days (Figure 25). We model the local
continuum with a low-order polynomial and each emission line
by a Gaussian profile of FHWM ∼5.3Å. This is appropriate if
Balmer absorption is negligible, which is generally the case for
starburst galaxies. For the host of SN2018gep, the Balmer
decrement between Hβ, Hγ, and Hδ does not show any excess
with respect to the expected values in Osterbrock & Ferland
(2006). The resulting line fluxes are listed in Table 7.
We retrieved archival images of the host galaxy from

Galaxy Evolution Explorer (GALEX) Data Release (DR) 8/9
(Martin et al. 2005), SDSS DR9 (Ahn et al. 2012), Panoramic
Survey Telescope And Rapid Response System (PanSTARRS,
PS1) DR1 (Chambers et al. 2016), Two-Micron All Sky Survey
(2MASS; Skrutskie et al. 2006), and Wide-Field Infrared
Survey Explorer (WISE; Wright et al. 2010). We also used
UVOT photometry from Swift, and NIR photometry from the
Canada–France–Hawaii Telescope Legacy Survey (CFHTLS;
Hudelot et al. 2012).
The images are characterized by different pixel scales (e.g.,

SDSS 0. 40/px, GALEX 1 /px) and different point spread

Figure 6. Sample pre-explosion subtractions of deep PTF/iPTF references from ZTF science images stacked in 3 days bins (see Section 2.4). Each cutout is centered on the
location of SN2018gep. The subtractions show clear emission at the location of the SN in both g and r bands days to weeks before the discovery of the SN in ZTF.

34 https://github.com/annayqho/HE_Burst_Search
35 https://github.com/lanl/swiftbat_python
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functions (e.g., SDSS/PS1 1″–2″, WISE/W2 6. 5). To obtain
accurate photometry, we use the matched-aperture photometry
software package LAMBDA ADAPTIVE MULTI-BAND DEBLE-
NDING ALGORITHM IN R (LAMBDAR; Wright et al. 2016) that
is based on a photometry software package developed by
Bourne et al. (2012). To measure the total flux of the host
galaxy, we defined an elliptical aperture that encircles the entire
galaxy in the SDSS/ ¢r -band image. This aperture was then
convolved in LAMBDAR with the PSF of a given image that we
specified directly (GALEX and WISE data) or that we
approximated by a two-dimensional Gaussian (2MASS, SDSS
and PS1 images). After instrumental magnitudes were
measured, we calibrated the photometry against instrument-
specific zero-points (GALEX, SDSS, and PS1 data), or, as in
the case of 2MASS and WISE images, against a local sequence
of stars from the 2MASS Point Source Catalogue and the
AllWISE catalog. The photometry from the UVOT images was
extracted with the command UVOTSOURCE in HEASOFT and a
circular aperture with a radius of 8″. The photometry of the
CFHT/WIRCAM data was performed with the software tool
presented in Schulze et al. (2018b).36 To convert the 2MASS,
UVOT, WIRCAM, and WISE photometry to the AB system,
we applied the offsets reported in Blanton & Roweis (2007),

Breeveld et al. (2011), and Cutri et al. (2013). The resulting
photometry is summarized in Table 8.

3. Basic Properties of the Explosion and Its Host Galaxy

The observations we presented in Section 2 constitute some
of the most detailed early time observations of a stripped-
envelope SN to date. In this section we use this data to derive
basic properties of the explosion: the evolution of bolometric
luminosity, radius, and effective temperature over time
(Section 3.1), the velocity evolution of the photosphere and
the density and composition of the ejecta as measured from the
spectra (Section 3.2), and the mass, metallicity, and star
formation rate (SFR) of the host galaxy (Section 3.3). These
properties are summarized in Table 1.

3.1. Physical Evolution from Blackbody Fits

By interpolating the UVOT and ground-based photometry, we
construct multiband SEDs and fit a Planck function on each
epoch to measure the evolution of luminosity, radius, and
effective temperature. To estimate the uncertainties, we perform a
Monte Carlo simulation with 600 trials, each time adding noise
corresponding to a 15% systematic uncertainty on each data
point, motivated by the need to obtain a combined c2/dof∼1
across all epochs. The uncertainties for each parameter are taken

Figure 7. Full r and g-band light curves of SN2018gep. Horizontal lines show 3σ upper limits. Points at t<0 are from 3 days stacks of ZTF/P48 data as described in
Section 2.4. Sample subtractions from two of these stacks are shown in the bottom row.

36 https://github.com/steveschulze/aperture_photometry
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as the 16-to-84 percentile range from this simulation. The SED
fits are shown in Appendix A, and the resulting evolution in
bolometric luminosity, photospheric radius, and effective temp-
erature is listed in Table 3. We plot the physical evolution in
Figure 9, with a comparison to iPTF16asu and AT2018cow.

The bolometric luminosity peaks between D =t 0.5 day and
D =t 3 days, at > ´ -3 10 erg s44 1. In Figure 10 we compare
this peak luminosity and time to peak luminosity with several
classes of stellar explosions. As in iPTF16asu, the bolometric
luminosity falls as an exponential at late times ( >t 10 days). The
total integrated UV and optical (≈2000–9000Å) blackbody energy
output from Δt=0.5–40 days is ~10 erg50 , similar to that of
iPTF16asu. The earliest photospheric radius we measure is∼20 au,
at D =t 0.05 day. Until D »t 17 days the radius expands over
time with a very large inferred velocity of v≈0.1c. After that, it
remains flat, and even appears to recede. This possible recession
corresponds to a flattening in the temperature at ~5000 K, which
is the recombination temperature of carbon and oxygen. This effect
was not seen in iPTF16asu, which remained hotter (and more
luminous) for longer. Finally, the effective temperature rises before
falling as ∼t−1. We interpret these properties in the context of
shock-cooling emission in Section 4.

3.2. Spectral Evolution and Velocity Measurements

3.2.1. Comparisons to Early Spectra in the Literature

We obtained nine spectra of SN2018gep in the first five days
after discovery. These early spectra are shown in Figure 11, when
the effective temperature declined from 50,000K to 20,000K.
To our knowledge, our early spectra have no analogs in the
literature, in that there has never been a spectrum of a stripped-
envelope SN at such a high temperature (excluding spectra during
the afterglow phase of GRBs).37 Two of the earliest spectra in the
literature, one at D =t 2 days for Type Ic SN PTF10vgv (Corsi
et al. 2012) and one at D =t 3 days for Type Ic SN PTF12gzk
(Ben-Ami et al. 2012) are redder and exhibit more features than

Table 2
Radio Flux Density Measurements for SN2018gep

Start Time Δt Instrument ν fν Lν qFWHM Int. Time
(UTC) (days) (GHz) (μJy) (erg -s 1 -Hz 1) ″ (hr)

2018-09-12 17:54 3.6 AMI 15 <120 < ´2.9 1027 ´43.53 30.85 4
2018-09-23 15:35 14.5 AMI 15 <120 < ´2.9 1027 ´39.3 29.29 4
2018-10-20 14:01 41.4 AMI 15 <120 < ´2.9 1027 ´43.53 30.85 4
2018-09-15 02:33 6.0 SMA 230 <590 < ´1.4 1028 ´4.828 3.920 1.25
2018-09-14 01:14 4.9 VLA 9.7 34±4 ´8.3 1026 ´7.06 5.92 0.5
2018-09-25 00:40 15.9 VLA 9 24.4±6.8 ´6.0 1026 ´7.91 6.89 0.7
2018-09-25 00:40 15.9 VLA 14 26.8±6.8 ´6.6 1026 ´4.73 4.26 0.5
2018-11-23 13:30 75.4 VLA 9 <16 < ´3.9 1026 ´3.52 2.08 0.65
2018-11-23 13:30 75.4 VLA 14 <17 < ´4.2 1026 ´2.77 1.32 0.65

Note. For VLA measurements: the quoted errors are calculated as the quadrature sums of the image rms, plus a 5% nominal absolute flux calibration uncertainty.
When the peak flux density within the circular region is less than three times the rms, we report an upper limit equal to three times the rms of the image. For AMI
measurements: nondetections are reported as 3σ upper limits. For SMA measurements: nondetections are reported as a 1σ upper limit.

Figure 8. 3σ upper limits from GBM GRB search, which we performed for
three hours prior to t0. The red vertical bars indicate epochs when GBM was
not taking data due to passing through the South Atlantic Anomaly. The time of
t0 was estimated from a fit to the early data (Figure 7), and is 26±5 minutes
prior to the first detection.

Table 3
Physical Evolution of AT2018gep from Blackbody Fits

Dt L L1010( ) R (au) T (kK)

0.05 -
+0.04 0.02

0.04
-
+21 6

14
-
+13 4

5

0.48 -
+7.4 4.1

8.6
-
+22 5

7
-
+46 13

16

0.73 -
+4.5 2.8

5.5
-
+31 6

11
-
+35 11

12

1.0 -
+2.2 1.2

2.1
-
+46 9

18
-
+24 6

6

1.7 -
+3.5 2.1

4.2
-
+46 10

22
-
+27 8

9

2.7 -
+1.3 0.4

1.2
-
+78 20

22
-
+16 3

5

3.2 -
+3.5 1.3

2.2
-
+50 8

14
-
+26 5

6

3.8 -
+2.9 0.8

1.7
-
+56 11

11
-
+23 3

5

4.7 -
+1.7 0.3

0.7
-
+69 14

16
-
+18 2

3

5.9 -
+0.88 0.08

0.17
-
+100 21

14
-
+13 0

1

8.6 -
+0.46 0.06

0.08
-
+220 39

46
-
+7.4 0.5

0.6

9.6 -
+0.33 0.03

0.04
-
+200 24

33
-
+7.1 0.4

0.4

10.0 -
+0.31 0.03

0.04
-
+210 28

34
-
+6.9 0.4

0.4

11.0 -
+0.28 0.03

0.04
-
+220 33

35
-
+6.5 0.3

0.4

13.0 -
+0.25 0.03

0.04
-
+260 42

50
-
+5.8 0.3

0.3

14.0 -
+0.22 0.03

0.04
-
+270 47

60
-
+5.5 0.3

0.4

16.0 -
+0.17 0.03

0.04
-
+260 58

76
-
+5.3 0.5

0.5

18.0 -
+0.15 0.02

0.04
-
+300 64

77
-
+4.7 0.4

0.4

21.0 -
+0.11 0.02

0.03
-
+250 58

83
-
+4.7 0.4

0.4

25.0 -
+0.073 0.013

0.02
-
+240 85

95
-
+4.5 0.5

0.9

38.0 -
+0.034 0.007

0.012
-
+180 55

86
-
+4.2 0.5

0.6

(This table is available in machine-readable form.)

37 There is however a spectrum of a Type II SN at a comparable temperature:
iPTF13dqy was ~50, 000 K at the time of the first spectrum (Yaron et al.
2017).
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the spectrum of SN2018gep. We show the comparison in
Figure 11.

At D »t 4 days, a “W” feature emerges in the rest-frame
wavelength range 3800–4350Å. In the second-from-bottom
panel of Figure 11 we make a comparison to “W” features seen in
SN 2008D (e.g., Modjaz et al. 2009), which was a Type Ib SN
associated with an X-ray flash (Mazzali et al. 2008), and in a
typical pre-max stripped-envelope SLSN (Type I SLSN; Moriya
et al. 2018; Gal-Yam 2019b). The absorption lines are broadened
much more than in PTF12dam (Nicholl et al. 2013) and probably
more than in SN2008D as well. Finally, SN2018gep cooled more
slowly than SN2008D: only after 4.25 days did it reach the
temperature that SN 2008D reached after >2 days.

3.2.2. Origin of the “W” feature

The lack of comparison data at such early epochs (high
temperatures) motivated us to model one of the early spectra in
order to determine the composition and density profile of the
ejecta. We used the spectral synthesis code JEKYLL (Ergon et al.
2018), configured to run in steady state using a full NLTE
solution. An inner blackbody boundary was placed at a high
continuum optical depth (∼50), and the temperature at this
boundary was iteratively determined to reproduce the observed
luminosity. The atomic data used is based on what was specified
in Ergon et al. (2018), but has been extended as described in
Appendix C. We explored models with C/O (mass fractions:
0.23/0.65) and O/Ne/Mg (mass fractions: 0.68/0.22/0.07)

compositions taken from a model by Woosley & Heger (2007)38

and a power-law density profile, where the density at the inner
border was adjusted to fit the observed line velocities. Except for
the density at the inner border, various power-law indices were
also explored, but in the end an index of −9 worked out best.
Figures 12 and 13 show the model with the best overall

agreement with the spectra and the SED (as listed in Table 6
the spectrum was obtained at high airmass, making it difficult
to correct for telluric features). The model has a C/O
composition, an inner border at 22,000 km -s 1 (corresponding
to an optical depth of ∼50), a density of 4×10−12 g cm−3 at
this border, and a density profile with a power-law index of −9.
In Figure 12 we show that the model does a good job of
reproducing both the spectrum and the SED of SN2018gep. In
particular, it is interesting to note that the “W” feature seems to
arise naturally in C/O material at the observed conditions. A
similar conclusion was reached by Dessart (2019), whose
magnetar-powered SLSN-I models, calculated using the NLTE
code CMFGEN, show the “W” feature even when nonthermal
processes were not included in the calculation (as in our case).
In the model, the “W” feature mainly arises from the O II

2p2(3P)3 s 4P « 2p2(3P)3p 4D° (4639–4676Å), O II 2p2(3P)3 s
4P « 2p2(3P)3p 2D (4649Å), and O II 2p2(3P)3 s 4P «
2p2(3P)3p 4P° (4317–4357Å) transitions. The departure from
LTE is modest in the line-forming region, and the departure
coefficients for the O II states are small. The spectrum redward of
the “W” feature is shaped by carbon lines, and the features near
5700 and 6500Åarise from the C II 3 s 2S « 3p 2P° (6578,
6583Å) and C III 2s3p 1P° « 2s3d 1D (5696Å) transitions,
respectively. In the model, the C II feature is too weak, suggesting
that the ionization level is too high in the model. There is also a
contribution from the C III 2s3s 3S « 2s3p 3P° (4647–4651Å)
transition to the red part of the “W” feature, which could
potentially be what is seen in the spectra from earlier epochs. In

Figure 9. Evolution of blackbody properties (luminosity, radius, temperature)
over time compared to the Ic-BL SN iPTF16asu and the fast–luminous optical
transient AT2018cow. The light gray circles are derived from optical data
only. The outlined circles are derived from UV and optical data. Middle
panel: dotted line shows =v c0.1 . Note that ¹R 0 at t0, and instead

= = ´R t 0 3 10 cm14( ) . Due to the scaling of our plot we do not show the
radius evolution of AT2018cow, which drops from ´8 10 cm14 to 10 cm14 on
this timescale. Bottom panel: dotted horizontal line shows 5000 K, the
recombination temperature for carbon and oxygen. Once this temperature is
reached, the photosphere flattens out (and potentially begins to recede).

Figure 10. Rise to peak bolometric luminosity compared to other classes of
transients. Modified from Figure 1 in Margutti et al. (2019).

38 The model was divided into compositional zones by Jerkstrand et al. (2015)
and a detailed specification of the C/O and O/Ne/Mg zones is given in Table
D.2 therein.
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addition, there is a contribution from Si IV 4 s 2S« 4p 2P° (4090,
4117Å) near the blue side of the “W” feature, which produces a
distinct feature in models with lower velocities and which could
explain the observed feature on the blue side of the “W” feature.

In spite of the overall good agreement, there are also some
differences between the model and the observations. In particular
the model spectrum is bluer and the velocities are higher. These
two quantities are in tension and a better fit to one of them would
result in a worse fit to the other. As mentioned above, the
ionization level might be too high in the model, which suggests
that the temperature might be too high as well. It should be noted
that adding host extinction (which is assumed to be zero) or
reducing the distance (within the error bars) would help in making

the model redder (in the observer frame), and the latter would also
help in reducing the temperature. The (modest) differences
between the model and the observations could also be related to
physics not included in the model, like a nonhomologous velocity
field, departures from spherical asymmetry, and clumping.
The total luminosity of the model is 6.2×1043 erg s−1,

the photosphere is located at ∼33,000 km -s 1, and the temper-
ature at the photosphere is ∼17,500K, which is consistent with
the values estimated from the blackbody fits (although the
blackbody radius and temperature fits refer to the thermalization
layer). As mentioned, we have also tried models with an O/Ne/
Mg composition. However, these models failed to reproduce the
carbon lines redwards of the “W” feature. We therefore conclude
that the (outer) ejecta probably have a C/O-like composition,
and that this composition in combination with a standard power-
law density profile reproduces the spectrum of SN2018gep at the

Figure 12. Observed spectrum (red) at 4.2 days, compared to our model spectrum
(black) from the spectral synthesis code JEKYLL configured to run in steady state
using a full NLTE solution. The model has a C/O composition, an inner border at
22,000 km -s 1, a density of ´ - -4 10 g cm12 3, and a density profile with a power-
law index of −9. The absolute (but not relative) flux of the spectrum was calibrated
using the interpolated P48 g and r magnitudes. We also show the O II, C II, C III,
and Si IV lines discussed in the text shifted to the velocity of the model photosphere.

Figure 13. Comparison of model (filled circles) and observed (unfilled circles)
mean fluxes through the Swift UVW1 (blue), UVM2 (green), UVW2 (red), and
the SDSS u (black), g (green), and r (red) filters. We also show the model
spectrum in black.

Figure 11. Top panel: spectra of SN2018gep taken in the first five days. Broad
absorption features are consistent with ionized carbon and oxygen, which
evolve redward with time. Second-from-top panel: an early spectrum of 18gep
compared to spectra from other stellar explosions at a comparable phase.
Second-from-bottom panel: the spectrum at D =t 4.2 days shows a “W”

feature, which we compare to similar “W” features seen in an early spectrum of
SN2008D from Modjaz et al. (2009), and a typical pre-max spectrum of a
SLSN-I (PTF12dam, from Nicholl et al. 2013). We boost the SLSN spectrum
by an additional expansion velocity of ∼15,000 km s−1, and apply reddening
of - =E B V 0.63( ) to SN 2008D. Weak features in the red are also similar to
what are seen in PTF12dam, and are consistent with arising from CII and CIII
lines, following the analysis of Gal-Yam (2019a). The lack of narrow carbon
features as well as the smooth spectrum below 3700 Å suggest a large velocity
dispersion leading to significant line broadening, compared to the intrinsically
narrow features observed in SLSNe-I (Gal-Yam 2019a; Quimby et al. 2018).

11

The Astrophysical Journal, 887:169 (24pp), 2019 December 20 Ho et al.

119



observed conditions (luminosity and velocity) 4.2 days after
explosion.

In our model, the broad feature seen in our Swift UVOT
grism spectrum is dominated by the strong Mg II (2796,
2803Å) resonance line. However, a direct comparison is not
reliable because the ionization is probably lower at this epoch
than what we consider for our model.

3.2.3. Photospheric Velocity from Ic-BL Spectra

At D t 7.8 days, the spectra of SN2018gep qualitatively
resemble those of a stripped-envelope SN. We measure
velocities using the method in Modjaz et al. (2016), which
accommodates blending of the Fe II λ5169 line (which has
been shown to be a good tracer of photospheric velocity;
Branch et al. 2002) with the nearby Fe II λλ4924, 5018 lines.

At earlier times, when the spectra do not resemble typical Ic-
BL SNe, we use our line identifications of ionized C and O to
measure velocities. As shown in Figure 14, the velocity
evolution we measure is comparable to that seen in Ic-BL SNe
associated with GRBs (more precisely, low-luminosity GRBs;
LLGRBs) which are systematically higher than those of Ic-BL
SNe lacking GRBs (Modjaz et al. 2016). However, as
discussed in Section 2.7, no GRB was detected.

3.3. Properties of the Host Galaxy

We infer a star formation rate of  -M0.09 0.01 yr 1
 from

the Hα emission line using the Kennicutt (1998) relation
converted to use a Chabrier initial mass function (IMF);
(Chabrier 2003; Madau & Dickinson 2014). We note that this
is a lower limit as the slit of the Keck observation did not enclose
the entire galaxy. We estimate a correction factor of 2–3: the slit
diameter in the Keck spectra was 1 0, and the extraction radius
was~ 1. 75 in the February observation and~ 1.21 in the March
observation. The host diameter is roughly 4″.

We derive an electron temperature of -
+13, 100 K1000

900 from
the flux ratio between [O III] λ4641 and [O III] λ5007, using the
software package PYNEB version 1.1.7 (Luridiana et al. 2015).
In combination with the flux measurements of [O II] ll 3226,
3729, [O III] λ4364, [O III] λ4960, [O III] λ5008, and Hβ, we
infer a total oxygen abundance of -

+8.01 0.09
0.10 (statistical error;

using Equations (3) and (5) in Izotov et al. 2006). Assuming a
solar abundance of 8.69 (Asplund et al. 2009), the metallicity
of the host is ∼20% solar.
We also compute the oxygen abundance using the strong-

line metallicity indicator O3N2 (Pettini & Pagel 2004) with the
updated calibration reported in Marino et al. (2013). The
oxygen abundance in the O3N2 scale is  8.05 0.01 stat( )
0.10 sys( ).39

We also estimate mass and star formation rate by modeling
the host SED; see Appendix D for a table of measurements, and
details on where we obtained them. We use the software
package LEPHARE version 2.2 (Arnouts et al. 1999; Ilbert et al.
2006). We generated 3.9×106 templates based on the

Bruzual & Charlot (2003) stellar population synthesis models
with the Chabrier IMF (Chabrier 2003). The star formation
history (SFH) was approximated by a declining exponential
function of the form ttexp ( ), where t is the age of the stellar
population and τ the e-folding timescale of the SFH (varied in
nine steps between 0.1 and 30 Gyr). These templates were
attenuated with the Calzetti attenuation curve (Calzetti et al.
2000) varied in 22 steps from - =E B V 0( ) to 1 mag.
As shown in Figure 15, the SED is well characterized by a

galaxy mass of = -
+M Mlog 8.11 0.08

0.07
 and an attenuation-

corrected star formation rate of -
+ -M0.12 yr0.05

0.08 1
 . The derived

star formation rate is comparable to the measurement inferred
from Hα. The attenuation of the SED is marginal, with

- =E B V 0.05star( ) , and consistent with the negligible
Balmer decrement (Section 2.8).
Figure 16 shows that the host galaxy of SN2018gep is even

more low-mass and metal-poor than the typical host galaxies of Ic-
BL SNe, which are low-mass and metal-poor compared to the
overall core-collapse SN population. The figure uses data for 28 Ic-
BL SNe from PTF and iPTF (Modjaz et al. 2019; Taddia et al.
2019) and a sample of 11 long-duration GRBs (including
LLGRBs, all at z<0.3). We measured the emission lines from
the spectra presented in Taddia et al. (2019) and used line
measurements reported in Modjaz et al. (2019) for objects with
missing line fluxes. The photometry was taken from S. Schulze
et al. (2019, in preparation). Photometry and spectroscopy were
taken from a variety of sources.40 The oxygen abundances were
measured in the O3N2 scale like for SN2018gep and their SEDs
were modeled with the same set of galaxy templates. For reference,
the mass and SFR of the host of AT2018cow was ´ M1.4 109


and -M0.22 yr 1

 , respectively (Perley et al. 2019). The mass and
SFR of the host of iPTF16asu was ´-

+ M4.6 102.3
6.5 8

 and
-M0.7 yr 1

 , respectively (Whitesides et al. 2017).

Figure 14. Velocity evolution over time as measured from spectral absorption
features. Open symbols for SN2018gep come from C/O velocities measured from
line minima. Closed symbols come from the Fe II feature in the Ic-BL spectra. The
velocities are comparable to those measured for Ic-BL SNe associated with low-
luminosity GRBs (LLGRBs). The velocity evolution for SN2017iuk is taken from
Izzo et al. (2019). Velocities for iPTF16asu are taken from Whitesides et al.
(2017). Velocities for the other Ic-BL SNe are taken from Modjaz et al. (2016) and
shifted from V-band max using data from Galama et al. (1998), Campana et al.
(2006), Malesani et al. (2004), and Bufano et al. (2012).

39 Note, the oxygen abundance of SN2018gepʼs host lies outside of the
domain calibrated by Marino et al. (2013). However, we will use the
measurement from the O3N2 indicator only to put the host in context of other
galaxy samples that are on average more metal enriched.
40 Gorosabel et al. (2005), Bersier et al. (2006), Margutti et al. (2007),
Ovaldsen et al. (2007), Kocevski et al. (2007), Thöne et al. (2008),
Michałowski et al. (2009), Han et al. (2010), Levesque et al. (2010), Starling
et al. (2011), Hjorth et al. (2012), Thöne et al. (2014), Schulze et al. (2014),
Krühler et al. (2015), Stanway et al. (2015), Toy et al. (2016), Izzo et al.
(2017), and Cano et al. (2017).
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4. Interpretation

In Sections 2 and 3, we presented our observations and basic
inferred properties of SN2018gep and its host galaxy. Now we
consider what we can learn about the progenitor, beginning
with the power source for the light curve.

4.1. Radioactive Decay

The majority of stripped-envelope SNe have light curves
powered by the radioactive decay of Ni56 . As discussed in Kasen
(2017), this mechanism can be ruled out for light curves that rise
rapidly to a high peak luminosity, because this would require the
unphysical condition of a nickel mass that exceeds the total ejecta
mass. With a peak luminosity exceeding -10 erg s44 1 and a rise to
peak of a few days, SN2018gep clearly falls into the disallowed
region (see Figure 1 in Kasen 2017). Thus, we rule out radioactive
decay as the mechanism powering the peak of the light curve.

We now consider whether radioactive decay could dominate the
light curve at late times (t tpeak ). The left panel of Figure 17
shows the bolometric light curve of SN2018gep compared to
several other Ic-BL SNe from the literature (Cano 2013), whose
light curves are thought to be dominated by the radioactive decay
of Ni56 (although see Moriya et al. 2017 for another possible
interpretation). The luminosity of SN2018gep at ~t 20 days is
about half that of SN1998bw, and double that of SN2010bh and
SN2006aj. By modeling the light curves of the three Ic-BL SNe
shown, Cano (2013) infers nickel masses of 0.42 M, 0.12 M,
and 0.21 M, respectively. On this scale, SN2018gep has

~M 0.1Ni – M0.2 .
The right panel of Figure 17 shows the light curve of

SN2018gep compared to that of AT2018cow (Perley et al. 2019).
To estimate the nickel mass of AT2018cow, Perley et al. (2019)
compared the bolometric luminosity at ~t 20 days to that of
SN2002ap (whose nickel mass was derived via late-time nebular
spectroscopy; Foley et al. 2003) and found <M M0.05Ni . On
this scale, we would expect M M0.05Ni  for SN2018gep
as well.

Finally, Katz et al. (2013) and Wygoda et al. (2019) present
an analytical technique for testing whether a light curve is
powered by radioactive decay. At late times, the bolometric
luminosity is equal to the rate of energy deposition by

radioactive decay Q(t), because the diffusion time is much
shorter than the dynamical time: =L t Q tbol ( ) ( ). At any given
time, the energy deposition rate Q(t) is

= - +g
-Q t Q t e Q t1 1t t

pos0
2( ) ( )( ) ( ) ( )( )

where gQ t( ) is the energy release rate of gamma-rays and t0 is
the time at which the ejecta becomes optically thin to gamma-
rays. The expression for gQ t( ) is

= +g
-

- - 2
Q t M

M
e e

10 erg s
6.45 1.38 .t t

43 1
Ni 8.76 days 111.4 days ( )

( )
( )



Q tpos( ) is the energy deposition rate of positron kinetic energy,
and the expression is

= - +
-

- -Q t M

M
e e

10 erg s
4.64 . 3t tpos

41 1
Ni 8.76 days 111.4 days( )

( ) ( )


The dotted line in Figure 17 shows a model track with
=M M0.28Ni  and =t 30 days0 . Lower nickel masses

produce tracks that are too low to reproduce the data, and

Figure 15. The spectral energy distribution of the host galaxy of SN2018gep
from 1000 to 60000Å and the best fit (solid line) in the observer frame. Filled
data points represent photometric measurements. The error bars in the “x”
direction indicate the FWHM of each filter response function. The open data
points signify the model-predicted magnitudes. The quoted values of the host
properties represent the median values and the corresponding 1σ errors.

Figure 16. Top: BPT diagram. The host of SN2018gep is a low-metallicity
galaxy with an intense ionizing radiation field (green shaded region indicates
extreme emission line galaxies). The majority of Ic-BL SNe and long-duration
GRBs are found in more metal enriched galaxies (parameterized by [N II]/Hα),
and galaxies with less intense radiation fields (parameterized by [O III]/Hα).
Field galaxies from SDSS DR15 are shown as a background density
distribution. The thick solid line separates star formation– and AGN-dominated
galaxies (Kewley et al. 2001). The thick dashed lines encircle the region of
composite galaxies (Kauffmann et al. 2003). Bottom: the mass–metallicity–star
formation-rate plane. The bulk of the SN-Ic-BL and GRB host populations are
found in hosts that are more metal enriched. For reference, the host of
AT2018cow had - ´ »Mlog 0.33 logSFR 9.4. The black line is the
fundamental metallicity relation in Mannucci et al. (2010).
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larger values of t0 produce tracks that drop off too rapidly. Thus
on this scale it seems that ~M M0.3Ni , similar to other Ic-BL
SNe (Lyman et al. 2016). Because the data have not yet
converged to model tracks, we cannot solve directly for t0 and
MNi using the technique for Ia SNe in Wygoda et al. (2019).
We can also try to solve directly for t0 and MNi using the

technique for Ia SNe in Wygoda et al. (2019). The first step is
to solve for t0 using Equation (1) and a second equation
resulting from the fact that the expansion is adiabatic,

ò ò¢ ¢ ¢ = ¢ ¢ ¢Q t t dt L t t dt . 4
t t

0 0
bol( ) ( ) ( )

The ratio of Equation (1) to Equation (4) removes the
dependence on MNi, and enables t0 to be measured. However,
as shown in Figure 18, the data have not yet converged to model
tracks.

4.2. Interaction with Extended Material

One way to power a rapid and luminous light curve is to
deposit energy into CSM at large radii (Nakar & Sari 2010; Nakar
& Piro 2014; Piro 2015). Since this is a Ic-BL SN, we expect the
progenitor to be stripped of its envelope and therefore compact
( ~ ~R R0.5 10 cm;10

 Groh et al. 2013), although there have
never been any direct progenitor detections for a Ic-BL SN.

With this expectation, extended material at larger radii would
have to arise from mass loss. This would not be surprising, as
massive stars are known to shed a significant fraction of their mass
in winds and eruptive episodes; see Smith (2014) for a review.

First we perform an order-of-magnitude calculation to see
whether the rise time and peak luminosity could be explained
by a model in which shock interaction powers the light curve
(“wind shock breakout”). Assuming that the progenitor ejected
material with a velocity vw at a time t prior to explosion, the
radius of this material at any given time is
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where vs is the velocity of the shock. The shock heats the CSM
with an energy density that is roughly half of the kinetic energy
of the shock, so r~e v1 2 2s s
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assuming a constant density. Thus, for shock velocities on the
order of the observed photospheric radius expansion (0.1c), and
a CSM radius on the order of the first photospheric radius that
we measure ( ´3 10 cm14 ), it is easy to explain the rise time
and peak luminosity that we observe.
To test whether shock breakout (and subsequent post-shock

cooling) can explain the evolution of the physical properties we
measured in Section 3, we ran one-dimensional numerical
radiation hydrodynamics simulations of an SN running into a
circumstellar shell with CASTRO (Almgren et al. 2010; Zhang
et al. 2011). We assume spherical symmetry and solve the
coupled equations of radiation hydrodynamics using a gray
flux-limited nonequilibrium diffusion approximation. The setup
is similar to the models presented in Rest et al. (2018) but with
parameters modified to fit SN2018gep.
The ejecta is assumed to be homologously expanding,

characterized by a broken power-law density profile, an ejecta
mass Mej, and energy Eej. The ejecta density profile has an inner
power-law index of n=0 (that is, r µ -r r n( ) ) then steepens to
an index n=10, as is appropriate for core collapse SN
explosions (Matzner & McKee 1999). The circumstellar shell is
assumed to be uniform in density with radius RCSM and mass
MCSM. We adopt a uniform opacity of k = 0.2 cm2 g−1, which
is characteristic of hydrogen-poor electron scattering.

Figure 17. The bolometric light curve of SN2018gep compared to (left) other
Ic-BL SNe from the literature (Cano 2013) and (right) to AT2018cow (Perley
et al. 2019). The dotted line shows the expected contribution from the
radioactive decay of Ni56 , for a gamma-ray escape time of 30 days and
MNi=0.28 M. In order of decreasing Lbol, the three Ic-BL SNe are
SN1998bw, SN2010bh, and SN2006aj. Figure 18. To test whether a light curve is powered by radioactive decay, the

ratio of the bolometric luminosity to the time-weighted integrated bolometric
luminosity should converge to model tracks, as described in Katz et al. (2013)
and Wygoda et al. (2019). This enables a direct measurement of the gamma-ray
escape time t0 and the nickel mass MNi. However, our data have not converged
to these tracks, suggesting that either radioactive decay is not dominant, or that
we are not yet in a phase where we can perform this measurement.

14

The Astrophysical Journal, 887:169 (24pp), 2019 December 20 Ho et al.

122



The best-fit model, shown in Figure 19, used the following
parameters: =M M8ej , = ´E 2 10 ergej

52 , =M M0.02CSM ,
and = ´R 3 10 cmCSM

14 . The inferred kinetic energy is
consistent with typical values measured for Ic-BL SNe (e.g., Cano
et al. 2017; Taddia et al. 2019), and RCSM is similar in value to the
first photospheric radius we measure (at D =t 0.05 day; see
Figure 9).

The inferred values presented here are likely uncertain to
within a factor of a few, given the degeneracies of the rise time
and peak luminosity with the CSM mass and radius.
Qualitatively, a larger CSM radius will result in a higher peak
luminosity and longer rise time. The peak luminosity is
relatively independent of the CSM mass, which instead affects
the photospheric velocity and temperature (i.e., a larger CSM
mass slows down the post-interaction velocity to a greater
extent and increases the shock-heated temperature). A full
discussion of the dependencies of the light curve and photo-
spheric properties on the CSM parameters will be presented in
an upcoming work (D. Khatami et al. 2019, in preparation.).
In this framework, the shockwave sweeps through the CSM

prior to peak luminosity, so that at maximum luminosity the outer
parts of the CSM have been swept into a dense shell moving at
SN-like velocities ( »-v v3 4spost shock ). This scenario was laid
out in Chevalier & Irwin (2011) and discussed in Kasen (2017).
This explains the high velocities we measure at early times and
the absence of narrow emission features in our spectra. For
another discussion of the absence of narrow emission lines due to
an abrupt cutoff in CSM density, see Moriya & Tominaga
(2012). Following Chevalier & Irwin (2011), the rapid rise
corresponds to shock breakout from the CSM, and begins at a
time R vCSM sh after the explosion, where vsh is the velocity of the
shock. The time to peak luminosity (1.2 days) is longer than this
delay time by a factor (R Rw d). Given the best-fit = ´R 3w
10 cm14 , and assuming ~R Rd w, we find =v c0.1sh , and an
explosion time ~1 day prior to t0. This model also predicts an
increasing temperature while the shock breaks out (i.e., during the
rise to peak bolometric luminosity).

Other Ic SNe have shown early evidence for interaction in their
light curves, but in other cases the emission has been attributed to
post-shock cooling in expanding material rather than shock
breakout itself. For example, the first peak observed in iPTF14gqr
(De et al. 2018) was short-lived (2 days) and attributed to
shock-cooling emission from material stripped by a compact
companion. iPTF14gqr is different in a number of ways from
SN2018gep: the spectra showed high-ionization emission lines,
including He II, and the explosion had a much smaller kinetic
energy ( »E 10 ergK

50 ) and smaller velocities (10,000 km -s 1).
The main peak in iPTF16asu was also modeled as shock-cooling
emission rather than shock breakout (Whitesides et al. 2017).

Under the assumption that the light curve represented post-
shock cooling emission, De et al. (2018) and Whitesides et al.
(2017) both used one-zone analytic models from Piro (2015) to
estimate the properties of the explosion and the CSM. This
approximation assumes that the emitting region is a uniformly
heated expanding sphere. In iPTF14gqr the inferred properties of
the extended material were ~ ´ -M M8 10e

3
 at ~ ´R 3e

10 cm13 . In iPTF16asu the inferred properties of the extended
material were ~M M0.45e  at ~ ´R 1.7 10 cme

12 . The fit
also required a more energetic explosion than iPTF14gqr
( ´4 10 erg51 ). By applying the same framework to the decline
of the bolometric light curve of SN2018gep, we arrive at similar
values to those inferred for iPTF16asu, as shown in Figure 20.

We model the main peak of SN2018gep as shock breakout
rather than post-shock cooling emission. Our motivation for
this choice is that the timescale over which we detect the
precursor emission is more consistent with a large radius and
lower shell mass. From the shell mass and radius, we can also
estimate the mass-loss rate immediately prior to explosion,
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For our best-fit parameters =M M0.02sh  and = ´R 3sh

10 cm14 , and taking = -v 1000 km sw
1, we find »M

-M0.6 yr 1
 , 4–6 orders of magnitude higher than what is

typically expected for Ic-BL SNe (Smith 2014).
In the shock breakout model, the shock sweeps through

confined CSM and passes into lower density material. Thus, it is
not surprising that we do not observe the X-ray or radio emission
that would indicate interaction with high-density material. From
our VLA observations of SN2018gep, the radio flux marginally
decreased from D =t 5 days to D =t 75 days. This could be
astrophysical, but could also be instrumental (change in beam
size due to change in VLA configuration). Using the relation of
Murphy et al. (2011), the estimated contribution from the host
galaxy (for an SFR of -

+ -M0.12 yr0.05
0.08 1

 ; see Section 3.3) is
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Taking a spectral index of −0.7 (a synchrotron spectrum), the
expected 9GHz luminosity would be between ´3.0

- -10 erg s Hz26 1 1 and ´ - -8.6 10 erg s Hz26 1 1. From Table 2,

Figure 19. Best-fit CSM interaction model with the light curve of the Ic-BL
SN 2010bh (Cano 2013) scaled up by a factor of two. The model parameters
are =M M8ej , = ´E 2 10 ergej

52 , =M M0.02CSM , and = ´R 3CSM

10 cm14 . As in Figure 9, the outlined circles are derived from UV and optical
data, while the light gray circles are derived from optical data only.
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the measured spectral luminosity is ´ - -8.3 10 erg s Hz26 1 1 (at
10 GHz) in the first epoch, and ´ - -6 10 erg s Hz26 1 1 (at 9 GHz)
in the second epoch. The slit covering fraction of our LRIS
observations is again relevant here; as discussed in Section 3.3,
the true SFR is likely a factor of a few higher than what we
inferred from modeling the galaxy SED. So, it is plausible that the
first two radio detections are entirely due to the host galaxy.

In the third epoch, the luminosity (at 9 GHz) is
< ´ - -3.9 10 erg s Hz26 1 1, although the difference from the
first two epochs may be due to the different array configuration.
Taking the peak of the 9–10 GHz light curve to be

´ - -8.3 10 erg s Hz26 1 1 at D »t 5 days, Figure 21 shows that
SN2018gep would be an order of magnitude less luminous in
radio emission than any other Ic-BL SN. If the luminosity truly
decreased, then the implied mass-loss rate is ~ ´ -M 3 10 6 ,
consistent with the idea that the shock has passed from
confined CSM into much lower density material.

If the emission is constant and due entirely to the host
galaxy, the point shown in Figure 21 is an upper limit in
luminosity. Assuming that the peak of the SED of any radio
emission from the SN is not substantially different from the
frequencies we measure (i.e., that the spectrum is not self-
absorbed at these frequencies), we have a limit on the 9 GHz
radio luminosity of - -L 10 erg s Hzp

27 1 1 atD »t 5–15 days.
The shell mass and radius also give an estimate of the optical

depth: t k» » > >M r 100 12 , which means that the shell
would be optically thick. The lack of detected X-ray emission
is consistent with the expectation that any X-ray photons
produced in the collision would be thermalized by the shell and
reradiated as blackbody emission.

Finally, assuming that the rapid rise to peak is indeed caused
by shock breakout, we examine whether our model is
consistent with our detections in the weeks prior to explosion.
Material ejected 10 days prior to the explosion at the escape
velocity of a Wolf-Rayet star ( ~ -v 1000 km sesc

1) would lie at
~R 10 cm14 , which is consistent with our model. Assuming

that the emission mechanism is internal shocks between shells
of ejected material traveling at different velocities, we can
estimate the amount of mass required:

t=Mv L
1

2
102 ( )

where » -v 1000 km s 1, » 0.5 is the efficiency of thermalizing
the kinetic energy of the shells, M is the shell mass, »L

-10 erg s39 1 is the luminosity we observe, and t » 10 days is the
timescale over which we observe the emission. We find »M

M0.02 , again consistent with our model.
We conclude that the data are consistent with a scenario in

which a compact Ic-BL progenitor underwent a period of eruptive
mass loss shortly prior to explosion. In the terminal explosion, the
light curve was initially dominated by shock breakout through
(and post-shock cooling of) this recently ejected material.
Finally, we return to the question of the emission detected in

the first few minutes, which showed an inflection point prior to
the rapid rise to peak (Figure 2). Given the pre-explosion
activity and inference of CSM interaction, it is not surprising
that the rise is not well-modeled by a simple quadratic function.
One possibility is that we are seeing ejecta already heated from
earlier precursor activity. Another possibility is that we are
seeing the effects of a finite light travel time. For a sphere of

~ ´R 3 10 cm14 , the light-crossing time is ∼20 minutes. The
slower rising phase could represent the time for photons to
reach us across the extent of the emitting sphere.
In Table 4, we summarize the key properties inferred from

Section 4.

5. Comparison to Unclassified Rapidly Evolving Transients
at High Redshift

In terms of the timescale of its light curve evolution,
SN2018gep is similar to AT2018cow in fulfilling the criteria
that optical surveys use to identify rapidly evolving transients
(e.g., Drout et al. 2014; Tanaka et al. 2016; Pursiainen et al.
2018). However, there are a number of ways in which
SN2018gepis more of a “typical” member of these populations

Figure 20. Estimated CSM and explosion properties using models from Piro
(2015). The shell mass is much larger than the one in iPTF14gqr, which is the
reason for the more extended shock-cooling peak.

Figure 21. The radio luminosity of SN2018gep compared to AT2018cow and
radio-loud Ic-BL SNe (assuming = =  1 3e B , see Chevalier 1998; Soder-
berg et al. 2010; Ho et al. 2019). Lines of constant mass-loss rate (scaled to
wind velocity) are shown in units of - - -M10 yr 1000 km s4 1 1

 . The radio
luminosity for GRB 171205A was taken from VLA observations reported by
Laskar et al. (2017), but we note that this is a lower limit in luminosity and in
peak frequency because the source was heavily self-absorbed at this epoch.
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than AT2018cow. In particular, SN2018gep has an expanding
photospheric radius and declining effective temperature. By
contrast, one of the challenges in explaining AT2018cow as a
stellar explosion was its nearly constant temperature (persistent
blue color) and declining photospheric radius. In Figure 22 we
show these two different kinds of evolution as very different
tracks in color–magnitude space. We also show a late-time
point for KSN2015K (Rest et al. 2018), which shows blue
colors even after the transient had faded to half-max. The mass-
loss rate inferred for Rest et al. (2018) was ´ - -M2 10 yr3 1

 .
Of the PS-1 events, most appear to expand, cool, and redden

with time (Drout et al. 2014). That said, there are few coeval data
points in multiple filters, even in the gold sample transients. The
transients are also faint; all but one lie at >z 0.1. Of the DES
sample, most also show evidence for declining temperatures and
increasing radii, although three show evidence of a constant
temperature and decreasing radius: 15X3mxf, 16X1eho, and
15C3opk. The peak bolometric luminosities for these three
transients are reported as ´ -3 10 erg s43 1, ´ -9 10 erg s43 1, and
´ -5 10 erg s43 1, respectively (Pursiainen et al. 2018).
To estimate a rate of Ic-BL SNe that have a light curve

powered by shock breakout, we used the sample of 25 nearby
(z<0.1) Ic-BL SNe from PTF (Taddia et al. 2019), because
these were found in an untargeted survey. Of these, we could
not draw a conclusion about eight (either because the peak was
not resolved or there was no multicolor photometry available
around peak, or both). The remaining clearly lacked the rise
time or blue colors of SN2018gep. Furthermore, SN2018gep is
unique among the sample of 12 nearby (z<0.1) Ic-BL SNe
from ZTF discovered so far, which will be presented in a
separate publication. From this, we estimate that the rate of Ic-
BL SNe with a main peak dominated by shock breakout is no
more than 10% of the rate of Ic-BL SNe.

6. Summary and Future Work

In this paper, we presented an unprecedented data set that
connects late-stage eruptive mass loss in a stripped massive star
to its subsequent explosion as a rapidly rising luminous
transient. Here we summarize our key findings:

1. High-cadence dual-band observations with ZTF (six obser-
vations in 3 hr) captured a rapid rise (1.4± 0.1mag hr−1) to
peak luminosity, and a corresponding increase in temper-
ature. This rise rate is second only to that of SN 2016gkg
(Bersten et al. 2018), which was attributed to shock breakout
in extended material surrounding a Type IIb progenitor.
However, the signal in SN2018gep is two magnitudes more
luminous.

2. A retrospective search in ZTF data revealed clear
detections of precursor emission in the days and months
leading up to the terminal explosion. The luminosity of

these detections (M=−14) and evidence for variability
suggests that they arise from eruptive mass loss, rather
than the luminosity of a quiescent progenitor. This is the
first definitive pre-explosion detection of a Ic-BL SN.

3. The bolometric light curve peaks after a few days at
> ´ -3 10 erg s44 1. At late times, a power-law and an
exponential decay are both acceptable fits to the data.

4. The temperature rises to 50,000 K in the first day, then
declines as -t 1 then flattens at 5000 K, which we attribute
to recombination of carbon and oxygen.

5. The photosphere expands at =v c0.1 , and flattens once
recombination sets in.

6. We obtained nine spectra in the first five days of the
explosion, as the effective temperature declined from
50,000 K to 20,000 K. To our knowledge, these represent
the earliest-ever spectra of a stripped-envelope SN, in
terms of temperature evolution.

7. The early spectra exhibit a “W” feature similar to what has
been seen in stripped-envelope superluminous SNe. From
an NLTE spectral synthesis model, we find that this can be
reproduced with a carbon and oxygen composition.

8. The velocities inferred from the spectra are among the
highest observed for stripped-envelope SNe, and are most
similar to the velocities of Ic-BL SNe accompanied
by GRBs.

9. The host galaxy has a star formation rate of 0.12 M
-yr 1,

and a lower mass and lower metallicity than galaxies
hosting GRB-SNe, which are low-mass and low-
metallicity compared to the overall CC SN population.

10. The early light curve is best described by shock breakout
in extended but confined CSM, with =M M0.02  at

= ´R 3 10 cm14 . The implied mass-loss rate is
-M0.6 yr 1

 in the days leading up to the explosion,
consistent with our detections of precursor emission.
After the initial breakout, the shock runs through CSM of
much lower density, hence the lack of narrow emission
features and lack of strong radio and X-ray emission.

11. Although SN2018gep is similar to AT2018cow in terms
of its bolometric light curve, it has a very different color
evolution. In this sense, the “rapidly evolving transients”

Table 4
Key Model Properties of SN2018gep

Parameter Value Notes

trise 1.2 days
ESN ´2 10 erg52

Mej 8 M

MCSM 0.02 M

RCSM ´3 10 cm14

M -M0.6 yr 1
 Assuming = -v 1000 km sw

1

MNi <0.2–0.3 M

Figure 22. A “color–magnitude” diagram of AT2018cow and SN2018gep,
showing the evolution of color with time from first light (t0). Like AT2018cow,
the fast transient KSN2015K stayed persistently blue even after it had faded to
half-maximum. SN2018gep has more typical SN evolution, reddening with
time (cooling in temperature).
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in the PS-1 and DES samples are more similar to
SN2018gep than to AT2018cow.

12. The late-time light curve seems to require an energy
deposition mechanism distinct from shock interaction.
Radioactive decay is one possibility, but further monitoring
is needed to test this.

The code used to produce the results described in this
paper was written in Python and is available online in an
open-source GitHub repository41 and it is archived on Zenodo
(doi:10.5281/zenodo.3534067). When the paper has been
accepted for publication, the data will be made publicly
available via WISeREP, an interactive repository of supernova
data (Yaron & Gal-Yam 2012).
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Appendix

In Appendix A we provide the full set of optical and UV
photometry and the blackbody fits to this photometry. In
Appendix B we provide the log of optical and UV spectroscopic
observations, as well as a figure showing all of our optical
spectra. In Appendix C we include more details about the atomic
data used for our spectral modeling. In Appendix D we show the
spectrum, line-flux measurements, and photometry that was used
to derive the properties of the host galaxy.

Appendix A
UV and Optical Photometry

Here we provide our optical and UV photometry (Table 5)
and the blackbody fits to this photometry used to derive the
photospheric evolution (Figure 23).41 https://github.com/annayqho/SN2018gep
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Figure 23. Blackbody fits to Swift/UVOT and optical photometry for SN2018gep. Since the UVOT and ground-based observations were taken at slightly different
epochs, we interpolated the data in time using UVOT epochs at early times and LT epochs at later times.

Table 5
Optical and Ultraviolet Photometry for SN2018gep

Date (JD) Δt Instrument Filter AB Mag
Error in
AB Mag

2458370.6634 0.02 P48+ZTF r 20.48 0.26
2458370.6856 0.04 P48+ZTF g 19.70 0.14
2458370.6994 0.05 P48+ZTF g 19.34 0.11
2458370.7153 0.07 P48+ZTF g 18.80 0.08
2458370.7612 0.11 P48+ZTF r 18.36 0.08
2458370.7612 0.11 P48+ZTF r 18.36 0.08
2458371.6295 0.98 P60+SEDM r 16.78 0.01
2458371.6323 0.99 P60+SEDM g 16.39 0.02
2458371.6351 0.99 P60+SEDM i 17.01 0.01
2458371.6369 0.99 P48+ZTF r 16.83 0.03
2458371.6378 0.99 P48+ZTF r 16.81 0.04

Note. Table 5 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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Appendix B
UV and Optical Spectroscopy

The observation log of our UV and optical spectra is
provided in Table 6. A plot showing the full sequence of
optical spectrais shown in Figure 24.

Figure 24. Ground-based optical spectra of SN2018gep. The light gray represents the observed spectrum, interpolating over host emission lines and telluric features.
The black line is a Gaussian-smoothed version of the spectrum, using a Gaussian width that is several times the width of a galaxy emission line at that resolution. For
more details on the smoothing procedure, see Section 2.1 of Ho et al. (2017).
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Appendix C
Atomic Data for Spectral Modeling

The atomic data used for the spectral modeling in Section 3.2
is the same as described in Appendix A.4 of Ergon et al.
(2018), but with the following modifications. The stage II-IV
ions were (whenever possible) updated to include at least 50
levels for N, Na, Al, Ar, and Ca, at least 100 levels for C, O,
Ne, Mg, Si, and S, and at least 300 levels for Sc, Ti, V, Cr, Mn,
Fe, Co, and Ni. In addition we updated the C II–C IV and O II–
O III ions with specific recombination rates from the online
table by S. Nahar.42

Appendix D
Data for Measuring Host Properties

In this section we provide the data that we used to derive
properties of the host galaxy of SN2018gep: the host-galaxy
spectrum (Figure 25), line fluxes extracted from this spectrum
(Table 7), and host-galaxy photometry (Table 8).

Table 6
Log of SN2018gep Optical Spectra

Start Time (UTC) Δt Instrument Exp. Time (s) Airmass

2018 Sep 09 20:30:01 0.7 LT+SPRAT 1200 1.107
2018 Sep 10 04:28:51 1.0 P200+DBSP 600 1.283
2018 Sep 10 21:03:42 1.7 LT+SPRAT 900 1.182
2018 Sep 11 04:59:19 2.0 P200+DBSP 600 1.419
2018 Sep 11 20:22:35 2.7 LT+SPRAT 900 1.107
2018 Sep 12 06:09:59 3.1 P200+DBSP
2018 Sep 13 03:52:58 4.0 P200+DBSP 300 1.209
2018 Sep 13 09:17:25 4.2 Keck I+LRIS 300 3.483
2018 Sep 14 02:44:24.24 4.8 DCT+Deveny+LMI 300 1.11
2018 Sep 17 04:38:40 8.0 P60+SEDM 1440 1.435
2018 Sep 17 20:40:25.750 8.7 NOT+ALFOSC 1800 1.19
2018 Sep 18 05:21:58 9.1 P200+DBSP 600 1.720
2018 Sep 18 20:14:35 9.7 LT+SPRAT 1000 1.143
2018 Sep 21 11:15:10 12.3 XLT+BFOSC 3000 1.181
2018 Sep 21 20:58:21 12.7 LT+SPRAT 1000 1.293
2018 Sep 25 11:16:43 16.3 XLT+BFOSC 3000 1.225
2018 Sep 26 20:22:54 17.7 LT+SPRAT 1000 1.242
2018 Sep 27 02:42:29 17.9 P60+SEDM 1440 1.172
2018 Oct 02 04:34:35 23.0 P200+DBSP 600 1.780
2018 Nov 09 05:26:17 61.1 Keck I+LRIS 900 3.242

Note. Gratings used: Wasatch600 (LT+SPRAT), Gr4 (NOT+ALFOSC), 600/4000 (P200+DBSP; blue side), 316/7500 (P200+DBSP; red side), 400/8500 (Keck I
+LRIS; red side). Filters used: 400 nm (LT+SPRAT), open (NOT+ALFOSC), clear (Keck I+LRIS). Wavelength range: 4020–7995 Å (LT+SPRAT), 3200–9600 Å
(NOT+ALFOSC), 1759–10311 Å (Keck I+LRIS), 3777–9223 Å (P60+SEDM). Resolution: 20 (LT+SPRAT), 710 (NOT+ALFOSC).

Figure 25. Host spectrum of SN2018gep obtained with Keck/LRIS on 2018
November 9, about two months after explosion. Strong emission lines from the
host galaxy are labeled. The low host metallicity of 0.1 solar is reflected by
very small N II/Hα flux ratio. The large rest-frame [O III] λ5007 equivalent
width of >160 Å puts the host also in regime of extreme emission-line
galaxies. This galaxy class constitutes <2% of all star-forming galaxies at
z<0.3 in the SDSS DR15 catalog. The undulations are due to the supernova.
The spectrum is truncated at 7250Å for presentation purposes, and it is
corrected for Galactic reddening.

42 http://www.astronomy.ohio-state.edu/~nahar/_naharradiativeatomicdata/
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Table 7
Line Fluxes from the Host Galaxy of SN2018gep Extracted from the Keck/LRIS Spectrum Obtained on 2018 November 9

Transition lobs F
(Å) - - -10 erg cm s17 2 1( )

[O II] ll 3726, 3729 3848.17±0.05 334.5±6.23
[Ne III] λ3869 3993.50±0.16 82.34±6.18
He I λ3889, H-8 4014.49±0.16 29.01±4.73
[Ne III] λ3968, Hò 4096.66±0.26 36.61±3.98
Hδ 4233.87±0.13 44.88±2.59
Hγ 4480.20±0.10 81.95±3.74
[O III] λ4364 4503.68±0.10 15.01±2.69
Hβ 5017.87±0.08 213.41±10.53
[O III] λ4960 5118.61±0.04 352.42±6.50
[O III] λ5008 5168.04±0.04 1066.70±19.50
He I λ5877 6064.21±0.20 27.04±2.30
O I λ6302 6502.18±1.08 6.72±2.94
[N II] λ6549 6758.16±0.02 11.15±6.73
Hα 6773.40±0.02 723.85±7.65
[N II] λ6585 6794.67±0.02 19.01±5.76
[He I] λ6678 6890.29±0.14 7.88±2.19
[S II] λ6718 6931.83±0.10 41.76±2.38
[S II] λ6732 6946.68±0.10 28.15±2.19

Note. All measurements are corrected for Galactic reddening.

Table 8
Brightness of the Host Galaxy from UV to IR Wavelenghts

Instrument/ leff Brightness Instrument/ leff Brightness
Filter (Å) (mag) Filter (Å) (mag)

GALEX/FUV 1542.3 20.20±0.03 SDSS/i′ 7439.5 18.62±0.04
GALEX/NUV 2274.4 20.09±0.03 SDSS/z′ 8897.1 18.59±0.12
UVOT/w2 2030.5 19.91±0.12 PS1/gPS1 4775.6 18.96±0.04

UVOT/m2 2228.1 20.00±0.14 PS1/rPS1 6129.5 18.82±0.04
UVOT/w1 2589.1 20.11±0.16 PS1/iPS1 7484.6 18.88±0.04
UVOT/u 3501.2 19.74±0.16 PS1/zPS1 8657.8 18.71±0.05
UVOT/b 4328.6 19.45±0.20 WIRCam/J 12481.5 18.99±0.09
UVOT/v 5402.1 18.45±0.21 2MASS/H 16620.0 18.33±0.36
SDSS/u′ 3594.9 19.97±0.12 WISE/W1 33526.0 19.39±0.08
SDSS/g′ 4640.4 18.88±0.02 WISE/W2 46028.0 19.85±0.19
SDSS/r′ 6122.3 18.76±0.05

Note. All measurements are reported in the AB system and are not corrected for reddening. For guidance, we report the effective wavelengths of each filter.
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鹿林天文台觀測時數統計(2003-2019) 
 

林宏欽、蕭翔耀、林啟生、侯偉傑 

 

 

鹿林天文台自 2002 年 9 月開始人員常駐，2003 年鹿林一米望遠鏡(LOT)上線，開始有正式觀測時數紀

錄，可供瞭解鹿林長期的天氣狀況。依 2003-2019 共 17 年的統計結果，鹿林天文台年平均觀測時數

為 1146 小時。一年可分為四個觀測季， 

 

⚫ 最佳觀測季：10-12 月。 

⚫ 次佳觀測季：1-3 月。 

⚫ 最差觀測季：4-6 月。4 月開始進入雨季，5-6 月受梅雨影響，天氣最差。 

⚫ 次差觀測季：7-9 月。主要受颱風及西南氣流影響，天氣變化大。此外夏季晝長夜短，每晚可觀

測時間比冬季為短。 

 

詳細統計資料及統計如下：
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表 1 每月觀測時數統計 (2003-2019) 

Month 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Average 

1 78.75 125 163.25 129 127.32 179 234.52 206.9 90.8 113.42 153.58 269.62 188.55 75.4 
160.85 110.4 196.3 150.51 

2 142.5 145.98 94.75 149 128.55 118.25 165.7 100.6 123.8 64.88 183.63 109.8 131.65 60.25 
105.3 66.7 136.35 118.92 

3 147.5 163 143 126.05 116.4 138.5 146.75 181.3 75.9 168.23 134.26 78.7 111.1 72.8 
96.4 173.7 124 129.57 

4 126.5 110.5 144.75 86.8 53.75 85.25 71.8 75.8 151.45 32.75 55.83 135.95 124 82.9 
86.9 125.7 124.35 99.39 

5 129.75 106.25 136.25 59.5 106.6 98.25 167.4 86.05 56.6 74.3 41.02 32.4 64.2 86.05 
84.55 190.7 39.1 89.06 

6 24 133 45 39.3 54 37 81.75 26.5 61.5 35.15 80.14 33.7 146.9 114.05 
76.1 70.35 56.55 62.94 

7 222.5 48 167.75 91.57 128.88 88.4 76.6 99.85 81.75 106.4 88.05 114.65 87.45 123.95 
105.25 80.65 77.35 101.24 

8 137.75 142 76 111.65 56.6 118.95 6.8 98.3 97.9 35.7 72.2 110.9 45.1 61 
139.9 50.35 58.2 84.70 

9 142 116 129.25 60.05 69.55 59.8 0 109.95 90.1 117.35 107.84 134.39 93.25 42.85 
128.2 93.45 137.45 99.30 

10 149.25 219.75 210.25 150.6 172.63 191.38 175.6 139.8 136.95 214.51 200.57 232.33 145.4 142.2 
187.8 142.05 193.75 175.70 

11 166.5 214.5 216.25 71.75 160.55 152.55 175.8 163.65 87.2 93.81 136.1 166.15 197.05 171.85 
134.55 148.15 200.29 157.91 

12 271.5 232.45 129 132 261.09 211.17 169.8 169.65 115.25 132.21 86 137.3 161.2 193.27 
156.7 170.05 180.2 170.09 

Total 1738.5 1756.43 1655.5 1207.27 1435.92 1478.5 1472.52 1458.35 1169.2 1188.71 1339.22 1555.89 1495.85 1226.57 1462.5 1422.25 1523.89 
 

 

* 2009 年因受莫拉克颱風八八風災影響，自八月八日起至十月初約 2 個月期間道路中斷並停電，無法觀測。所以 2009 年之八、九月觀測時數

很少，甚至為 0。 

**Average 值為扣除最高及最低值後取平均。
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圖 1  鹿林天文台年平均觀測時數統計圖(2003-2019) 

 

 

 
圖 2  鹿林天文台月平均觀測時數統計圖 (2003-2019) 
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鹿林天文台 LOT觀測研究計畫統計 (2019) 

鹿林天文台一米望遠鏡(LOT)觀測研究計畫時間安排以 4個月為一個觀測期，

一年分為三期（A = 1-4月、B = 5-8月、C = 9-12月），其中字母 E、R和*R分別為

天文觀測教學、國內研究計畫與國際合作計畫。 

 

2018年的觀測計畫如下，統計結果：E天文觀測教學有 6個，佔 17%。R國

內研究計畫有 10個，佔 29%。*R國際合作計畫有 19個，佔 54%。 

 

 

LOT2019A Semester (01 January – 30 April, 2019) 

Education Program: 

E01 – Training School with Chenggong Senior High School for Observational 

Astronomy 

PI: Chih-Hao Hsia (chhsia@must.edu.mo) 

 

E02 – Observing Training for “Advanced Observational Astronomy” Course 

PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)  

 

E03 – Practical Class of "Fundamentals of Observational Astronomy" 

PI: Albert Kong (akong@phys.nthu.edu.tw) 

教育觀測

17%

國際合作

54%

國內觀測

29%

鹿林天文台LOT計畫比例(2019)
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Research Program: 

*EDEN – Exo-earth Discovery and Exploration Network 

PI: W-P Chen (wchen@astro.ncu.edu.tw) 

 

*R01 – ToO and Follow-Up Obseravations of GROWTH and ZTF Targets 

PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)  

 

R02 – An Observation of Comet 46P/Wirtanen During its Outbound Orbit in 2019 

PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

*R03 – Transients within Hours of Explosion 

PI: Yen-Chen Pan (yenchen.pan@nao.ac.jp) 

 

*R04 – Lulin One-meter Telescope Follow-up of Microlensing Events detected by Gaia 

PI: Paweł Zieliński (pzielinski@astrouw.edu.pl) 

 

*R05 – In-Depth Study of Millisecond Pulsar J1048+2339 

PI: Yee-Xuan Yap (yapyeexuan@gapp.nthu.tw.edu) 

 

R06 – Photopolarimetric Observations of Known UXor and Potential Candidates. II 

PI: Po-Chieh Huang (pochiehhuang1@gmail.com) 

 

R07 – ToO Observations of Galactic Transient Events 

PI: Albert Kong (akong@phys.nthu.edu.tw) 

LOT2019B Semester (01 May – 31 August, 2019) 

Education Program: 

E01 – Students Training for Astro Summer Camp 2019 

PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw) 

 

E02 – Observation Training for Lin-kou Senior High School Students 

PI: Hao-Yuan Duan (hyduan@gapp.nthu.edu.tw) 

 

Research Program: 

*EDEN – Exo-earth Discovery and Exploration Network 

PI: W-P Chen (wchen@astro.ncu.edu.tw) 
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R01 – ToO Observations of Cosmic Transient Events 

P.I.: Albert Kong (akong@phys.nthu.edu.tw) 

 

*R02 – Transients within Hours of Explosion 

P.I.: Yen-Chen Pan (yenchen.pan@nao.ac.jp) 

 

*R03 – ToO and Follow-Up Obseravations of GROWTH and ZTF Transients 

P.I.: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw) 

 

R04 – The rotation period confirmations for large super-fast rotating 

asteroids 

P.I.: Ting-Shuo Yeh (tsyeh@astro.ncu.edu.tw) 

 

*R05 – Monitoring of comet 29P/SW1 for activity trends and outburst 

P.I.: Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

R06 – Muti-phase angle polarimetric observations of multi-taxonomic main 

belt asteroids 

P.I.: Kang-Shian Pan (m989005@astro.ncu.edu.tw) 

 

R07 – The search for the C-type superfast rotators 

P.I.: Kang-Shian Pan (m989005@astro.ncu.edu.tw) 

 

*R08 – Taxonomical Study for Unclassified Near-Earth Asteroids (III) 

P.I.: Chih-Hao Hsia (chhsia@must.edu.mo) 

 

*R09 – Lulin One-meter Telescope Follow-up of Microlensing Events 

detected by Gaia 

P.I.: Po-Chieh Huang (pochiehhuang1@gmail.com) 

 

LOT2019C Semester (01 September – 31 December, 2019) 

Education Program: 

E01 – Practical Class of "Fundamentals of Observational Astronomy" 

PI: Albert Kong (akong@phys.nthu.edu.tw)  
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Research Program: 

*EDEN – Exo-earth Discovery and Exploration Network 

PI: W-P Chen (wchen@astro.ncu.edu.tw) 

 

*R01 – Dedicated Follow-Up Obseravations of GW Optical Counterparts with LOT 

P.I.: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw) 

 

*R02 – Activity and Physical Properties of Comet 160P/LINEAR and 260P/McNaught 

P.I.: Jian-Chun Shi (jcshi@pmo.ac.cn) 

 

*R03 – Search for Rotation-powered Compact Millisecond Pulsar Binaries 

P.I.: Yee-Xuan Yap (yapyeexuan@gapp.nthu.tw.edu) 

 

*R04 – Monitoring of Comet 29P/SW1 for Activity Trends and Outburst 

P.I.: Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

R05 – ToO Observations of Cosmic Transient Events 

PI: Albert Kong (akong@phys.nthu.edu.tw)  

 

*R06 – Lulin One-meter Telescope Follow-up of Microlensing Events detected by Gaia 

P.I.: Kotryna Siskauskaite (k.siskauskaite@gmail.com) 

 

*R07 – Transients within Hours of Explosion 

P.I.: Yen-Chen Pan (yenchen.pan@nao.ac.jp) 

 

*R08 – Taxonomical Study for Unclassified Near-Earth Asteroids (IV) 

P.I.: Chih-Hao Hsia (chhsia@must.edu.mo) 

 

R09 – The Rotation Period Confirmations for Large Super-Fast Rotating Asteroids 

P.I.: Ting-Shuo Yeh (tsyeh@astro.ncu.edu.tw) 

 

R10 – The Search for the C-type Super-Fast Rotators 

P.I.: Kang-Shian Pan (m989005@astro.ncu.edu.tw) 
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鹿林天文台工作報告 2019 

 

林宏欽、侯偉傑 

 

鹿林天文台一米望遠鏡（LOT）自 2002 年 9 月開始運作以來已歷 17 年，2019 年

將 LOT 濾鏡盤與全天相機更新，使觀測過程更順利進行。並將周圍影響觀測的樹

木移除提高了低角度天體觀測的可能。控制中心屋頂與圓頂漏水問題也於年初進

行修繕。 

 

1. 具體工作 

1.1 LOT 濾鏡盤更新 

  一米望遠鏡(LOT)舊濾鏡盤已使用超過 15 年，故障率漸增，一但故障許多需

要使用科學濾鏡的計畫將都無法執法，影響十分嚴重，因此更換新濾鏡盤勢在必

行！LOT 新濾鏡盤可安裝 18 片濾鏡，可減少濾鏡更換的頻次，盡量避免系統參

數修改及設定出錯之機率。 

 

 

LOT 新濾鏡盤外觀與內部結構 
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1.2 LOT 天文觀測障礙木移除 

鹿林天文台 20 多年發展，基地內小樹也逐漸變成大樹，天文台周圍許多樹

木已經長高超過圓頂下緣，遮擋了低角度的天體，嚴重影響天文望遠鏡之觀測！

經過多年協商及會勘，終於得到台大實驗林的大力幫忙移除 LOT 天文台周圍的障

礙木。接下來待爭取另一半區域樹木管理單位林務局的同意與協助。 

 

 

LOT 天文台全景(障礙木移除前) 

 

 

LOT 天文台全景(障礙木移除後) 

 

1.3 鹿林全天相機更新 

全天相機配備魚眼鏡頭，用於監測 180 度夜間天空狀態，以供瞭解實時觀測

條件，並可作為天文台長期觀測條件之重要佐證。鹿林舊款全天相機為十多年前

所購，只能提供夜間黑白低解析影像，經多年使用因相機進水損壞，更新後的全

天相機可提供高解析的彩色日夜間影像，能夠更完整紀錄天文台觀測狀態，並於

流星雨等重要天象提供直播畫面供大眾科普科教使用。 
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新全天相機外觀與夜空實際影像 

 

1.4 LOT 控制中心屋頂漏水修繕 

鹿林天文台 LOT 控制中心自 2002 年啟用迄今已 17 年，圓頂、屋頂均有不同

程度的漏水問題，已於 2019 年初進行全面修繕，保障了天文台運作的基礎。 

 

 

修繕工程作業進行 
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2. 科學成果(2019) 

標題、作者、年份、期刊名稱、卷期、起(迄)頁數 

（Title, authors, year, journal, volume, first page） 

 

1. The resolution to the paradox of the sprite polarity, Chen, A. B. C.; Chen, H.; 

Chuang, C. W.; Cummer, S.; Lu, G.; Su, H. T.; Hsu, R. R.,American Geophysical 

Union, Fall Meeting 2018, December 2018 

2. Face changing companion of the redback millisecond pulsar PSR J1048+2339, 

Yap, Y. X.; Li, K. L.; Kong, A. K. H.; Takata, J.; Lee, J.; Hui, C. Y., Astronomy & 

Astrophysics, Volume 621, id.L9, 6 pp., January 2019 

3. Diagnosing the Clumpy Protoplanetary Disk of the UXor Type Young Star GM 

Cephei, P. C. Huang, W. P. Chen, M. Mugrauer, R. Bischoff, J. Budaj, O. 

Burkhonov, S. Ehgamberdiev, R. Errmann, Z. Garai, H. Y. Hsiao, 2019 February, The 

Astrophysical Journal, 871:183 (12pp) 

4. 2012 TC4 - An unusual fast-rotating PHA with C-type taxonomy, Lin, Zhong-Yi; Ip, 

Wing-Huen; Ngeow, Chow-Choong, February 2019, Planetary and Space Science, 

Volume 166, p. 54-58.,  

5. The fast, luminous ultraviolet transient AT2018cow: extreme supernova, or 

disruption of a star by an intermediate-mass black hole? Daniel A Perley, Paolo A 

Mazzali, Lin Yan, et al., Monthly Notices of the Royal Astronomical Society, 

Volume 484, Issue 1, March 2019, Pages 1031–1049 

6. Research of activity of Main Belt Comets 176P/LINEAR, 238P/Read and 

288P/(300163) 2006 VW139, Shi, Jianchun; Ma, Yuehua; Liang, He; Xu, Ruiqi, 

Scientific Reports, Volume 9, id. 5492, April 2019 

7. LIGO/Virgo S190425z: Lulin Follow-Up Observations., Mansi M., Tan, H. -J.; Yu, P. -

C.; Ngeow, C. -C.; Ip, W. -H., GRB Coordinates Network, Circular Service, No. 

24193, #1 (2019/April) 

8. LIGO/Virgo S190425z: Lulin Observations of Counterpart Search., Tan, H. -J.; Yu, P. 

-C.; Patil, A. S.; Ngeow, C. -C.; Kong, A.; Ip, W. -H., GRB Coordinates Network, 

Circular Service, No. 24274, #1 (2019/April-0) 

9. LIGO/Virgo S190425z: Lulin observations of the Swift/UVOT transient.,Kong, A.; 

Tan, H. -J.; Yu, P. -C.; Ngeow, C. -C.; Ip, W. -H., GRB Coordinates Network, Circular 

Service, No. 24301, #1 (2019/April-0) 
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10. Correction to GCN Circular 24301: LIGO/Virgo S190425z: Lulin observations of the 

Swift/UVOT transient., Kong, A., GRB Coordinates Network, Circular Service, No. 

24303, #1 (2019/April-0) 

11. LIGO/Virgo S190510g: Lulin Optical Follow-up Observations., Yu, P. -C.; Tan, H. -J.; 

Kong, A.; Patil, A. S.; Ngeow, C. -C.; Ip, W. -H., GRB Coordinates Network, Circular 

Service, No. 24461, #1 (2019/May-0) 

12. 鹿林廣角望遠鏡 (LWT)：追蹤近地天體的自動化望遠鏡, 黃健峯, 饒兆聰, 

2019/06 國立中央大學天文所碩士論文, 105229005 

13. 利用星團中已知造父變星在顏色-星等圖上的位置尋找新的造父變星, 駱世

昌, 饒兆聰, 2019/06, 國立中央大學天文所碩士論文, 104229008 

14. The beamed jet and quasar core of the distant blazar 4C 71.07, Raiteri, C M, 

Villata, M and Carnerero, et al. August 2019, Monthly Notices of the Royal 

Astronomical Society, Volume 489, Issue 2 

15. Triple Range Imager and POLarimeter (TRIPOL)—a compact and economical 

optical imaging polarimeter for small telescopes, Sato, Shuji; Chieh Huang, Po; 

Chen, Wen Ping; Zenno, Takahiro; Eswaraiah, Chakali; Su, Bo He; Abe, Shinsuke; 

Kinoshita, Daisuke; Wang, Jia Wei, September 2019, Research in Astronomy and 

Astrophysics, Volume 19, Issue 9, article id. 136 (2019). 

16. Investigating the multiwavelength behaviour of the flat spectrum radio quasar 

CTA 102 during 2013–2017, D’Ammando, F, Raiteri, C M, Villata , M, et al., 

October 2019, Monthly Notices of the Royal Astronomical Society, Volume 489, 

Issue 2 

17. Swift J1845.7-0037: Lulin optical observation, Yap, Y. X., Kong, A., Li, K. L., The 

Astronomer's Telegram, No. 13223 (2019/Oct) 

18. GROWTH on S190425z: Searching Thousands of Square Degrees to Identify an 

Optical or Infrared Counterpart to a Binary Neutron Star Merger with the 

Zwicky Transient Facility and Palomar Gattini-IR, Michael W. Coughlin1, Tomás 

Ahumada2, Shreya Anand, et al., 2019 November, The Astrophysical Journal 

Letters, 885:L19 (13pp) 

19. LIGO/Virgo S191213g: Lulin Follow-up Observations of AT2019wxt, Kong, A.; Tan, 

H. -J.; Ngeow, C. -C.; Ip, W. -H., GRB Coordinates Network, Circular Service, No. 

26503, #1 (2019/Dec) 

20. Evidence for Late-stage Eruptive Mass Loss in the Progenitor to SN2018gep, a 

Broad-lined Ic Supernova: Pre-explosion Emission and a Rapidly Rising Luminous 

Transient, Anna Y. Q. Ho, Daniel A. Goldstein, Steve Schulze et al., 2019 

December, The Astrophysical Journal, 887:169 (24pp) 
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3. 其他成果 

3.1 目前參與之國際合作計畫 

台灣位處太平洋西側，由於廣大的太平洋上（橫跨 6 個時區）只有夏威夷有天 

文台，對於觀測隨時間變化的天文現象或是全球不同經度的天文台（甚至太空望

遠鏡）針對特定天體的聯合觀測，鹿林天文台扮演舉足輕重的角色。多年來鹿林

天文台積極參與國際合作計畫，與各國天文台建立良好合作模式，並取得優良成

果。這一年我們參與的幾個主要國際合作計畫如下，  

 

1. 全球蠍虎 BL 類星體聯合觀測計畫（The Whole Earth Blazar Telescope, WEBT）：

監測活躍星系核，藉此研究黑洞與噴流的性質。  

2. 史維基瞬變探測器計畫（Zwicky Transient Facility, ZTF）：將天文研 究推進到時

間加上空間的 4D 階段，可望對可見光時域天文學作出重大的 科學貢獻。  

3. 伊甸園觀測網（Exoearth Discovery and Exploration Network, EDEN）：搜尋鄰近

太陽之 M 型恆星可能位於適居區內的系外行星。 
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鹿林天文台參訪團體統計(2019) 

日期 單位 人數 

1 月 5 日 中和+海山高中 39 

 1 月 12 日 逢甲大學天文社 10 

1 月 15 日 海洋大學天文社 16 

1 月 20 日 中大 EMBAx5 5 

1 月 26 日 彰興國中 27 

1 月 30 日 交大天文社 22 

1 月 31 日 台大天文社 34 

1 月 31 日 

2 月 1 日 
成功高中 15 

2 月 2 日 北一女北集星 48 

2 月 15 日 群創光電 11 

3 月 1 日 

3 月 2 日 
中原天文社 31 

3 月 23 日 空軍官校航太系 33 

4 月 13 日 新竹女中天文社 16 

4 月 26 日 

4 月 27 日 
清大天文所 

26 

18 

4 月 29 日 華德福中學 13 

5 月 23 日 台中四育國中 22 

6 月 7 日 新竹光復高中 17 

6 月 7 日 

6 月 8 日 
親子觀星會 13 

6 月 25 日 

6 月 26 日 
華德福中學 

27 

26 

6 月 28 日 環保署背景站 10 

6 月 29 日 中大天文營 18 

7 月 14 日 武陵高中 18 

7 月 24 日 

7 月 25 日 
環保署背景站(大物所德國教授參訪) 

19 

18 

7 月 25 日 台南女中天文社南十字 21 

7 月 27 日 

7 月 28 日 
林口高中 23 

7 月 29 日 麗山高中 23 

8 月 01 日 香港港青基信書院 7 
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8 月 02 日 北區多所大學天文社 28 

8 月 15 日 上海上南中學 17 

8 月 26 日 

8 月 27 日 
交大天文社 8 

8 月 27 日 清境觀光協會 7 

8 月 31 日 國家太空中心通訊實驗 17 

9 月 21 日 週六菁英隊 9 

9 月 21 日 台中市五權社區大學 25 

9 月 28 日 文山社區大學 22 

10 月 02 日 水利署 21 

10 月 03 日 台南重溪國小 14 

10 月 10 日

10 月 11 日 
中原大學天文社 16 

10 月 19 日 台北市天文協會 21 

10 月 21 日 亞熱帶生態學會 2 

10 月 26 日 苗栗社大天文班 23 

10 月 30 日 營建署 11 

11 月 02 日 台南市天文協會 45 

11 月 03 日 屏東縣祥暉關懷協會 15 

11 月 08 日

11 月 09 日 
清大天文所 

14 

15 

11 月 10 日 蝸噪家族 19 

11 月 16 日 新竹中學天文社 25 

11 月 20 日 營建署 15 

11 月 30 日 海山高中 35 

11 月 30 日 台中一中 18 

12 月 07 日 嘉義高中教師群 26 

12 月 12 日 紐西蘭 Waihi Academy 學院 13 

12 月 13 日 
中大理學院謝發坤副院長, 化學系 侯敦仁教授 , Prof. 

Norbert Reich 
3 

12 月 14 日 嘉中嘉女天文社 29 

12 月 14 日 中大國際處大陸交換學生 30 

12 月 14 日 荒野保護協會 12 

148



 

北區多所大學天文社參觀 

 

 

空軍官校航太系參觀 
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第 34卷　增刊 天 文 学 进 展 Vol. 34, Sup.

2016年 9月 PROGRESS IN ASTRONOMY Sept., 2016

doi: 10.3969/j.issn.1000-8349.2016.z1.16

鹿鹿鹿林林林天天天文文文台台台三三三色色色偏偏偏振振振相相相机机机

(TRIPOL) 介介介绍绍绍

李建德 1，陈文屏 1，佐藤修二 2，ESWARAIAH Chakali1

(1. 台湾“中央大学” 天文研究所，桃园 32001；2. 名古屋大学 理学部，名古屋 464-8602)

摘要： 偏振技术被认为是近代天文研究最强大的工具之一，藉由测量多波段光源的偏振比率及

偏振角度可以追踪散射源的大小、形状，以及是磁场的分布，从环星尘埃到星系介质乃至于宇宙

背景辐射，偏振光的研究在各种天文学尺度都扮演非常重要的角色。鹿林天文台 1m 望远镜近年

新安置的偏振相机，全名为三色成像偏振仪 (TRI-color imaging POLarimeter，简称 TRIPOL)，

系由名古屋大学佐藤教授团队设计制作并且开发控制软件。此相机使用波板以及线栅偏振片来撷

取偏振的分量，再用两片分色镜将光束分为 g’-r’-i’ 三色光，在三台 SBIG ST-9XE 相机同时成

像，相机的视野 4.2 平方角分。每组资料含有 0◦，22.5◦，45◦和 67.5◦的测量，由此可以导出偏振

率以及偏振角。TRIPOL 最重要的特色是 25 kg 的机身极其轻薄短小，并且拥有三色偏光一次成

像的高效率。如此轻便及多色同步的设计，非常适合约 1 m 级的望远镜，观测分子云气磁场的强

度和分布，监测瞬变天体的光度以及偏光变化，或是探测随波长变化的散色源，例如游离气体的

密度或是尘埃大小的分布。介绍了 TRIPOL 的设计以及实际量测偏振的表现。

关 键 词：可见光；偏振；恒星形成

中中中图图图分分分类类类号号号：：： P112 文文文献献献标标标识识识码码码：：： A

1 引 言

天文学获取的观测资料主要分为成像、光谱以及偏振。即使成像细节无法解析，偏振光

可以判断邻近散射源的形状，甚至可以协助光谱分析，了解环绕星体的气体与尘埃的特性。

偏振光主要源自于光被相当于波长大小的粒子散射，如气体或是尘埃。光被偏振的程度与散

射的方向相关，与入射方向相同的散射光无偏极化，与入射方向垂直的散射光则是完全的偏

极化，而介于两者之间的则是部分偏极化。偏振程度是光的偏极化的流量与总流量的比率。

三色成像偏振仪 (TRI-color imaging POLarimeter，简称 TRIPOL)，其设计的理念为结

构简单、功能多样以及成本低廉。视宁度在 1′′以下，焦比在 f/6 ∼ f/15 之间，像素比例约

通讯作者：李建德，cdlee@astro.ncu.edu.tw
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增刊 李建德，等：鹿林天文台三色偏振相机 (TRIPOL) 介绍 95增刊 李建德，等：鹿林天文台三色偏振相机 (TRIPOL) 介绍 95增刊 李建德，等：鹿林天文台三色偏振相机 (TRIPOL) 介绍 95

为 0.5′′，所以适合用于小望远镜。TRIPOL 的设计者是日本名古屋大学的佐藤修二教授。除

了结构极轻极小之外，它拥有非常高效率的光学组合。在没有利用反射镜与透镜的设计下，

此仪器能够同时取得天体三色成像以及偏振的信息。TRIPOL 的原形在 2011 年完成并且于

鹿林天文台 1 m 望远镜测试。第二套于 2012 年完成，目前已发表的结果包括了伽玛暴余辉

的测光
[1]

，以及金牛 T 型星 GM Cep 环星物质的偏振测量
[2]

。

2 偏振仪的设计及表现

TRIPOL 由三个部分组成：(1) 偏光元件包括了一个可以旋转的波板，以及线栅偏振片；

(2) 颜色元件则有两片分色镜和三片滤镜；(3) 资料元件包括三台感光耦合元件 (CCD) 相机，

以及一台桌上型电脑。图 1 展示了仪器内部元件的安排，以及光学路径。来自于望远镜的光，

通过波板和线栅偏极片，然后被两片分色镜分解到三个路径，再经由三色滤镜 (g’, r’, i’) 最后

进入 CCD 相机。TRIPOL 的重量只有 25 kg，体积大约是 40×40×40 cm3。

图中主要部分：WP—– 波板；WG—– 线栅偏振片；DM1—– 分色镜一；DM2—– 分色镜二；

g’-BF—– g’ 波段滤镜；r’-BF—– r’ 波段滤镜；i’-BF—– i’ 波段滤镜；CCD—– 感光元件。

图 1 TRIPOL 的设计概要图

TRIPOL使用三台商用 SBIG ST 9-XEi相机，CCD的尺寸为 512×512×20 µm (见表 1)，

安装在鹿林 1 m 望远镜 (f/8) 上的视野大小为 4.2 平方角分。相机的操作以及偏光元件的转
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动，是由一台 Intel DN 2800MT 桌上型电脑所控制。波板可以旋转的角度分别是 0◦, 22.5◦,

45◦以及 67.5◦。观测时依序取得每个角度的影像，处理资料时才能取得天体偏振结果。

表 1 CCD 相机参数

参数 值

CCD 大小 512×512×20 µm

最大阱容 约 65 000 e

暗电流 10 e/pixel/s 在 0◦C

增益值 1.6 e/ADU

读取杂信 16 e RMS

全幅数据采集时间 1 s

由观测偏振及无偏振的标准星
[4]

，我们可以推导 TRIPOL 在鹿林 1 m 望远镜上的仪器

所造成的偏振，以及测光和偏振的探测极限。从 2015 年 2 月的结果来看，仪器自身造成的

偏振程度约为 0.3%，而角度的平移量约为 30◦∼40◦。在 3 倍标准差下，偏振探测极限约为

15 mag，极限偏振率及角度大约是 0.3% 和 3◦。若只测光而不测量偏振，可将偏振片取出，

灵敏度可达到 18∼19 mag。

为了强化 TRIPOL 的可靠性，除了观测标准星比较之外，也与印度的 ARIES (Aryab-

hatta Research Institute of Observational Sciences) 的偏振仪 AIMPOL (ARIES imaging

polarimeter)
[3]

相比较 (见图 2)。对恒星形成区的星团 NGC 6823 的观测，无论是偏振率还是

偏振角度，两个仪器的表现都相当一致。

注：对角线表示完全一致的比较基准。

图 2 AIMPOL 的 R 波段 (横轴) 与 TRIPOL 的 r’ 波段 (纵轴) 观测 NGC 6823 的偏振结果比较
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3 应用与总结

目前 TRIPOL 在实际应用上，分别观测被原行星团块环绕的年轻恒星 GMCep，以及恒

星形成区。例如位于氢二区的 NGC1893，在此区域不同的位置上我们分别利用 AIMPOL 以

及 TRIPOL 做偏振观测，见图 3。结果显示，这个区域的磁场一致性，并且与银河较大尺度

的偏振方向有些许的偏振角平移。除了可见光之外，期待将来可以使用红外及亚毫米的偏振，

多波段观测恒星形成区更深处的磁场，再整合由浅到深的观测结果，绘制磁场的三维分布，

进一步研究磁场在恒星形成过程所扮演的角色。

注：TRIPOL 的 i’ 波段以及 AIMPOL 的 I 波段分别观测不同区域，偏振角度分别由黄线以及白线表示。图内

标示出 3% 的偏振率，以及银河大尺度的偏振方向 (HII 区的空洞处)。

图 3 恒星形成区 NGC1893 的偏振观测

TRIPOL 是鹿林天文台目前最新的仪器，提供观测者可见光 g’-r’-i’ 三色偏振同步的成

像，简单多功能的设计非常适合小型望远镜。在探索星际磁场、星球环星物质以及其偏振变

化方面，TRIPOL 是非常合适且优异的观测工具。
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Introduction to the TRI-color Imaging POLarimeter

for the Lulin Observatory

LEE Chien-De1, CHEN Wen-Ping1, SATO Shuji2, ESWARAIAH Chakali1

(1. Graduate Institute of Astronomy, “Central University”, Taoyuan 32001; 2. Department of Astro-

physics, Nagoya University, Chikusa-ku 464-8602)

Abstract: Polarization technique is one of the most powerful tool in modern astronomy.

Multicolor polarimetry traces the properties of scattering sources including size, geometry,

magnetic field and even the distribution of the gravitational wave. Investigation of the polar-

ized light crucially probes the universe in different scale from circumstellar dust, interstellar

medium to cosmic microwave background. Recently, we have set up a polarimeter called

TRI-color imaging POLarimeter (TRIPOL) at Lulin one meter telescope. The device and

control software were designed and constructed by a group of Nagoya university leading by

prof. Sato. TRIPOL measures the polarized component of light with its wave plate and wire

grid. Using the two dichroic mirrors and g’-r’-i’ filters, three colors images can be collected

simultaneously in three SBIG ST-9XE cameras in a field of view with 4.2′×4.2′. To derive

the degree of polarization and position angle, each data set includes four measurements from

0◦, 22.5◦, 45◦and 67.5◦. TRIPOL is not only a simultaneous imager of polarized light but

also a compact and light instrument only 25 kg in weight, so it is extremely fit for the small

telescopes with diameter around one meter. It is suitable for studying the magnetic field

distribution of molecular cloud, polarimetric and photometric variation of transiting objects,

the wavelength dependence of the scattering sources of the astrophysical objects, e.g., the

density of ionized gas or the size distribution of the dust grain. In this work, we introduce

the instrumental design and observing performance of TRIPOL.

Key words: optical; polarimetry; star formation

View publication statsView publication stats
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Follow-Up Observations of Gravitational Wave Events from Lulin Observatory

The Lulin One-meter Telescope (LOT), via the GROWTH network, is participating the follow-up observations
of gravitational wave (GW) events detected by LIGO. During its O3 run (April 2019 to April 2020), LIGO
detected ~39 and ~14 GW events in 2019 and 2020, respectively. LOT did not, and cannot, follow-up all these
events but preferentially selected the events that were suitable to be observed (e.g. the events are visible from
Lulin Observatory at night, the events are located within 1000Mpc, and etc). Nevertheless, LOT has performed
follow-up observations for 4 GW events (S190425z, S190510g, S109030t & S191213g) in 2019, resulting in 8
GCN published (see the screenshots below; Note: we omitted the galaxies list in the screenshots). The work on
S190425z was also included in a refereed paper: “GROWTH on S190425z: Searching Thousands of Square
Degrees  to  Identify  an  Optical  or  Infrared  Counterpart  to  a  Binary  Neutron  Star  Merger  with  the  Zwicky
Transient Facility and Palomar Gattini-IR” by Coughlin et al (2019, ApJL 885:L19). 

155



156



利用鹿林廣視場望遠鏡對近地天體做自動化的追蹤觀測 

黃健峯 

 

鹿林廣視場望遠鏡(Lulin Widefield Telescope，簡稱 LWT)是新購置的望遠鏡並

在 2017/10/17 安裝於鹿林天文台，是一個口徑 40公分的小型望遠鏡，配備一台

FLI PL16803相機，使得望遠鏡視野達到約 2平方度，極限星等可達約 19等。我

們的追蹤目標為待確認的近地天體，列於 Minor Planet Center (MPC)的 NEO 

Confirmation Page (NEOCP)網站裡面。 

 

 由 GROWTH計畫啟發兩個想法，分別為「鹿林天文台改造計畫」與「時序天

文學的前沿研究」，前者目標使位於鹿林天文台的研究用望遠鏡改造成全自動觀

測與分析，後者為對瞬變天體與近地小行星做追蹤觀測。為了朝這兩個目標前進，

我們先從比較簡單的計畫開始實行，也就是利用 LWT對近地天體做追蹤觀測。 

 

 為了瞭解新望遠鏡的性能，我們做了一系列測試，其中相機特性包括讀出雜

訊在讀出速度慢(1MHz)為 8.4個電子與讀出速度快(8MHz)為 13.2個電子、增益值

為 1.4 e/ADU、暗電流約為 0.01 e/s和曝光要長於 3秒以避免測光受快門圖案影

響；而望遠鏡極限星等對於訊噪比 10的星體曝光 5分鐘可達約 18等(滿月)與 19

等(新月)。 

 

 硬體結構包含有一台觀測用電腦(LWTobs)與一台分析用電腦(LWTanaly)，利

用 LWTobs控制望遠鏡做自動觀測，資料儲存於 LWTobs並即時地備份至 LWTanaly，

LWTanaly即時地處理分析後，將近地天體的天球座標及其亮度上報給 MPC。 

 

 自動觀測與自動分析個別由三個 Python程式負責，以下分別介紹各步驟， 

觀測步驟： 

1. 首先從 NEOCP篩選可觀測的目標，然後產生出一個 ACP Observatory Control 

Software可以執行的腳本，最後通知使用者當日的觀測資訊，隔日更新觀測

資料至 LWT網站。 

2. 拍攝校正照片需要的資料，包括偏壓與暗電流。 

3. 觀測開始，首先開啟所有觀測程式，黃昏時拍攝平場，晚上追蹤近地天體，

清晨拍攝平場，太陽升起前關閉天文台。 
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分析步驟： 

1. 尋找可使用的偏壓場、暗場與平場並處理，隨後即時處理近地天體相照片。 

2. 對校正後的近地天體照片進行疊加，尋找其天球座標。 

3. 利用膠囊形狀的測光區域對近地天體做測光。 

4. 產生 ADES格式的報告給MPC。 

 

未來工作包括： 

 

1. 改善與強化自動化系統。 

2. 因為比我們的極限星等(18 等)還亮的近地天體很少，所以有些天沒有觀測目

標可以追蹤，近期會將已知的近地小行星包含在觀測目標裡面。 

3. 利用更好的方法來尋找近地天體在照片裡面的位置，例如利用較差影像分析

(Difference-Imaging Analysis)或機器學習辨識的方法，提高辨識成功率。 
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好山好水好宇宙，臺灣展望宇宙之眼：鹿林天文臺 

2019/12/23 泛科學  

 鹿林天文臺位於臺灣南投縣與嘉義縣交界之鹿林前山，緊鄰玉山國家公園，是

臺灣最重要的光學天文基地，兼具研究與教育功能。 

  

為什麼選在高山上建立鹿林天文臺？ 

 

鹿林天文臺的基本檔案 

地理位置：東經 120°52′25″，北緯 23°28′07″ 

海拔：2,862 公尺 

夜天光背景 1：每平方角秒的視星等為 21.28 星等 

大氣寧靜度 2：星點平均視角為 1.39 角秒 

年平均觀測時間：1,450 小時（約 180 個夜晚，以每晚 8 小時計） 

 

此地受冬季東北季風、夏季西南氣流和颱風的影響較小；受惠於國家公園的優

越環境，加上位處高山，空氣汙染和塵埃少，大氣透明度高，光害也較小；由

於海拔高、大氣稀薄，所以消光較小，大氣寧靜度較好，秋冬兩季尤其適合觀

測。 

  

鹿林天文臺的開發緣起於 1990 年，由當時任職於中央大學天文所的蔡文祥教

授與張光祥先生，考量臺灣各地的晴天率、海拔、後勤支援等因素，並歷經 3 

年的大氣寧靜度、氣候、夜天光背景等條件調查後才選定臺址。 

 

天文臺所使用的電力由臺電提供，玉山國家公園和中華電信的基地臺則分別提

供用水和網路通訊服務。此外，天文臺內也設有自動氣象站、全天域相機以及

雲量監測儀等儀器設備，可作為觀測參考。 

 

鹿林天文臺有哪些設備？ 

 

基地內設置了數座小型可見光望遠鏡。除了有： 

鹿林一米望遠鏡（Lulin Onemeter Telescope，簡稱 LOT） 

中美掩星計畫（TaiwaneseAmerican Occultation Survey，簡稱 TAOS）的 4 座 

0.5 米自動望遠鏡 

0.4 米超輕型望遠鏡（Super Light Telescope，簡稱 SLT40） 

鹿林廣角望遠鏡（Lulin Widefield Telescope，簡稱 LWT） 

 

進行天文觀測外，另有成功大學的紅色精靈 3 地面觀測與極低頻無線電波偵測
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系統（ELF）、中央大學的氣暉全天相機、土石流偵測預警系統，以及環保署的

鹿林山大氣背景測站（LABS）等設備，記錄大氣、環境、太空、地震等觀測數

據，為我國珍貴的高山科學基地。 

  

鹿林一米望遠鏡（LOT）： 

鹿林天文臺最大的望遠鏡—LOT，同時也是目前臺灣口徑最大的通用型光學望遠

鏡。 

LOT 具備良好的光學成像品質、指向和追蹤精度，並配備高靈敏儀器，包括專

業天文相機，以取得天體影像，並測量在不同可見光波段的亮度。另外也配置

低色散光譜儀及偏振儀等，藉以取得天體光譜或偏振訊息。 

  

LOT 由德國 APM 公司製作，屬於卡塞格林反射式望遠鏡，由於採用鏡後端對

焦座，因此卡焦儀器限重 50 公斤。LOT 觀測目標包括太陽系天體、銀河系中

的恆星、變星、星團及鄰近星系等，除了提供中央大學師生研究與教學之用，

也開放國內、外學者申請使用。 

 

某些宇宙現象有時效性，例如星球爆發、掩星等，隨著地球自轉，只有面對該

天體的觀測者才能夠看到。由於臺灣位處西太平洋，向東 6 個時區內缺乏其他

天文臺，因此對於會隨時間變化，需連續監測的天象，或是國際間需要位在不

同經度的天文臺（或太空望遠鏡）針對特定天體聯合觀測時，鹿林天文臺便扮

演著舉足輕重的角色。 

 

多年來，鹿林天文臺的望遠鏡積極參與此類計畫，例如：全球望遠鏡聯合觀測

（Whole Earth Telescope，簡稱 WET）聯合不同時區的望遠鏡，接力監測恆星

的亮度變化，以星震 5 手段探討恆星內部結構；全球蝎虎 BL 類星體聯合觀測

（Whole Earth Blazar Telescope，簡稱 WEBT）監測活躍星系核，藉此研究黑洞

與噴流的性質；年輕系外行星掩星觀測計畫（Young Exoplanet Transit Initiative，

簡稱 YETI）則監測星團成員、搜尋系外行星造成的凌星事件等，均與國際天文

臺建立良好合作模式，並取得優良成果。 

  

啟用至今，鹿林天文臺的望遠鏡共發現 15 顆超新星、800 餘顆小行星，以及

一顆彗星。每年通常約有十幾個研究計畫利用 LOT 執行，使用 LOT 數據發表

的研究論文已超過百篇。除了研究之外，LOT 也支援大學、高中及社教機構進

行觀測教學實習，另有多座小型望遠鏡提供特定課題使用。 

 

中美掩星計畫（TAOS）： 

天文臺原來設有 4 座 TAOS 望遠鏡，由中央研究院天文所、中央大學天文所、

美國哈佛史密松天文物理中心，以及韓國延世大學共同合作。每座望遠鏡的口

162



徑 50 公分，具備 3 平方度 6 的超廣角視野，全年監測可能由柯伊伯帶天體造

成的掩星事件，藉以估計分布在太陽系外圍的小型天體數量。 

 

TAOS 計畫自 2005 年開始運行，累積 6 年的觀測結果一共收集超過 10 億筆

恆星光度的測量數據，因為沒有偵測到任何掩星事件，提供了柯伊伯帶天體的

數量上限。 

 

第一代 TAOS 的設備已於 2016 年拆除、撤離，第二代的海王星外自動掩星普

查計畫（Transneptunian Automated Occultation Survey，簡稱 TAOSII）選在墨西

哥的聖彼德羅瑪蒂爾天文臺（San Pedro Mártir Observatorio）落腳，一共有 3 

座口徑 1.3 米的望遠鏡。 

 

超輕型望遠鏡（SLT）： 

中央大學天文研究所於 1997 年獲得太空計畫室（現在的國家太空中心）補

助，興建鹿林第一座天文臺 “SLT”。1999 年 SLT 完工後，內部安裝自行設計、

製造的 76 公分超輕型望遠鏡（SLT76），並從 2000 年開始進行觀測，是鹿林

天文臺初期最重要的觀測設備。 

SLT76 於 2005 年換裝口徑 40 公分的超輕型望遠鏡（SLT40），並自 2006 年

開始進行鹿林巡天計畫（Lulin Sky Survey，簡稱 LUSS），搜尋太陽系小天體。計

畫進行 3 年期間共發現 800 多顆小行星，其中有 400 多顆已獲得永久編號，

小行星發現數量排名世界第 47。 

  

目前鹿林天文臺發現的小行星已有 100 多顆得到永久命名，名稱涵蓋臺灣的代

表性人物、團體、地理、山水及原住民族等。2007 年 LUSS 首度發現彗星

（C/2007 N3）與近地小行星（2007 NL1），該彗星後來被命名為鹿林彗星

（Comet Lulin）。LUSS 計畫結束後，自 2010 年起 SLT40 投入變星、彗星的長

期監測工作。 

 

除了硬體設備，還能善用地理優勢進行觀測 

 

鹿林天文臺的主要策略是利用小型望遠鏡的機動性，以及臺灣本身的觀測條件

優勢，與其他的天文臺合作、競爭。 

 

臺灣的地理位置緯度較低，因此可以觀測範圍較大的南半球天空；而經度方面

則可以跟國際間的其他天文臺互補。對於需要長期監測或瞬變的天文現象（如

超新星及伽瑪射線爆等），鹿林天文臺參與跨國合作，在全球天文觀測網和太空

與地面的聯合觀測中占據不可或缺的位置。 

 

163



比如 2006 年中央大學天文所參加夏威夷大學主導的泛星計畫（PanSTARRS），

另外近年加入由加州理工學院主導的茲威基瞬變探測利器（Zwicky Transient 

Facility，簡稱 ZTF），並加入伊甸園觀測網（Exoearth Discovery and Exploration 

Network，簡稱 EDEN），以搜尋鄰近太陽之 M 型恆星周圍可能位於適居區內的

系外行星等，都因為地理位置的優勢，能藉由鹿林天文臺的設備追蹤並確認新

的科學發現。 

 

在臺灣近百年的天文發展史上，鹿林天文臺締造了多項紀錄，包括首度發現小

行星、首度發現超新星、首度發現彗星、首度發現近地小行星及首度進行小行

星命名。天文臺的望遠鏡口徑雖然小，但做為天文教育與基本研究工具，多年

來配合規劃的課題立基，亦取得良好的成果。 

 

註解： 

夜天光背景：夜空背景的亮度。星等數字越大，表示亮度愈低，意即光害愈

小，能夠觀測愈暗的天體。 

大氣寧靜度：大氣擾動對星光成像的影響程度。以星點的視角表示，視角愈小

表示大氣寧靜度愈好，觀測到的星像愈清晰。 

紅色精靈：積雨雲層上方發生的放電現象，由於主要發出紅光，而且發生的時

間非常短暫不易捉摸，因此被稱為紅色精靈。 

焦比：口徑與焦距的比值。 

星震：利用亮度變化或光譜都卜勒效應研究天體的震動，藉此瞭解無法直接觀

測的恆星內部結構，其原理類似利用地震波研究地球的內部結構。 

平方度：一度乘以一度的天空範圍。例如滿月的張角約半度，3 平方度相當於 

10 個滿月的天空面積。 

  

 

「南瀛天文館」小行星光照 全臺首創的《星動時課》上路 

2019/12/03 HiNet 新聞  

擁有全台灣平地最大 76 公分望遠鏡的台南市立南瀛天文館，長期致力台灣基礎

天文教育的扎根，串連鄰近的人文景觀、豐富的自然生態資源，創造多元教育

價值的「南瀛星故鄉」。為肯定南瀛天文館在天文教育上之貢獻，中央大學特

將鹿林天文台所發現的編號 281569 號小行星，命名為「南瀛天文館」小行星，

並經國際天文學聯合會（IAU）通過。 

  

12 月 1 日上午在台南市忠義國小，台南市政府教育局特舉辦「玩轉天文」星動

時課天文課程博覽會，除有一系列精彩活動之外，另有「南瀛天文館」小行星
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頒贈儀式，由中央大學副校長陳志臣致贈小行星銘板給台南市長黃偉哲。 

  

秉持著「天文好好玩」的信念，臺南市政府教育局轄下南瀛天文館以國小一至

六年級學生為目標，把讓老師苦惱的天文課程教學，透過團康、桌遊、故事或

教具操作，轉化為好玩易懂的《星動時課》。歷經兩年的教案編寫、課程試教修

正及教具研發製作，終於在今年 7 月完成全部 36 套課程。這是全臺第一個系統

性開發完成的國小天文課程，同時自 108 學年度起，臺南市共有 15 間國民小學

正式實施《星動時課》。 

  

中央大學副校長陳志臣肯定台南市政府這項創舉，有助於天文教育向下扎根。

他表示，小行星目前為唯一可由發現者命名的天體，中大目前已取得近 50 顆命

名，表彰許多對台灣有重要貢獻的人，如陳樹菊女士、鄧雨賢先生…等等。同

時全台灣各縣市名稱，也即將命名完成。 

  

中央大學天文所所長黃崇源說，「南瀛天文館」小行星 2008 年 10 月 23 日由蕭

翔耀與葉泉志於鹿林天文台所發現，發現時在金牛座位置，目前已運行到獵戶

座。大小約在 1-2 公里之間，繞行太陽一圈 3.59 年（軌道週期），離太陽最近時

（近日點）為 2.6 億公里，最遠時（遠日點）為 4.4 億公里。 

  

黃崇源說，要在宇宙蒼穹間發現新星體，一如大海撈針般困難，同時要經長時

間的軌道確認，才能確認是新天體。尤其在海拔 2,862 公尺的高山觀測相當克

難，工作型態更是日夜顛倒，十分辛苦。 

  

小行星是目前各類天體中唯一可以由發現者進行命名並得到世界公認的天體。

觀測者發現小行星後，需先通報國際小行星中心，經初步確認後，會按發現時

的年份與順序配予暫時編號。當該小行星至少 4 次在回歸中被觀測到，軌道又

可以精確測定時，它就會得到一個永久編號，發現者便擁有該小行星的命名

權。提出的名稱必須經過國際天文學聯合會（IAU）的小天體命名委員會

（CSBN）審查通過並公告生效。 

  

 

小行星命名南瀛天文館 中央大學贈台南銘板 

2019/12/02 中央通訊社  

 中央大學鹿林天文台將 2008 年發現的小行星命名為「南瀛天文館」，副校長陳

志臣今天致贈小行星銘板給台南市長黃偉哲，以推許台南市天文教育的突出及

南瀛天文館的貢獻。 
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陳志臣今天出席在台南市中西區忠義國中舉辦的「星動時課」天文課程博覽

會，當場致贈小行星銘板給黃偉哲，且盛讚台南天文教育的突出。 

 

陳志臣表示，自己是南部人，卻沒去過南瀛天文館，昨天一到台南就去參觀，

果真是小而美，辦得很有特色；南瀛天文館雖僅有 12 年歷史，卻有平地最大直

徑的天文望遠鏡、天文博物館及 3D 劇院，且結合在地人文，更有豐富的自然

生態資源。 

 

陳志臣同時介紹中央大學鹿林天文台說，鹿林天文台是台灣最高的天文台，位

於玉山山脈的鹿林山，海拔 2800 多公尺，工作人員與世隔絕，日夜顛倒。 

 

他表示，鹿林天文台迄今發現近 50 顆小行星，已命名 38 顆，「南瀛天文館」

就是第 38 顆；鹿林天文台發現小行星的命名，都是對台灣有貢獻或重要地名，

讓世界看到台灣，也讓台灣天文教育發光發亮。 

 

「南瀛天文館」小行星於 2008 年 10 月 23 日由蕭翔耀、葉泉志在鹿林天文台發

現，當時在金牛座位置，目前已運行到獵戶座。小行星大小約在 1 公里至 2 公

里之間，繞行太陽 1 圈 3.59 年（軌道週期），離太陽最近時（近日點）為 2.61

億公里，最遠時（遠日點）為 4.41 億公里，命名也經國際天文學聯合會

（IAU）通過。 

 

南瀛天文館位於台南市大內區，前身是台南縣政府創設的「南瀛天文教育園

區」，2010 年台南縣市合併時改名為「南瀛天文館」，天文館設施包括天文觀測

館、天文展示館、星象館等。 

 

 

小行星命名南瀛天文館 中央大學贈台南銘板 

2019/12/02 芋傳媒  

中央大學鹿林天文台將 2008 年發現的小行星命名為「南瀛天文館」，副校長陳

志臣今天致贈小行星銘板給台南市長黃偉哲，以推許台南市天文教育的突出及

南瀛天文館的貢獻。 

 

陳志臣今天出席在台南市中西區忠義國中舉辦的「星動時課」天文課程博覽
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會，當場致贈小行星銘板給黃偉哲，且盛讚台南天文教育的突出。 

 

陳志臣表示，自己是南部人，卻沒去過南瀛天文館，昨天一到台南就去參觀，

果真是小而美，辦得很有特色；南瀛天文館雖僅有 12 年歷史，卻有平地最大

直徑的天文望遠鏡、天文博物館及 3D 劇院，且結合在地人文，更有豐富的自

然生態資源。 

  

陳志臣同時介紹中央大學鹿林天文台說，鹿林天文台是台灣最高的天文台，位

於玉山山脈的鹿林山，海拔 2800 多公尺，工作人員與世隔絕，日夜顛倒。 

 

他表示，鹿林天文台迄今發現近 50 顆小行星，已命名 38 顆，「南瀛天文館」

就是第 38 顆；鹿林天文台發現小行星的命名，都是對台灣有貢獻或重要地

名，讓世界看到台灣，也讓台灣天文教育發光發亮。 

 

「南瀛天文館」小行星於 2008 年 10 月 23 日由蕭翔耀、葉泉志在鹿林天文

台發現，當時在金牛座位置，目前已運行到獵戶座。小行星大小約在 1 公里至 

2 公里之間，繞行太陽 1 圈 3.59 年（軌道週期），離太陽最近時（近日點）

為 2.61 億公里，最遠時（遠日點）為 4.41 億公里，命名也經國際天文學聯合

會（IAU）通過。 

 

南瀛天文館位於台南市大內區，前身是台南縣政府創設的「南瀛天文教育園

區」， 2010 年台南縣市合併時改名為「南瀛天文館」，天文館設施包括天文觀

測館、天文展示館、星象館等。 

  

 

台南市領先全國首創國小天文課程 黃偉哲邀請親子大眾一同玩轉

星動時課 

2019/12/02 蕃薯藤 yamNews  

台南市政府教育局與南瀛天文館合作推廣天文教育，南瀛天文館歷時 2 年成功

開發全國第一套完整的國小天文課程－「星動時課」，1 日上午 9 時在忠義國

小舉辦「玩轉天文‧星動時課」天文課程博覽會，黃偉哲市長出席代表台南市

接受國立中央大學頒贈「南瀛天文館」小行星，此小行星為中央大學鹿林天文

台於 2008 年發現，以「南瀛天文館」進行命名，象徵市府教育局及南瀛天文館

致力推廣天文教育的成果備受肯定。現場還有教育局鄭新輝局長、國立中央大

學陳志臣副校長、國立成功大學科教中心許瑞榮主任、沈震東議員、李啟維議

員及各界貴賓共襄盛舉一同參與開幕。 
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市長黃偉哲表示，台南市對於科學教育積極落實扎根，非常感謝中央大學、成

功大學以及各位校長、老師的付出，讓台南的大朋友、小朋友都能夠在浩瀚的

天文領域裡找到自己喜歡的方向，勇於付出、投入，未來市府也願意在有限的

經費預算下盡可能再增加教育的支出。 

 

秉持著「天文好好玩」的信念，南瀛天文館以國小一至六年級學生為目標，把

讓老師苦惱的天文課程教學，透過團康、桌遊、故事或教具操作，轉化為好玩

易懂的《星動時課》，歷經 2 年的教案編寫、課程試教修正及教具研發製作，

終於在今年 7 月完成全部 36 套課程。教育局長鄭新輝表示，這是全台第一個系

統性開發完成的國小天文課程，自 108 學年度起，台南市共有 15 所國民小學正

式實施《星動時課》課程。 

 

「玩轉天文‧星動時課」天文課程博覽會內容涵蓋 8 大項別開生面的活動，藉

由展示解說、擂台競賽、闖關體驗及課程示範教學等豐富有趣的方式，展現台

南市天文課程研發成果。活動現場的「南瀛藏星閣」，透過別具巧思的設計，

完整展示課程內容與教材教具；「鬥天機-天文達人擂台賽」由國小學生組隊報

名參加，藉由擂台方式比鬥天文知識；「大天文小教室」則是國小教師實際帶

領學生，依教案進行班級實作教學；其他如「戲說天文」、「星光遊樂園」、

「奧林帕斯競技場」、「阿緹米絲的異想世界」及「黑洞之密室脫逃」等，全

部都是由「星動時課」教材教具所設計的精彩趣味活動。 

 

活動當天，民眾只要喊出「玩轉天文，天文好好玩」口號，音量超過 80 分貝，

就可獲得闖關卡及滿天星 1 份。憑闖關卡體驗活動完成集章，還可進行轉轉樂

兌換天文館精緻好禮。此外，現場還有許多免費報名的競賽及手做活動，提供

親子大眾豐富的選擇，如「奧林帕斯競技場」天文競賽、「熊尾巴的七顆星」

DIY 和「大天文小教室」示範教學等，讓親子大眾開心享受學習天文的樂趣。 

 

 

星動時課 全台首創國小天文課程 

2019/12/02 Yahoo 奇摩新聞  

 你知道有一顆行星以南瀛天文館命名嗎？中央大學鹿林天文台 2008 年發現編號

281569 號小行星，命名「南瀛天文館」並經國際天文學聯合會（IAU）通過，

12 月 1 日將由中央大學致贈小行星銘板給台南市長黃偉哲，肯定南瀛天文館對
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天文教育貢獻；同時，南瀛天文館花 2 年打造《星動時課》（見圖，曹婷婷

攝），今年 7 月共完成 36 套，是全台首創系統性的國小天文課程。 

 

中央大學天文所所長黃崇源說，「南瀛天文館」小行星 2008 年 10 月 23 日由蕭

翔耀與葉泉志於鹿林天文台發現，發現時在金牛座位置，目前已運行到獵戶

座，大小約在 1-2 公里間，繞行太陽 1 圈 3.59 年，離太陽最近時（近日點）為

2.6 億公里，最遠時（遠日點）為 4.4 億公里。 

 

黃崇源說，發現新星體如大海撈針，同時要經長時間才能確認，小行星是目前

各類天體中，唯一可由發現者命名並得到世界公認的天體，提出名稱需經國際

天文學聯合會小天體命名委員會（CSBN）審查通過並公告生效。 

 

中央大學副校長陳志臣表示，中大目前取得近 50 顆命名，表彰對台灣有重要貢

獻的人，如陳樹菊女士、鄧雨賢先生等，同時全台灣各縣市名稱也即將命名完

成。 

 

南瀛天文館以國小一至六年級學生為目標，把艱深天文課程教學透過團康、桌

遊、故事或教具操作，轉化為好玩易懂的《星動時課》，歷經 2 年教案編寫、課

程試教及教具研發，終在今年 7 月完成 36 套課程，108 學年度起，台南市共有

15 所國小正式實施《星動時課》。 

 

 

星動時課博覽會 12 月 1 日登場 

2019/12/02 Yahoo 奇摩新聞  

 「希望孩子能更輕鬆有趣地認識星空，有系統地學習天文！」南瀛天文館開發

全臺第一套完整的國小天文課程，將於 12 月 1 日在忠義國小舉辦「玩轉天文‧

星動時課」天文課程博覽會，以「黑洞密室逃脫」、「阿提米斯的異想世界」

等好玩的遊樂園主題概念呈現給學童與民眾，歡迎闔家前往，體驗玩轉天文的

樂趣。 

 

秉持著「天文好好玩」的信念，南瀛天文館以國小一至六年級學生為目標，把

讓老師苦惱的天文課程教學，透過團康、桌遊、故事或教具操作，轉化為好玩

易懂的《星動時課》。 
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歷經兩年的教案編寫、課程試教修正及教具研發製作，終於在今年 7 月完成全

部 36 套課程。教育局長鄭新輝表示，這是全臺第一個系統性開發完成的國小天

文課程，自 108 學年度起，南市共有 15 所國民小學正式實施《星動時課》課

程。 

 

週末想要 FUN 輕鬆，開心體驗天文主題遊樂園，觀賞鬥天機天文達人競賽，大

玩黑洞密室逃脫，進行月球角色裝扮及聆聽專業解說員講述超獵奇天文故事

嗎？12 月 1 日當天從上午 9 時到下午 4 時，在忠義國小舉辦「玩轉天文‧星動

時課」天文課程博覽會，36 套課程結合遊樂園主題活動，提供民眾免費體驗，

只要喊出「玩轉天文，天文好好玩」口號，音量超過 80 分貝，就可獲得闖關卡

以及滿天星 1 份。憑闖關卡體驗活動完成集章，還可進行轉轉樂兌換天文館精

緻好禮。 

 

此外，現場還有許多免費報名的競賽及手做活動，提供親子大眾豐富的選擇。

如「奧林帕斯競技場」天文競賽、「熊尾巴的七顆星」DIY 和「大天文小教

室」示範教學等，歡迎民眾提早到場登記領取號碼牌，以免向隅。 

 

活動當日上午 10 時，黃偉哲市長將代表臺南市接受國立中央大學頒贈「南瀛天

文館」小行星，此小行星為中央大學鹿林天文台於 2008 年發現，並以南瀛天文

館進行命名，象徵南瀛天文館致力於推廣天文教育，成果備受肯定，歡迎民眾

前往觀禮，一同為臺南市喝采。更多活動詳情請上南瀛天文館官網

https://taea.tn.edu.tw/，或撥 06-5761076 致電洽詢。 

 

 

中央大學發現新小行星 IAU 通過命名「南瀛天文館」 

2019/11/29 自由時報  

 v 中央大學鹿林天文台將 2008 年發現的編號 281569 號小行星，命名為「南瀛天

文館」，並經國際天文學聯合會（IAU）通過。12 月 1 日上午將在台南市忠義

國小舉辦頒贈儀式，由中央大學副校長陳志臣致贈小行星銘板給台南市長黃偉

哲。 

 

中央大學天文所所長黃崇源說，「南瀛天文館」小行星於 2008 年 10 月 23 日由

蕭翔耀與葉泉志在鹿林天文台所發現，當時在金牛座位置，目前已運行到獵戶
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座。大小約在 1-2 公里之間，繞行太陽一圈 3.59 年（軌道週期），離太陽最近

時（近日點）為 2.6 億公里，最遠時（遠日點）為 4.4 億公里。 

 

黃崇源說，小行星是目前各類天體中唯一可以由發現者進行命名並得到世界公

認的天體。以南瀛天文館命名，肯定南瀛天文館在天文教育的貢獻。 

 

陳志臣表示，中央大學目前已取得近 50 顆命名，表彰許多對台灣有重要貢獻的

人，如陳樹菊、鄧雨賢等。 

 

12 月 1 日當天，台南市教育局也規劃「玩轉天文」星動時課天文課程博覽會，

一系列活動供民眾體驗。 

 

南瀛天文館花費 2 年，以國小一至六年級學生為目標，把天文課程教學透過團

康、桌遊、故事或教具操作，轉化為好玩易懂的《星動時課》，今年 7 月完成全

部 36 套課程，為全台第一個系統性開發完成的國小天文課程，同時自 108 學年

度起，全市共有 15 間國民小學正式實施《星動時課》。 

 

 

小行星命名南瀛天文館 中央大學 12/1 頒贈銘板 

2019/11/29 中央通訊社  

 台南市南瀛天文館推廣天文教育，中央大學鹿林天文台更將 2008 發現的小行星

命名為「南瀛天文館」，中央大學副校長陳志臣 12 月 1 日將致贈小行星銘板給

台南市。 

 

台南市南瀛天文館人員今天告訴中央社記者，小行星銘板頒贈儀式 12 月 1 日上

午 10 時將在台南市中西區忠義國小舉行。這個小行星是中央大學鹿林天文台

2008 年發現的，命名為「南瀛天文館」，並經國際天文學聯合會（IAU）通

過。 

 

「南瀛天文館」小行星於 2008 年 10 月 23 日由蕭翔耀、葉泉志在鹿林天文台發

現，當時在金牛座位置，目前已運行到獵戶座。小行星大小約在 1 公里至 2 公
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里之間，繞行太陽 1 圈 3.59 年（軌道週期），離太陽最近時（近日點）為 2.61

億公里，最遠時（遠日點）為 4.41 億公里。 

 

中央大學表示，南瀛天文館是台南市的公立天文博物館，從創立以來，除致力

台灣基礎天文教育的扎根，更串連鄰近的人文景觀、豐富的自然生態資源，創

造一個結合天文、科學、人文與生態之多面向教育價值的「南瀛星故鄉」。 

 

中央大學表示，中大長年來致力於天文研究，也曾將發現的行星以名人為命

名，這次為了表達南瀛天文館對天文教育的奉獻與付出，將在台南市舉辦頒贈

儀式。 

 

台南市教育局人員表示，南瀛天文館 2017 年著手開發適合國小 1 年級至 6 年級

學生的天文課程，今年 7 月完成 36 套「星動時課」課程，這是全台第一個系統

性開發完成的國小天文課程，台南市有 15 所國小已於 108 學年度開始授課。 

 

南瀛天文館位於台南市大內區，前身是台南縣政府創設的「南瀛天文教育園

區」，2010 年台南縣市合併時改名為「南瀛天文館」，天文館設施包括天文觀

測館、天文展示館、星象館等。 

 

12 月 1 日當天除小行星銘板頒贈外，台南市政府教育局也將舉辦「玩轉天文」

的天文課程博覽會，將南瀛天文館開發的 36 套「星動時課」課程結合遊樂園主

題，讓民眾免費體驗。 

 

 

小行星命名南瀛天文館 中央大學 12 月 1 日頒贈銘板 

2019/11/29 udn 聯合新聞網  

 台南市南瀛天文館推廣天文教育，中央大學鹿林天文台更將 2008 發現的小行

星命名為「南瀛天文館」，中央大學副校長陳志臣 12 月 1 日將致贈小行星銘板

給台南市。 

  

台南市南瀛天文館人員今天告訴中央社記者，小行星銘板頒贈儀式 12 月 1 日上

午 10 時將在台南市中西區忠義國小舉行。這個小行星是中央大學鹿林天文台

2008 年發現的，命名為「南瀛天文館」，並經國際天文學聯合會（IAU）通過。 
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「南瀛天文館」小行星於 2008 年 10 月 23 日由蕭翔耀、葉泉志在鹿林天文台發

現，當時在金牛座位置，目前已運行到獵戶座。小行星大小約在 1 公里至 2 公

里之間，繞行太陽 1 圈 3.59 年（軌道週期），離太陽最近時（近日點）為 2.61

億公里，最遠時（遠日點）為 4.41 億公里。 

 

中央大學表示，南瀛天文館是台南市的公立天文博物館，從創立以來，除致力

台灣基礎天文教育的扎根，更串連鄰近的人文景觀、豐富的自然生態資源，創

造一個結合天文、科學、人文與生態之多面向教育價值的「南瀛星故鄉」。 

 

中央大學表示，中大長年來致力於天文研究，也曾將發現的行星以名人為命

名，這次為了表達南瀛天文館對天文教育的奉獻與付出，將在台南市舉辦頒贈

儀式。 

 

台南市教育局人員表示，南瀛天文館 2017 年著手開發適合國小 1 年級至 6 年級

學生的天文課程，今年 7 月完成 36 套「星動時課」課程，這是全台第一個系統

性開發完成的國小天文課程，台南市有 15 所國小已於 108 學年度開始授課。 

 

南瀛天文館位於台南市大內區，前身是台南縣政府創設的「南瀛天文教育園

區」，2010 年台南縣市合併時改名為「南瀛天文館」，天文館設施包括天文觀測

館、天文展示館、星象館等。 

 

12 月 1 日當天除小行星銘板頒贈外，台南市政府教育局也將舉辦「玩轉天文」

的天文課程博覽會，將南瀛天文館開發的 36 套「星動時課」課程結合遊樂園主

題，讓民眾免費體驗。 

 

 

天文主題遊樂園免費體驗《星動時課》博覽會周日登場 

2019/11/27 中時電子報  

周末想要 FUN 輕鬆，開心體驗天文主題遊樂園，玩黑洞密室逃脫，觀賞鬥天機

天文達人競賽，進行月球角色裝扮及聆聽專業解說員講述超獵奇天文故事嗎？

「玩轉天文」《星動時課》天文課程博覽會將於 12 月 1 日在台南忠義國小登

場，規畫了許多豐富有趣的活動供民眾免費體驗，還有精緻好禮可兌換。 

  

秉持著「天文好好玩」的信念，台南市政府教育局轄下南瀛天文館以國小一至

六年級學生為目標，把讓老師苦惱的天文課程教學，透過團康、桌遊、故事或
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教具操作，轉化為好玩易懂的《星動時課》。 

  

歷經兩年的教案編寫、課程試教修正及教具研發製作，終於在今年 7 月完成全

部 36 套課程，這是全台第一個系統性開發完成的國小天文課程，同時自本學年

度起，台南市共有 15 間國民小學正式實施《星動時課》。 

  

教育局為了讓孩童更輕鬆有趣地認識星空，學習天文，12 月 1 日上午 9 點到下

午 4 點在忠義國小舉辦星動時課天文課程博覽會，36 套課程結合遊樂園主題，

以「黑洞密室逃脫」、「阿提米斯的異想世界」等好玩的「遊樂園」主題概念呈

現給學童與民眾。 

  

現場還有許多免費報名的競賽及手作活動，提供親子大眾豐富的選擇。如「奧

林帕斯競技場」天文競賽、「熊尾巴的七顆星」手作 DIY 和「大天文小教室」示

範教學等，歡迎當日提早到場登記領取號碼牌，以免向隅。 

  

活動當天只要喊出「玩轉天文，天文好好玩」口號，音量超過 80 分貝，就可獲

得闖關卡以及滿天星 1 份。憑闖關卡體驗活動完成集章，還可進行轉轉樂兌換

天文館精緻好禮。 

  

活動當日上午 10 點市長黃偉哲將代表台南市接受國立中央大學頒贈「南瀛天文

館」小行星，此小行星為中央大學鹿林天文台於 2008 年發現，並以南瀛天文館

進行命名，象徵南瀛天文館致力於推廣天文教育，成果備受肯定。 

原文轉載自【2019-11-27/中時電子報】 

 

 

打造假日天文遊樂園！星動時課博覽會 12 月 1 日歡樂登場 

2019/11/25 Hinet  

 「希望孩子能更輕鬆有趣地認識星空，學習天文！」臺南市政府教育局將於 12

月 1 日在忠義國小舉辦「玩轉天文」星動時課天文課程博覽會，以「黑洞密室

逃脫」、「阿提米斯的異想世界」等好玩的「遊樂園」主題概念呈現給學童與民

眾，歡迎闔家前往，體驗「玩轉天文」的樂趣。 

  

秉持著「天文好好玩」的信念，臺南市政府教育局轄下南瀛天文館以國小一至

六年級學生為目標，把讓老師苦惱的天文課程教學，透過團康、桌遊、故事或

教具操作，轉化為好玩易懂的《星動時課》。歷經兩年的教案編寫、課程試教修

正及教具研發製作，終於在今年 7 月完成全部 36 套課程。這是全臺第一個系統

性開發完成的國小天文課程，同時自 108 學年度起，臺南市共有 15 間國民小學
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正式實施《星動時課》。 

  

週末想要 FUN 輕鬆，開心體驗天文主題遊樂園，觀賞鬥天機天文達人競賽，大

玩黑洞密室逃脫，進行月球角色裝扮及聆聽專業解說員講述超獵奇天文故事

嗎？12 月 1 日當天從上午 9 點到下午 4 點，在忠義國小將舉辦「玩轉天文」星

動時課天文課程博覽會，36 套課程結合遊樂園主題，規劃了許多豐富有趣的活

動，提供到場民眾免費體驗，只要喊出「玩轉天文，天文好好玩」口號，音量

超過 80 分貝，就可獲得闖關卡以及滿天星 1 份。憑闖關卡體驗活動完成集章，

還可進行轉轉樂兌換天文館精緻好禮。 

 

此外，現場還有許多免費報名的競賽及手作活動，提供親子大眾豐富的選擇。

如「奧林帕斯競技場」天文競賽、「熊尾巴的七顆星」手作 DIY 和「大天文小教

室」示範教學等，歡迎當日提早到場登記領取號碼牌，以免向隅。 

  

活動當日上午 10 點黃偉哲市長將代表臺南市接受國立中央大學頒贈「南瀛天文

館」小行星，此小行星為中央大學鹿林天文台於 2008 年發現，並以南瀛天文館

進行命名，象徵南瀛天文館致力於推廣天文教育，成果備受肯定，歡迎民眾前

往觀禮，一同為臺南市喝采。 

  

更多活動詳情請上南瀛天文館官網 https://taea.tn.edu.tw/，或撥 06-5761076 致

電洽詢。 

  

 

全球首例！台高中生發現「海王星外」新天體 IAU 正式命名「燭

龍」 

2019/11/08 大紀元  

 國立中興大學附屬高中 5 名學生，2014 年參與國立中央大學主持的國際「泛星

計畫」搜尋未知天體，新發現一顆遠在海王星軌道外的小行星，國際天文學聯

盟（IAU）近日正式認可學生的提議，將該天體命名為「燭龍」。不僅創下台灣

高中生紀錄，也是全球首次由高中生發現的海王星之外太陽系天體。 

  

國際「泛星計畫」是利用泛星望遠鏡取得的第一手影像，透過分析影像尋找未

知天體。5 年前，興大附中指導老師林士超帶領 5 名學生薛竹珺、紀政杰、林

筠皓、謝昕蒓、何艾玲，分析泛星計畫的影像，發現了一顆比海王星更遙遠的

小行星，為全球首例由高中生發現的「海王星之外太陽系天體」。 
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當年參與「泛星計畫」的興大附中團隊學生，現在都快大學畢業，目前就讀於

台灣大學地質系 4 年級的何艾玲就是其中之一。她表示，永遠也忘不了當年在

螢幕上尋找星點的辛苦，以及與同學討論的樂趣，很高興能為這個「世界第一

的發現」做出貢獻。 

 

中央大學說，這顆小行星大小約兩百公里，距離太陽平均距離為 56 個天文單

位，意即地球與太陽距離的 56 倍，比海王星甚至冥王星更遠。這種新型態的小

行星，不同於一般位於火星與木星之間的小行星，IAU 經過冗長討論才決定命

名規則。 

 

據悉，興大附中 2017 年曾在校內舉辦過一次命名票選，全校師生當時原本希望

將小行星命名為「媽祖」，但未被 IAU 認可。經過多年驗證軌道與命名討論，位

於巴黎 IAU 於 2018 年給予小行星永久編號，並於近日正式接受興大附中學生投

票命名該天體為「燭龍」(2014 GE45 = 472235 Zhulong “Torch Dragon”)。 

 

「燭龍」為《山海經‧大荒北經》記載的紅色妖神，書中描述其人面蛇身，張閉

眼控制了日夜，吸吐氣則控制了冬夏，發出火焰照亮了九幽重暗。 

 

中央大學天文所教授陳文屏表示，「燭龍」的發現相當幸運，但好運掉下來時，

準備好的人才能伸手接住。今年 10 月到 11 月，台灣也有三十多所學校、超過

百名學生參與小行星搜尋活動，期待有更多發現。 

  

 

天文迷跨國際小行星搜尋賽 國立中興高中發現 4 顆大放光芒 

2019/11/07 Yahoo 奇摩新聞  

由國際天文搜尋組織(International Astronomical Search Collaboration (IASC))舉辦

的國際性聯合搜尋賽事，自 10 月 21 日起展開五週的競賽，南投縣國立中興高

中數理資優班二年級同學組隊參加，目前為止全台 29 所國高中學校共發現 10

顆從未被觀測過的小行星，其中中興高中即發現 4 顆，於競賽中大放光芒。 

  

這項國際尋星的競賽，讓參與的同學發揮高度天文知識，每年均有來自 10 多個

不同國家的高中生組隊參加，台灣地區的賽事承辦人為國立中央大學天文研究

所陳文屏教授。今年度的賽事(IASC2019)於 10 月 21 日起至 11 月 18 日止，為期

將近五週，截至 11 月 2 日止目前公布結果全台找到 10 顆主要小行星帶上從未

被人觀測過的小行星，其中國立中興高中發現 4 顆、北一女中發現 3 顆，另臺

中一中、彰化高中與羅東高中各貢獻 1 顆。 
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中興高中今年度尋星隊員為高二數理資優班 6 位同學，分別是張簡苑昌、陳宥

翔、林佑安、張晏蓁、李佩儒與林懷昇。 

  

指導老師李欣珮組長指出，此競賽於台灣已進行 10 年，修正去年經驗，今年讓

高二同班同學參加以強化效率。同學被付予不同任務，經過此次歷練，並以英

文與國外教授對談，獲得跨出台灣的機會，實際有成果與貢獻並獲國際認證，

讓同學更有動力向前。 

  

與賽同學在每筆天文圖資公布後都於 12 小時內各分組分析完資料後比對並統整

出最佳化數據，回傳夏威夷大學天文台之承辦教授 Dr. Cassidy Davis，學生不但

能學習如何分析處理天文資料，也藉此與夏威夷大學教授用英文溝通發現成

果，極具挑戰和成就。 

  

同學接獲四張不同圖片後，透過疊圖藉資料的差異找出不曾被觀測過的小行

星，同學說點選小行星對比資料庫，如果是資料庫中沒有的檔，即回報到主辦

單位，再行對比是否為不曾被找到的小行星，由主辦單位確認，並經過也許數

年的觀測確定為新發現者始予命名。 

  

這些同學已經能擔任指導小老師，陳宥翔表示從國中沒有任何經驗，到後來能

從容表達，也指導國中同學製作濾鏡觀測太陽等。張簡苑昌也表示，去年參加

時偶遇瓶頸，今年略為修正縮短時間，更見效率，未來希望朝此方向持續研究

努力，加深對地科的熱愛。 

  

校長陳江海表示，目前成果顯示學校資優教育成果，可以讓知識應用在實際操

作上，也應證學校獲資優評鑑一等的佳績。參與競賽讓同學了解團隊合作的重

要與創意的啟發，未來學校仍會持續拓展資源，讓同學有更多參與國際活動的

機會。 

  

此次競賽時程頗長，考驗著學生的耐心與毅力，全台灣共 29 所國高中參與競

賽，中興高中、北一女、中大壢中、羅東高中、臺中一中、興大附中、彰化高

中、嘉義高中、台南二中等校。 

原文轉載自【2019-11-07/Yahoo 奇摩新聞】 

 

 

破世界紀錄！興大附中學生發現「海王星外」新天體 正式命名

「燭龍」 
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2019/11/06 ETtoday  

國立中興大學附屬高中 5 名學生，5 年前參與國立中央大學主持的國際「泛星

計畫」搜尋未知天體，果然新發現一顆遠在海王星軌道外的小行星，不僅創下

台灣高中生紀錄，也是全球首例。國際天文學聯盟（IAU）近日正式認可學生

的提議，將該天體命名為「燭龍」。 

  

國際「泛星計畫」是利用泛星望遠鏡取得的第一手影像，透過分析影像尋找未

知天體。2014 年，興大附中指導老師林士超帶領 5 名學生薛竹珺、紀政杰、林

筠皓、謝昕蒓、何艾玲，分析泛星計畫的影像，發現了一顆比海王星更遙遠的

小行星，為全球首次由高中生發現的海王星之外太陽系天體。 

  

中央大學說，這顆小行星大小約 200 公里，距離太陽平均距離為 56 個天文單

位，意即地球與太陽距離的 56 倍，比海王星甚至冥王星更遠。這種新型態的小

行星，不同於一般位於火星與木星之間的小行星，IAU 經過冗長討論才決定命

名規則，當年參與的高中生，如今也快從大學畢業。 

  

據悉，興大附中 2017 年曾在校內舉辦過一次命名票選，全校師生當時原本希望

將小行星命名為「媽祖」，但未被 IAU 認可。經過多年驗證軌道與命名討論，位

於巴黎 IAU 於 2018 年給予小行星永久編號，並於近日正式接受興大附中學生投

票命名該天體為「燭龍」(2014 GE45 = 472235 Zhulong “Torch Dragon”)。 

  

「燭龍」為《山海經•大荒北經》記載的紅色妖神，書中描述其人面蛇身，張閉

眼控制了日夜，吸吐氣則控制了冬夏，發出火焰照亮了九幽重暗。 

  

當年參與發現小行星的學生何艾玲，目前就讀台灣大學地質系四年級。她表

示，永遠也忘不了當年在螢幕上尋找星點的辛苦，以及與同學討論的樂趣，很

高興能為這個世界第一的發現作出貢獻。 

  

興大附中指導老師林士超說明，海王星軌道之外的這些小天體，也被稱為「古

柏帶天體」，有助於研究太陽系的形成與演化。林士超回憶，當初剛發現這顆小

行星時，因為位置變化慢，團隊一度以為該天體往直直往地球而來，誤認是近

地小行星，經過後續觀測，才證實是位在海王星軌道之外的遙遠天體。 

 

 

世界第一台灣高中生發現小行星命名「燭龍」 

2019/11/06 中時電子報  

178



中央大學參加國際「泛星計畫」，利用泛星望遠鏡尋找未知天體，2014 年中興

大學附屬高中學生分析泛星計畫的影像，發現了一顆比海王星還遙遠的小行

星，國際天文學聯盟 (IAU) 於近日正式接受興大附中學生投票命名該天體為

「燭龍」。 

  

中興大學附屬高中學生發現的這顆小行星，大小約 200 公里，距離太陽平均是

地球與太陽距離的 56 倍（56 個天文單位），比海王星甚至冥王星更遠。這是全

球首次由高中生發現海王星之外的太陽系天體。 

  

這種新型態的小行星，不同於一般位於火星與木星之間的小行星，國際天文學

聯合會經過冗長討論才決定命名規則，當年參與的高中生，現在已經快要大學

畢業。 

  

小行星發現之後，經過多年驗證軌道與命名討論，位於巴黎的國際天文學聯盟

終於在 2018 年給予永久編號，並於近日正式接受興大附中學生投票命名該天體

為「燭龍」。燭龍是山海經當中的紅色妖神，人面蛇身，張閉眼控制了日夜，吸

吐氣則控制了冬夏，發出火焰照亮了九幽重暗。 

  

當年參與的學生何艾玲，現就讀台大地質系四年級，仍忘不了當年在螢幕上尋

找移動星點的辛苦，以及與同學討論的樂趣，很高興貢獻了這個世界第一的發

現指，也希望之後能夠繼續類似的學術研究，再續小行星緣。 

  

指導老師中興大學附屬高中林士超老師說明，研究位於海王星軌道之外的這些

小天體，也稱為古柏帶天體，有助於研究太陽系的形成與演化。林士超老師清

楚記得這顆小行星剛被發現時因為位置變化很慢，有可能是因為往地球直直而

來，而被誤認為近地小行星，但經過後續觀測，才證實是位在海王星軌道之外

的遙遠太陽天體。 

  

中央大學天文所教授陳文屏是泛星計畫台灣的共同主持人，他表示，這次的發

現很幸運，小行星分類印證了小心求證的科學過程，而一旦好運掉下來，準備

好的人才能伸手接住。這次的命名過程蜿蜒曲折，很高興神話燭龍躍向太空變

身為燭龍小行星。 

 

 

全球首例！台灣高中生發現小行星命名「燭龍」 

2019/11/06 自由時報  
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國立興大附中高中生，5 年前參加中央大學主導的「泛星計畫」，在分析泛星

計畫的影像後，發現了一顆寬度約 200 公里，比海王星還遙遠的小行星，這是

全球首次由高中生發現海王星之外的太陽系天體，經多年驗證軌道與命名討

論，位於巴黎的國際天文學聯盟 （IAU）終於在 2018 年給予永久編號，取得命

名權的興大附中學生，近日並正式命名該天體為「燭龍」。 

  

國立興大附中天文社學生在指導老師林士超帶領下，2014 年參加中央大學天文

所陳文屏教授擔任共同主持人的「泛星計畫」，利用泛星望遠鏡取得的第一手影

像尋找未知天體，5 名學生經不斷觀察、比對，發現一顆距離是地球與太陽距

離的 56 倍，比海王星甚至冥王星更遠的小行星，此發現是全球高中生首例。 

  

這顆小行星發現後，經過多年驗證軌道與命名討論，位於巴黎的國際天文學聯

盟終於在去年給予永久編號。因這種新型態的小行星，不同於一般位於火星與

木星間的小行星，國際天文學聯合會經過冗長討論才決定命名規則，當年發現

的學生都已經快大學畢業。 

  

因 5 名興大附中發現學生取得命名權，5 人原本想命名為「媽祖」，但國際天文

學聯盟告知此是小行星，不可用大神命名，討論後覺得中國古籍《山海經》中

描述的紅色妖神「燭龍」，外型人面蛇身，張閉眼控制了日夜，吸吐氣則控制了

冬夏，發出火焰還能照亮九幽重暗，與此小行星相當類似，決定命名為「燭

龍」，近日並正式獲得認可。 

  

當年發現學生之一的何艾玲，現已就讀台大地質系 4 年級，對當年在螢幕尋找

移動星點的辛苦仍印象深刻，很高興能成為全球首次發現的一份子，希望以後

能有機會繼續從事類似的學術研究。 

  

林士超老師說，這顆小行星剛被發現時因位置變化很慢，有可能因往地球直直

而來，而被誤認為近地小行星，但經持續觀測，才證實是位在海王星軌道之外

的遙遠太陽天體，此研究有助於探索太陽系的形成與演化。 

 

 

興大附中團隊發現小行星 取山海經典故命名燭龍 

2019/11/06 Yahoo 奇摩新聞  

中興大學附屬高中師生組成的團隊，於民國 103 年分析「泛星計畫」影像，發

現一顆海王星外太陽系天體，這顆小行星近日透過學生投票，取「山海經」典

故命名為「燭龍」。 
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在中央大學主導下，廣招台灣學生參與「泛星計畫」，利用泛星望遠鏡取得的第

一手影像尋找未知天體。興大附中團隊於 103 年發現了一顆比海王星還遙遠的

小行星，大小約 200 公里，距離太陽平均距離是 56 個天文單位（地球與太陽距

離的 56 倍），甚至比冥王星更遠。 

  

中央大學今天發布新聞稿指出，這是全球首次由高中生發現海王星之外的太陽

系天體。不同於一般位於火星與木星之間的小行星，國際天文學聯合會（IAU）

經過冗長討論才決定命名規則，於 107 年給予永久編號，並於近日透過興大附

中團隊投票，正式命名為「燭龍」（2014 GE45 = 472235 Zhulong “Torch 

Dragon”）。 

  

中央大學指出，「燭龍」是「山海經」中的紅色妖神，人面蛇身。傳說中祂張

眼、閉眼間就控制了日夜，吸氣、吐氣之際便控制了冬夏，並會發出火焰照亮

黑暗。 

  

當年參與「泛星計畫」的興大附中團隊學生，現在都快大學畢業，目前就讀於

台灣大學地質系 4 年級的何艾玲就是其中之一。她忘不了當年在螢幕上尋找移

動星點的辛苦，以及與同學討論的樂趣，很高興貢獻了「發現指」，希望之後還

能繼續類似的學術研究，再續小行星緣。 

  

興大附中指導教師林士超回憶，「燭龍」剛被發現時，位置變化很慢，有可能是

往地球直直而來，而被誤認為近地小行星。但經過後續觀測，才證實是位在海

王星軌道之外的遙遠太陽天體。 

  

中央大學天文所教授陳文屏表示，「燭龍」的發現相當幸運，但好運掉下來時，

準備好的人才能伸手接住。今年 10 月到 11 月，台灣也有 30 多所學校、超過百

名學生參與小行星搜尋活動，期待有更多發現。 

 

 

夏天就要賞銀河看星星！全台 8 大觀星勝地推薦 

2019/08/12 新頭殼 newtalk  

台灣夏天是適合觀星的季節，6～9 月也是觀察、拍攝銀河的好時機，基本上，

只要沒有光害的地方，抬頭隨便都可以見到星空，而在高山上只要天氣不糟就

可以望見滿天星斗。《新頭殼》挑選全台較容易抵達、有特色的觀星景點，一一

為大家介紹。 
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北部 

 

台北市擎天崗 

 

對住在大台北地區的人來說，擎天崗可說是距離最近的觀星地點，從市區開

車、騎車上山大約一小時就可抵達，下山後要去北投泡溫泉，或是去士林夜市

逛逛都很順路，可以輕鬆安排豐富的行程。 

 

擎天崗可以眺望台北盆地夜景，但因為距離地面有一些高度，雖然難免還是會

受到光害影響，但以需花費的時間和心力來說，依舊是 cp 值很高的觀星點。因

為視野遼闊、空地廣大，加上有規劃完善的公共設施，交通容易，每逢流星雨

總有許多人湧入，將夜晚的山頭點綴得熱鬧。 

 

基隆大武崙砲台 

 

大武崙砲台離基隆市區約半小時車程，因為位於高地、夜間光害少，加上離市

區很近，大武崙砲台停車場就成為很受歡迎、老少咸宜的觀星景點，不必上高

山就能輕鬆抵達。北觀處在 2017 幸福北海岸系列活動中，首度於基隆大武崙舉

辦觀星活動，今年依然持續舉辦，相當受歡迎，很適合想觀星的入門者參加。 

 

大武崙砲台附近有情人湖、八斗子、外木山、大武崙漁港，不妨在白天安排行

程，遊覽基隆白天景色，晚上再以觀星結束充實的一天。 

 

中部 

 

玉山國家公園塔塔加 

 

塔塔加位於玉山國家公園，遠離都市喧囂，加上空氣純淨不受光害侵擾，容易

辨識星體、星座，每到夜晚就是群星上演華麗表演的時刻。塔塔加的停車場、

遊客服務中心都是熱門的觀星點，更有許多人喜愛以「夫妻樹」為前景，長時

間曝光拍出星軌拖曳的奇幻效果。因為塔塔加的優良觀測環境，中央大學天文

所還在鹿林前山設置了鹿林天文台，更吸引許多天文團體來此舉辦觀星活動。 

 

大雪山森林遊樂區 

 

大雪山不僅是景色秀麗、生態豐富的森林遊樂區，到夜幕低垂，更是變身為星

空劇場，可在無光害的環境下盡情欣賞遼闊星空之美。大雪山林道 43K 遊客服

務中心區及 48-50K 小雪山區域，沿線有不少的觀星地點，可謂一條名符其實的
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星光大道！東勢林區管理處不定期會舉辦星空講座，邀請專家為遊客解說星空

特色和背後的故事，規劃兩天一夜的旅行，住宿山上，白天欣賞風景、追尋帝

雉、藍腹鷴的蹤跡，晚上觀賞璀璨星空，抽空遠離繁忙都市生活。 

 

東部 

 

台東大坡池 

 

大坡池是全台唯一斷層形成的淡水濕地，提供多種動植物良好生長環境，也是

留鳥與候鳥的天堂，是相當重要的國家級重要濕地。而遠離市區的位置和特殊

濕地景觀，讓大坡池變成有別於高山的特色觀星景點。樹木、山景環繞濕地，

夜裡星星、月亮倒映在池中的反射令人屏息，同時也是自行車道的來往樞紐，

是池上自行車小旅行的必經之地。 

  

台東三仙台 

 

憑著曾入選「台東 14 個最美星空」和知名旅遊平台選出的「台灣 5 大觀星聖

地」，就可以瞭解三仙台是多麼強大的觀星景點。三仙台位於台東成功鎮東北

方，原先是一處岬角，因為海水侵蝕將岬角與岸邊連結處切斷，形成現今離岸

的小島，後來興建的拱型跨海步行橋將它與本島連接，遂成為成功鎮最具代表

性的景觀。三仙台是欣賞日出、觀星的好地方，躺在岸邊聽著浪濤聲，看著星

星移動，更有許多攝影人喜愛用拱橋作為地景，拍出一張張精彩的夜空照片。 

 

南部 

 

恆春貓鼻頭 

 

貓鼻頭位於台灣南端的西側岬角，由於沿岸有一塊自海崖崩落的礁石，因形似

一隻面海伏仆的貓，因此命名為貓鼻頭。貓鼻頭觀景台可以眺望恆春許多知名

景點，如難灣、墾丁國家森林遊樂區、船帆石、香蕉灣海岸林、鵝鑾鼻等地

方，因為遠離光害，到了晚上也成為恆春半島熱門的觀星景區。邊聽著海浪

聲，帶一塊墊布鋪在身下，看著遠方閃爍的星光，是夏天夜晚的獨家體驗。 

 

阿里山森林遊樂區小笠原觀景台 

 

去阿里山不僅可以看日出，觀星也是近年來非常熱門的活動。因為海拔高、位

於光害稀少的山區，加上漫步於森林間的愜意，搭乘世界級的森林鐵道小火車

上山，比起單純的森林遊樂區，更兼具豐富的人文氣息，讓行程有更多變化。
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小笠原觀景台坐擁 360 度無遮蔽景觀，對觀星來說是非常適合的地點。阿里山

森林遊樂區每年會推出觀星活動，可搭乘電動遊園車，在專業導覽員的講說下

對星空和阿里山森林鐵道歷史有更詳盡的認識。 

  

 

中央大學鹿林天文台發現小行星 浩瀚宇宙現雪霸 

2019/07/01 中時電子報  

今年為雪霸國家公園管理處第 27 週年處慶，中央大學特將鹿林天文台所發現的

第 278956 號小行星命名為「雪霸（Shei-Pa）」，希望傳達國家公園對自然資源保

育的精神，將臺灣的青山、綠水、藍天和美麗星空，世世代代的流傳下去。 

  

雪霸國家公園位於台灣本島之中北部，以雪山和大霸尖山的「雪」、「霸」兩字

命名，總面積 7 萬 6850 公頃，境內高山林立，景觀壯麗，為台灣第五座國家公

園。區內 3000 公尺以上高山就有 51 座，其中還有 19 座更名列台灣百岳，並有

臺灣獨一無二國寶魚「櫻花鉤吻鮭」及「觀霧山椒魚」等保育物種，是一座自

然資源極為豐富的國家公園。 

  

中央大學表示，「雪霸」小行星為 2008 年 10 月 22 日由國立中央大學鹿林天文

台蕭翔耀觀測員及加州理工學院葉泉志博士所發現，大小約 3.7 公里。雪霸小

行星繞行太陽一圈 5.71 年（軌道週期），離太陽最近時（近日點）為 4.26 億公

里，最遠時（遠日點）為 5.33 億公里。「雪霸」小行星 2008 年 10 月 22 日發現

時在鯨魚座，11 年後的今天繞太陽兩圈後又回到同一星座。 

  

適逢管理處 27 週年處慶，於 6 月 29 日舉辦了一系列慶祝活動，除了針對數 10

年來雪霸國家公園對於「櫻花鉤吻鮭」保育歷程和生態研究的座談外，中央大

學也將於同日頒贈小行星銘版，並邀請發現者蒞臨分享小行星的發現及鹿林天

文台的介紹，活動內容十分精彩，一同慶賀雪霸國家公園 27 歲生日快樂。 

  

中央大學指出，小行星的命名提出後需經過國際天文學聯合會（IAU）的小天體

命名委員會（CSBN）審查通過並公告生效，因此從發現到命名確認往往需時數

年，其過程並不容易，而持續自然保育及環境教育推動多年的雪霸國家公園的

精神同樣值得敬佩。 

  

中央大學提到，雪霸國家公園如同一座大型的自然博物館，境內無光害、少污

染的特點讓其成為最天然的觀星教室，將 278956 號小行星以此命名，從今以後

雪霸小行星將在浩瀚的星空中閃爍，照耀著雪霸國家公園。 
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雪管處 27 週年 發表雪霸小行星命名 

2019/07/01 自由時報  

雪霸國家公園管理處今天辦 27 週年系列活動，會中雪霸處也發表當時鹿林天文

台所發現的第 278956 號小行星命名為「雪霸（Shei-Pa）」，雪霸處指出，期盼

藉此傳達國家公園對自然資源保育的精神。 

 

中央大學表示，「雪霸」小行星為 2008 年 10 月 22 日由國立中央大學鹿林天文

台蕭翔耀及加州理工學院葉泉志博士所發現，於去年正式通過命名。「雪霸」

小行星 2008 年 10 月 22 日發現時在鯨魚座，而 11 年後的今天繞太陽兩圈後又

回到同一星座。 

 

其中雪霸小行星繞行太陽一圈 5.71 年（軌道週期），離太陽最近時（近日點）

為 4.26 億公里，最遠時（遠日點）為 5.33 億公里。 

 

由於小行星的命名提出後需經過國際天文學聯合會的小天體命名委員會審查通

過並公告生效，從發現到命名確認往往需時數年，過程不易。 

 

今天舉辦的「雪霸小行星命名發表會」也邀請鹿林天文台所長林宏欽、發現者

蕭翔耀分享介紹。 

 

雪霸處期望雪霸國家公園如境內少光害、少污染，而雪霸小行星今後將於浩瀚

的星空中照耀雪霸國家公園。 

 

 

影／無盡蒼穹 從今多了顆「雪霸小行星」 

2019/07/01 udn 聯合新聞網  

雪霸國家公園管理處今天歡慶成立 27 周年，同時收到中央大學送來一份最珍貴

的生日禮物「雪霸小行星」，央大鹿林天文台 2008 年 10 月發現、編號 278956

號的小行星，去年通過國際審查及命名，今天在雪霸管理處發表「雪霸」的名

稱，從此浩瀚無盡的蒼穹裡，多了顆特別以國家公園為名的小行星。 
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國立中央大學指出，「雪霸」小行星 2008 年 10 月 22 日由央大鹿林天文台觀測

員蕭翔耀及加州理工學院葉泉志博士發現，這顆小行星約 3.7 公里大，繞行太

陽一圈需 5.71 年（軌道周期），離太陽最近（近日點）為 4.26 億公里，最遠時

（遠日點）5.33 億公里。 

 

央大表示，「雪霸」小行星 2008 年發現時位在鯨魚座，繞太陽 2 圈後今天又回

到同一星座；小行星命名提出後需經國際天文學聯合會（IAU）的小天體命名

委員會（CSBN）審查通過並公告生效，因此從發現到命名確認往往需時數年，

過程並不容易。 

 

中央大學校長周景揚率主秘周立德、天文研究所長黃崇源及雪霸小行星發現者

蕭翔耀等人，今天下午在雪霸管理處頒贈小行星銘板給雪霸處長楊模麟，作為

雪霸國家公園管理處慶生禮物，會場請來新民高中音樂班 5 名學生演奏，雪霸

管理處企畫課長楊國華並以竹笛吹奏韓劇「來自星星的你」主題曲。 

 

央大表示，中央大學迄今已發現約 800 顆小行星，因命名限額，目前已為 50 顆

命名，包括台灣一些縣市，未來央大盼為全省各縣市都命名；小行星是各類天

體中，唯一可由發現者提出命名審查的天體，目前命名的小行星名稱有地名、

知名人物、古人、團體、學校、原住民族等。 

 

2012 年央大也曾將編號 246643 的編號的小行星命名為「苗栗」，因央大在台復

校時最早就在苗栗市，當初舊校地現已成為國立聯合大學；過去有小行星以

「玉山」為名，但因玉山兼具山脈、國家公園之名，這次雪霸獲小行星命名，

也可視為國內第一顆特別以國家公園命名的小行星。 

 

雪霸處表示，雪霸國家公園如同一座大型的自然博物館，境內無光害、少汙染

的特點，也成為最天然的觀星教室，278956 號小行星以雪霸命名，此後雪霸小

行星在浩瀚的星空中閃爍，也照耀著雪霸國家公園。 

2019 年春季「年輕天文學者獎」 郭兆林博士榮獲 

2019/06/11 新浪新聞  

由國立中央大學與台達電子文教基金會共同頒發的「年輕天文學者講座」， 

2019 年春季獲獎者為美國史丹佛大學的郭兆林博士，對宇宙論有深入的研究的
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他，將來台展開三場演講，6 月 10 日並接受中央大學校長周景揚頒獎。 

  

此講座表彰國際上在天文學領域有卓越表現之年輕學者，邀請具潛力的學術菁

英來台與國內學界互動,並啟發年輕心靈。講座獎金由台達電子文教基金會提

供，由國際甄選委員會推薦候選人，並由中央大學天文所執行邀訪活動。獲獎

者將在中央大學天文所發表學術演講，與國內學者進行交流，另在台達電子文

教基金會，以及台中一中進行科普演講，讓民眾與學生接觸最前沿的天文課

題，並與講者互動、瞻仰其學術風範。 

  

郭兆林博士 (Dr. Chao-Lin) 於 2003 年取得加州大學柏克萊分校天文物理學博士

學位，目前在美國史丹佛大學擔任副教授。目前最為接受的理論是宇宙來自大

霹靂，之後時間與空間剎那暴脹，持續膨脹，而成了現在的情形，這是什麼意

思呢？有哪些證據已經觀測到，又有哪些仍待證實？郭兆林的演講，將帶領大

家進一步探索。 

  

他來台的三場演講，分別是 6 月 14 日(五)下午 2 點在中央大學天文所健雄館

1013 室，講題是 “Gravitational Wave from Big Bang”。另外兩場為科普演講，內

容為大霹靂及南極研究之旅，分別是 6 月 11 日(二)下午 2 點，在台達電子台

北總公司，以及 6 月 15 日(六)上午 9 點，在台中一中。第二場與第三場以中

文進行，歡迎民眾參加。 

  

 

小行星以台灣博物館命名 取名科博館 

2019/05/20 udn 聯合新聞網  

昨天是「國際博物館日」，中央大學、國立自然科學博物館在這天共同發表將

新發現小行星命名為「科博館（Kerboguan）」。科博館長孫維新說，這是真正

的台灣科普之光，「科博館星」成為首顆以台灣博物館命名的小行星，昨天運

行到雙子座。 

 

「小行星」是目前各類天體中，唯一可由發現者命名的天體。觀測者發現小行

星後，須先通報國際小行星中心，確認後，按發現年份與順序，配給「暫時編

號」。 

 

「科博館星」編號第二○七六五五號，由中央大學鹿林天文台林啟生、加州理
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工學院博士葉泉志共同發現，繞行太陽一圈的軌道周期三點四五年，離太陽最

近是二點七億公里、最遠四點一億公里。 

 

中央大學指出，目前台灣命名的小行星約五十顆，例如雲門、慈濟、李國鼎、

陳樹菊、孫維新等；也有以地名命名，如台北、台中。 

 

鹿林天文台台長林宏欽表示，國際天文學聯合會（ＩＡＵ）訂下的國際公約規

定，若要以政治人物命名小行星，須等他死後一百年再考慮，主因是政治人物

褒貶不一，百年之後的歷史評價較為確定，才不會有爭議。另如以軍事、商業

命名，前者擔心有挑釁意味，後者有商業利益糾葛之虞，所以都會避免；目前

以科學、教育、慈善、地理、娛樂等命名為原則。 

 

 

2 顆小行星 分別命名科博館及孫維新 

2019/05/20 中時電子報  

「科博館」星成首顆以台灣博物館命名的小行星！中央大學將鹿林天文台所發

現的第 207655 號小行星及第 185364 號小行星，各命名為「科博館」

（Kerboguan）及科博館館長的名字「孫維新」（Sunweihsin），已經由國際天文

學聯合會（IAU）通過，18 日「國際博物館日」在科博館發表。 

  

科博館館長孫維新在發表會致詞時說，現在有顆小行星代表科博館在天際間，

顯示科博館責任更重大，期勉同仁要更加努力。 

  

中央大學表示，「科博館」小行星為 2007 年 7 月 25 日鹿林天文台林啟生及加州

理工學院葉泉志博士發現，大小約在 1 至 3 公里之間，繞行太陽一圈 3.45 年

（軌道週期），離太陽最近時（近日點）為 2.7 億公里，最遠時（遠日點）為

4.1 億公里。「孫維新」小行星為 2006 年 11 月 12 日鹿林天文台林宏欽及葉泉志

博士所發現，大小約在 1 至 3 公里之間，繞行太陽一圈 3.76 年，離太陽最近時

為 3.1 億公里，最遠時為 4.2 億公里。 

  

科博館表示，小行星是目前各類天體中唯一可以由發現者進行命名，台灣過去

曾有以「陳樹菊」、「雲門」及地名等命名，這是首次以台灣的博物館命名。 

  

 

〈中部〉《台中》12 年前發現小行星 獲以「科博館」命名 
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2019/05/20 自由時報  

國際天文學聯合會（IAU）通過「科博館」與「孫維新」為小行星之名。中央大

學日前將鹿林天文台發現的第 207655 號小行星命名為「科博館」

（Kerboguan），將第 185364 號小行星命名為「孫維新」（Sunweihsin），昨天是

天文年會、也是國際博物館日，科博館與中央大學共同舉辦小行星命名儀式，

見證台灣科學教育與科普推廣歷史性的一刻。 

  

中央大學表示，「科博館」小行星在二○○七年七月廿五日由鹿林天文台林啟生及

加州理工學院葉泉志博士所發現，大小約在一至三公里之間，繞行太陽一圈

三．四五年，離太陽最近時為二．七億公里，最遠時為四．一億公里。「孫維

新」小行星為二○○六年十一月十二日鹿林天文台台長林宏欽及葉泉志博士發

現，繞行太陽一圈三．七六年，離太陽最近時為三．一億公里，最遠時為四．

二億公里。 

 

台灣命名的行星約有 50 顆 

 

過去行星多以人名、地名命名，除了陳樹菊、雲門，也有林書豪，台北、台

中、屏東。目前台灣命名的約有五十顆，還有名為慈濟、李國鼎，數年前也以

現任科博館館長孫維新命名，孫維新除主持小行星的命名揭幕儀式，也演講小

行星的前世今生。 

 

科博館指出，「科博館」目前已運行到雙子座，「孫維新」則來到巨蟹座，兩者

一同在夜空中閃耀天際。 

 

獲得永久編號 需耗時數年 

 

小行星是目前各類天體中唯一可由發現者命名並得到世界公認的天體，但從發

現到命名確認，往往耗時數年。從觀測者發現小行星，通報國際小行星中心，

初步確認後按發現年份與順序配予暫時編號，經過至少四次在回歸中被觀測

到、且軌道可精確測定時，才有永久編號，命名再經過國際天文學聯合會的小

天體命名委員會審查通過並公告生效。 

  

 

正港臺灣之光!科博館與孫維新躍上天際閃耀 科博館星成首顆以臺

灣博物館命名的小行星 

2019/05/20 新浪新聞  
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國立中央大學特將鹿林天文台所發現的第 207655 號小行星命名為「科博館」

"Kerboguan"，將第 185364 號小行星命名為「孫維新」"Sunweihsin"，已經由國

際天文學聯合會（IAU）通過；而 5 月 18 日天文年會的這天，也恰是 2019 年的

「國際博物館日」，科博館與中央大學共同舉辦小行星命名儀式，見證臺灣科學

教育與科普推廣歷史性的一刻！ 

  

科博館 18 日以國際博物館協會（ICOM）所提出的主題：「博物館做為文化樞

紐：傳統的未來」當作推廣主題，辦理「自然探索」、「文化體驗」，及「天文蒐

秘」、「天文觀測」等活動；下午 2 時館長孫維新在科博館多用途劇場親自上

陣，接續「小行星」的話題進行一場專題演講，主題是「小行星的前世今生 - 

心理上的威脅，實質上的財富？」 

  

由於「科博館」小行星在 5 月 18 日這天剛好運行到雙子座，「孫維新」小行星

則來到了巨蟹座，兩者一同在夜空中閃耀天際，別具意義！中央大學表示，「科

博館」小行星為 2007 年 7 月 25 日鹿林天文台林啟生及加州理工學院葉泉志博

士所發現，大小約在 1-3 公里之間；「科博館」小行星繞行太陽一圈 3.45 年（軌

道週期），離太陽最近時（近日點）為 2.7 億公里、最遠時（遠日點）為 4.1 億

公里。 

  

「孫維新」小行星則為 2006 年 11 月 12 日鹿林天文台林宏欽及葉泉志所發現，

大小約在 1-3 公里之間。繞行太陽一圈 3.76 年，離太陽最近時為 3.1 億公里、

最遠時為 4.2 億公里。 

  

小行星是目前各類天體中唯一可以由發現者進行命名、並得到世界公認的天

體。觀測者發現小行星後，需先通報國際小行星中心（Minor Planet Center，

MPC），經初步確認後，MPC 會按發現時的年份與順序配予暫時編號。當該小行

星至少 4 次在回歸中被觀測到，軌道又可以精確測定時，它就會得到一個永久

編號；一旦取得永久編號，發現者便擁有該小行星的命名權。 

  

但因提出的名稱必須經過國際天文學聯合會（IAU）的小天體命名委員會

（CSBN）審查通過、並公告生效，所以從發現到命名確認往往需時數年。臺灣

過去曾有以「陳樹菊」、「雲門」等命名；這回首次以臺灣的博物館命名，尤其

剛好在「國際博物館日」發表，別具意義！ 

  

科博館指出，該館是臺灣首座及最大的自然科學博物館。自 1986 年開館以來，

每年參觀人數超過 300 萬人次，迄今已近 1 億人次。該館也是行政院於民國 66

年公布國家 12 項建設的文化建設計畫中，3 座科學博物館其中最先落成的 1

座，是臺灣主要的自然科學教育基地之一。 
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而孫維新則是一位以科學教育聞名的天文學者，除了教學研究工作之外，他擅

長以多元創意、趣味活潑的方式推動科普教育；由於孫館長累積了許多科學教

育和科普活動的經驗，在科博館的良好基礎上，引入先進的展教科技，創造精

彩特展，還以舞台劇和國際學遊的方式推動科普教育，更親自策劃《漫步太陽

系》等大型特展，引導社會大眾和各級學生接觸科技新知，培養科學精神。這

次科博館和孫維新同時獲獎，可謂實至名歸。 

  

 

小行星命名 科博館與孫維新閃耀天際 

2019/05/20 Yahoo 奇摩新聞  

中央大學 18 日宣布，將鹿林天文台發現的第 207655 號小行星和第 185364 號小

行星分別命名為「科博館 Kerboguan」和「孫維新 Sunweihsin」。 

 

 

五四運動百年 中央大學「羅家倫小行星」永恆誌念 

2019/04/26 中時電子報  

今年適逢五四運動一百週年，中央大學有感於羅家倫校長揭櫫的五四精神，以

及對中大的重大貢獻，特將該校鹿林天文台所發現的 204711 號小行星，經國際

天文學聯合會(IAU／CSBN)通過，命名為「羅家倫（Luojialun）」。25 日由中央

大學校長周景揚頒贈給其次女羅久華女士，肯定羅家倫校長在近代歷史上的重

要事蹟，也彰顯了他對中央大學的無私奉獻。 

  

「羅家倫小行星」為中央大學鹿林天文台林宏欽及加州理工學院葉泉志博士於

2006 年 4 月 1 日所發現，大小約在 2-4 公里之間。小行星軌道位在火星與木星

之間，繞行太陽一圈 4.68 年（軌道週期），離太陽最近時（近日點）為 3.3 億

公里，最遠時（遠日點）為 5.1 億公里。發現時是在室女座，目前已運行到雙

子座。 

  

羅家倫先生是五四健將，在北京大學求學期間，曾與傅斯年等人合辦《新潮》

雜誌，繼承並發揚新文學、新文化運動「使中國現代化」之精神；後留學美、

歐，曾任清華、中央大學校長、駐印度大使、國史館館長等要職。任職中大校

長近十年，建樹良多，對日抗戰期間，費盡千辛萬苦，將整個學校西遷重慶沙

坪壩。因為他的高瞻遠矚、臨危不亂，以及有完整的思考，使得中央大學因此

成為當時最完整也是最好的綜合大學。 
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中央大學在文學院大講堂舉辦「羅家倫與五四運動研討會」，發表張堂錡、羅秀

美、林秋芳三篇論文，探討羅家倫的文學與思想、婦女解放觀點以及羅家倫眼

中的五四師友；並安排一場座談會，邀請吳玉山、周玉山和李瑞騰主講羅家倫

在整個五四運動和新文化運動過程中的關鍵角色與地位。 

  

根據文獻來看，五四運動有三個層面的影響：首先是激起年輕學子對國家大事

的關心，第二是從學生運動擴展到民眾運動，第三是他們提出的白話文學運

動，把文學的力量擴及到一般社會與民眾。 

  

此外，中央大學同時出版《羅家倫與五四運動》（史料篇）一書，由文學院李瑞

騰院長和中文系莊宜文老師主編，特邀請羅家倫長女羅久芳女士為序。這是一

本珍貴的書，用最具體的文獻帶讀者回到五四歷史現場，體會羅校長在時代變

遷中不變的思維，以及心境的轉折。在小行星頒贈儀式中作新書發表，相得益

彰。 

 

 

中央大學命名羅家倫小行星 感念對五四運動貢獻  

2019/04/26 中央社  

今年適逢五四運動 100 週年，中央大學有感於已故前校長羅家倫對五四運動的

貢獻，將鹿林天文台發現的小行星命名為「羅家倫」，今天將此殊榮頒贈給羅

家倫的女兒。 

  

204711 號小行星為中央大學鹿林天文台台長林宏欽及美國加州理工學院博士葉

泉志於 2006 年 4 月 1 日發現，大小約在 2 至 4 公里之間。經國際天文學聯合會

通過，中央大學將這個小行星命名「羅家倫（Luojialun）」，今天將此殊榮頒贈

給羅家倫的次女羅久華，肯定羅家倫對五四運動和學校的奉獻。 

  

中央大學表示，羅家倫是五四運動的健將，在北京大學求學期間，曾與傅斯年

等人合辦「新潮」雜誌，繼承並發揚新文學、新文化運動，曾任清華大學、中

央大學校長、駐印度大使、國史館館長等要職；任職中大校長近 10 年，建樹良

多，使中大成為當時最完整也是最好的綜合大學。 

  

適逢五四運動 100 週年，中央大學規劃一系列活動，包括舉辦「羅家倫與五四

運動研討會」，探討羅家倫的文學與思想、婦女解放觀點等，並安排座談會，邀

請專家學者分享羅家倫在五四運動和新文化運動過程中的關鍵角色與地位。 
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此外，中央大學出版「羅家倫與五四運動（史料篇）」一書，由中央大學文學院

院長李瑞騰和中文系教師莊宜文主編，並邀請羅家倫的長女羅久芳寫序，用具

體文獻帶讀者回到五四歷史現場，體會羅家倫在時代變遷中不變的思維及心境

轉折。 

 

 

它真的存在 人類不用再想像 

2019/04/11 Yahoo 奇摩新聞  

美國電影「星際效應」，劇中很多黑洞的場景是依照諾貝爾獎得主基普的指導

而模擬出來，黑洞的樣子有憑有據，中研院全球首張黑洞照片，讓人類不再想

像、電腦不用模擬，改變了科幻小說與電影的呈現手法。 

  

不了解黑洞又想知道黑洞，主要是它可望為人們找到另一個自己的希望所在！

黑洞是通向平行宇宙的入口、一個連接眾多宇宙的通道，讓宇宙的誕生推翻

「大爆炸論」，而從平行宇宙中通過黑洞而轉移的一部分，人類有可能找到另一

個世界。 

  

中央大學天文所教授周翊表示，黑洞是愛因斯坦相對論預說出來，任何東西想

辦法壓縮，壓到某個大小就變成黑洞，現在問題是如何將一個東西壓縮到那麼

小的空間，比較有可能在天上的天體，因為重力場強，有足夠支撐體，例如太

陽。 

  

中研院發表的黑洞照片在天文界可能又是一個謎，因為質量非常大，一般黑洞

是太陽的幾倍，中研院拍到的黑洞是天文界另一種黑洞，質量超過太陽的 65 億

倍。 

  

周翊說，黑洞與人類生活沒有相關，但算是天文的重大發現，就像幾年前發現

重力波一樣，重力波不會改變生活，它在人們周遭隨時都有但偵測不到，現在

用非常的技術測到了，而中研院也以很高的技術讓人看到了黑洞，拍了照片，

證明它的存在與樣貌。 

  

星際效應電影模擬盤狀大漩渦包覆黑洞的上方、下方，電影在模擬畫面時，有

著「事實與虛構更離奇」的感覺，電影要給天文學界一個電腦特效呈現的參

考，現在中研院給了電影界全新的視覺震撼。 
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黑洞引力強光線無法穿透 觀測難度高更添神秘 

2019/04/11 中央社  

科幻電影裡從黑洞穿越時空的情節屢見不鮮，這是因為科學界推測黑洞有彎曲

時間和空間的特性，而黑洞密度大、引力強，光線無法穿透，更增添觀測的難

度。 

  

中央研究院今天晚間舉辦「事件視界望遠鏡（EHT）」計畫全球同步記者會，發

表最新取得的重大成果，會中公布人類史上首張黑洞影像。 

  

究竟何謂黑洞？中央大學天文研究所教授陳文屏解釋，當某個空間內塞進很多

物質，使得密度很高且萬有引力很強，連光線都跑不出來，這就是「黑洞」。 

  

陳文屏指出，由於光線跑不出黑洞，因此黑洞很難直接觀測到，科學界只能從

繞著黑洞外圍轉的天體或物質著手，由於黑洞很小且距離遙遠，很難光靠單一

的望遠鏡進行觀測，而中研院參與的跨國合作研究就集結各國力量，利用在地

球不同角度的頂尖望遠鏡共同觀測黑洞外的情形。 

  

「事件視界望遠鏡（EHT）」計畫成功拍到人類史上首次的超大質量黑洞影像，

10 日晚間正式公布，中研院表示，這個黑洞位於 M87 星系，距離地球 5500 萬

光年，質量為太陽的 65 億倍。（中研院提供）中央社記者余曉涵傳真 108 年 4

月 10 日 

在「星際效應」等科幻電影中，因為黑洞的特性，讓黑洞經常成為穿越時空的

捷徑。陳文屏舉例，假如 4 個人抬起一張懸空的床單，在床單中間丟下鉛球，

床單就會凹下去，原本的平面床單形狀被改變了，從不同角度去看這張床單，

看到的樣子也會有所差異。 

  

陳文屏進一步說明，原本一張白紙上從 A 點走到 B 點的距離是固定的，但在紙

張扭曲後，兩點間的距離就可能變短，根據科學家推測，太空是個四度空間，

黑洞可以將時間和空間彎曲，因此有可能藉由黑洞找到穿越時空的捷徑，雖然

在理論上講得通，但至今仍無法證實。 

  

關於黑洞的研究，陳文屏表示，科學家在幾十年前就猜測有黑洞存在，現在越

來越多證據顯示真的有黑洞，而中研院參與的跨國研究拍攝到首張黑洞照片，

更讓黑洞研究往前一大步，透過逐步認識黑洞，才有機會解答黑洞的許多特殊

性。 
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快訊／黑洞照片首度曝光！人類歷史重大發現 

2019/04/11 東森新聞  

科幻電影裡從黑洞穿越時空的情節屢見不鮮，這是因為科學界推測黑洞有彎曲

時間和空間的特性，而黑洞密度大、引力強，光線無法穿透，更增添觀測的難

度。 

  

中央研究院今天晚間舉辦「事件視界望遠鏡（EHT）」計畫全球同步記者會，發

表最新取得的重大成果，會中公布人類史上首張黑洞影像。 

  

究竟何謂黑洞？中央大學天文研究所教授陳文屏解釋，當某個空間內塞進很多

物質，使得密度很高且萬有引力很強，連光線都跑不出來，這就是「黑洞」。 

  

陳文屏指出，由於光線跑不出黑洞，因此黑洞很難直接觀測到，科學界只能從

繞著黑洞外圍轉的天體或物質著手，由於黑洞很小且距離遙遠，很難光靠單一

的望遠鏡進行觀測，而中研院參與的跨國合作研究就集結各國力量，利用在地

球不同角度的頂尖望遠鏡共同觀測黑洞外的情形。 

  

在「星際效應」等科幻電影中，因為黑洞的特性，讓黑洞經常成為穿越時空的

捷徑。陳文屏舉例，假如 4 個人抬起一張懸空的床單，在床單中間丟下鉛球，

床單就會凹下去，原本的平面床單形狀被改變了，從不同角度去看這張床單，

看到的樣子也會有所差異。 

  

陳文屏進一步說明，原本一張白紙上從 A 點走到 B 點的距離是固定的，但在紙

張扭曲後，兩點間的距離就可能變短，根據科學家推測，太空是個四度空間，

黑洞可以將時間和空間彎曲，因此有可能藉由黑洞找到穿越時空的捷徑，雖然

在理論上講得通，但至今仍無法證實。 

  

關於黑洞的研究，陳文屏表示，科學家在幾十年前就猜測有黑洞存在，現在越

來越多證據顯示真的有黑洞，而中研院參與的跨國研究拍攝到首張黑洞照片，

更讓黑洞研究往前一大步，透過逐步認識黑洞，才有機會解答黑洞的許多特殊

性。 
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中研院有貢獻！人類史上首張黑洞照公布 黑洞研究跨一大步 

2019/04/11 風傳媒  

科幻電影裡從黑洞穿越時空的情節屢見不鮮，這是因為科學界推測黑洞有彎曲

時間和空間的特性，而黑洞密度大、引力強，光線無法穿透，更增添觀測的難

度。 

  

中央研究院今天晚間舉辦「事件視界望遠鏡（EHT）」計畫全球同步記者會，發

表最新取得的重大成果，會中公布人類史上首張黑洞影像。 

  

光線無法穿透黑洞 觀測難度高 

  

究竟何謂黑洞？中央大學天文研究所教授陳文屏解釋，當某個空間內塞進很多

物質，使得密度很高且萬有引力很強，連光線都跑不出來，這就是「黑洞」。 

  

陳文屏指出，由於光線跑不出黑洞，因此黑洞很難直接觀測到，科學界只能從

繞著黑洞外圍轉的天體或物質著手，由於黑洞很小且距離遙遠，很難光靠單一

的望遠鏡進行觀測，而中研院參與的跨國合作研究就集結各國力量，利用在地

球不同角度的頂尖望遠鏡共同觀測黑洞外的情形。 

  

從黑洞穿越時空 「理論上行得通」 

  

在「星際效應」等科幻電影中，因為黑洞的特性，讓黑洞經常成為穿越時空的

捷徑。陳文屏舉例，假如 4 個人抬起一張懸空的床單，在床單中間丟下鉛球，

床單就會凹下去，原本的平面床單形狀被改變了，從不同角度去看這張床單，

看到的樣子也會有所差異。 

  

陳文屏進一步說明，原本一張白紙上從 A 點走到 B 點的距離是固定的，但在紙

張扭曲後，兩點間的距離就可能變短，根據科學家推測，太空是個四度空間，

黑洞可以將時間和空間彎曲，因此有可能藉由黑洞找到穿越時空的捷徑，雖然

在理論上講得通，但至今仍無法證實。 

  

關於黑洞的研究，陳文屏表示，科學家在幾十年前就猜測有黑洞存在，現在越

來越多證據顯示真的有黑洞，而中研院參與的跨國研究拍攝到首張黑洞照片，

更讓黑洞研究往前一大步，透過逐步認識黑洞，才有機會解答黑洞的許多特殊

性。 

 

196



 

小行星以合歡山命名 

2019/04/09 中時電子報  

南投縣政府積極爭取合歡山成為亞洲第 2 座國際認證的暗空公園，台北市天文

協會常務理事劉志安在臉書「台灣星空守護聯盟」推文，表示得到香港方面的

發布消息，台灣又有 3 顆小行星通過命名，其中一顆命名為「合歡山小行星」，

這顆行星由鹿林天文台林啟生與葉泉志於 2007 年 8 月 6 日發現。 

  

根據香港天文新聞，2019 年 4 月 6 日出版的《小行星通告》，新增了 9 顆中文

小行星名稱，其中 3 顆與台灣的機構、地點有關，分別是編號 207655 科博館

星、編號 281569 南瀛天文館小行星及編號 207661 合歡山小行星，專文說明合

歡山星是由鹿林天文台林啟生、葉泉至在 2007 年 8 月 6 日所發現，並註明合歡

山是台灣中部一座 3416 米的高山，最高峰位於南投縣和花蓮縣的邊界，位於太

魯閣峽谷國家公園內。台灣每年的「星空饗宴」大型觀星活動都在合歡山進

行。 

  

得知此消息的劉志安表示，合歡山有小行星命名了，相信中央大學很快也會發

布這項好消息，真是太棒了！接下來希望暗空公園的認證一切順利。 

  

 

台灣參與「ZTF」觀測 捕捉公轉週期迄今最短的近地小行星 

2019/02/11 Hinet  

中央大學天文所與清華大學天文所共組的「探高（TANGO）」團隊參與美國加州

理工學院主導之「史維基瞬變設備」（Zwicky Transient Facility，簡稱為 ZTF），透

過前所未有的廣視野觀測，可捕捉到充滿動態的夜空。近一年來，ZTF 已發現

1100 多個超新星，50 個近地小行星，其中近地小行星 2019 AQ3 的公轉週期只

有 165 天，是迄今最短者。 

  

加州理工學院之史維基瞬變設備（ZTF）在 2018 年 3 月開始科學觀察工作，該

計畫的核心儀器是一部有 47 平方度超廣角視野的相機，讓天文觀測如虎添翼，

成果相當豐碩。目前初步成果的論文，已被國際天文期刊 （Publications of the 

Astronomical Society of the Pacific，簡稱 PASP）接受刊登，其中 2 篇便由台灣天

文學工作者參與。 

  

台灣「探高」計畫的主持人中央大學天文所葉永烜院士表示，他相當贊同 ZTF

總計畫主持人 Sri Kulkarni 教授的說法，認為 ZTF 每三晚便將整個可視北天巡察
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一次，能發現很多有趣、甚至前所未見的天文瞬變現象，並使時域天文學獲得

極大的發展。 

  

「探高」團隊的主要科學目標在於太陽系小物體、變星、超新星和重力波的光

學對應體的追蹤觀察。中央大學天文所饒兆聰教授主持的 GROWTH 國際合作計

畫便是將鹿林天文台與全球十多個天文台連結，成為一個很重要的重力波天文

學觀察網。 

  

中大天文所俞伯傑博士後研究員曾參與重力波源 GW20170817 的搜尋認證工

作，他與其 ZTF 合作者非常期望鹿林天文台的相關觀測資料能在該領域有所貢

獻，能夠幫助未來更多重力波源的辨識與認證工作。 

  

中大天文所章展誥博士也說，ZTF 是前所未有的廣視野觀測，能非常有效率的

收集時序天文資料，這是天文學中亟待開發的領域，對於小行星的時序學習提

供了一個絕佳的機會。 

中大研究團隊感謝國科會/科技部在 ZTF 構想階段便已經支持這個重要天文計

畫，成為台灣與加州理工學院長期合作的一個成功例子。 

  

 

台灣參與國際天文觀測 發現近地小行星公轉周期僅 165 天 

2019/02/11 中時電子報  

中央大學與清華大學兩校天文所共組的「探高」團隊參與美國加州理工學院主

導之「史維基瞬變設備」（ZTF），透過廣視野觀測捕捉動態夜空，近一年來，發

現 1100 多個超新星，50 個近地小行星，其中近地小行星 2019AQ3 的公轉周期

只有 165 天，是迄今最短者。 

 

ZTF 在 2018 年 3 月開始進行科學觀察，核心儀器是一部有 47 平方度超廣角視

野的相機，讓天文觀測如虎添翼。目前初步成果的論文，已被國際天文期刊

《PASP》接受刊登，其中 2 篇便由台灣天文學工作者參與。 

  

台灣「探高」計畫的主持人中央大學天文所教授葉永烜表示，他相當贊同 ZTF

總計畫主持人 SriKulkarni 教授的說法，認為 ZTF 每三晚便將整個可視北天巡察

一次，能發現很多有趣、甚至前所未見的天文瞬變現象，並使時域天文學獲得

極大的發展。 

  

「探高」團隊的主要科學目標在於太陽系小物體、變星、超新星和重力波的光

學對應體的追蹤觀察。中央大學天文所教授饒兆聰主持的 GROWTH 國際合作計
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畫便是將鹿林天文台與全球十多個天文台連結，成為一個很重要的重力波天文

學觀察網。 

  

中大天文所博士後研究員俞伯傑曾參與重力波源 GW20170817 的搜尋認證工

作，他與其 ZTF 合作者非常期望鹿林天文台的相關觀測資料能在該領域有所貢

獻，能夠幫助未來更多重力波源的辨識與認證工作。 

  

中大天文所博士章展誥也說，ZTF 是前所未有的廣視野觀測，能非常有效率的

收集時序天文資料，這是天文學中亟待開發的領域，對於小行星的時序學習提

供了一個絕佳的機會。 

中大研究團隊感謝國科會／科技部在 ZTF 構想階段便已經支持這個重要天文計

畫，成為台灣與加州理工學院長期合作的一個成功例子。 

  

 

延禧攻略、陳樹菊小行星也入題 學測國文古今雅俗兼備 

2019/01/28 自由時報  

08 年大學學測國文科選擇考題中，大考中心提升整體閱讀量，並重視跨領域、

多元文本，不僅表格、文章、漫畫等，包含羅大佑及李宗盛歌詞，以及陳樹菊

小行星、電視劇《延禧攻略》等都入題，要考生擴展閱讀素材多元、調整閱讀

習慣。 

大考中心統計，國文選擇題有 13 萬 8248 人報名，到考人數 13 萬 6142 人，缺

考率 1.52％。 

大考中心主任劉孟奇說，今年國文出題在閱讀上比重增加，去年 5603 字，今年

來到 6560 字，但經闈場內的老師與試考生測試，閱讀量增加，難度並未上升，

反而呈現素養導向的反思應用，考驗考生理解力。 

其中，入闈的教師分析，今年是國文選擇題單獨成卷的第 2 年，題目聚合古

今、兼容雅俗，文學、藝術文本作為基礎，另有天文及社會科學探究，難度中

間偏易，不少人文藝術精神底蘊在試題展露無遺。 

例如時事題考中央大學天文觀測並將新發現的小行星命名為「陳樹菊」，藉此

讓樹菊阿嬤的善行照亮全世界；也談論羅大佑、李宗盛的民歌故事及歌詞創作

意涵；甚至更將去年火熱的中國電視劇《延禧攻略》也列入題材，呈現考生需

透過閱讀，進而理解運用。 
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闈場試考生則分析，今年國文文言文的篇幅短小，淺顯易懂，較無死板單純記

憶題，平常若廣泛閱讀，可快速理解文章，再加上充實的國學背景知識，就可

輕鬆答題，整體而言很靈活。 

中山女高老師李明慈認為，看出試卷把國文科當作語文工具，命題符合即將上

路的 108 課綱素養導向，素養題跟傳統題型各半，雖閱讀無超長文章，平易近

人，並且多元題材如科普、經濟、藝術、史地等領域兼備，但選項誘答具鑑別

度，有樂評人馬世芳談羅大佑與李宗盛來呈現當代；取材多元下對學生是挑

戰，高中老師也須教導學生閱讀策略，才能應對靈活多變的試題。 

 

 

中央大學與國際合作高精度太空望遠鏡 將隨微衛星發射 

2019/01/17 Yahoo 奇摩新聞  

國立中央大學和日本北海道大學、東北大學共同合作的高精度望遠鏡（簡稱 

HPT），安裝在總重量僅 60kg 的微衛星 RISESAT 上，預計臺灣時間 18 號上午 8

點 50 分隨日本宇航局 (JAXA)的 Epsilon 火箭四號機發射，進入太陽同步軌道，

執行地面及天文觀測。中央大學天文所指出，總重只 3kg、口徑 10 公分的高精

度望遠鏡，繞射極限約 1.5 角秒，可不受天氣限制或大氣不穩定所造成的干

擾，依需求進行觀測，在某些波段因無大氣強烈吸收，可望獲得更好的成果。 

 

 

中大高密度望遠鏡 18 日隨微衛星發射 

2019/01/17 中時電子報  

中央大學和日本北海道大學、東北大學共同合作的高精度望遠鏡（簡稱

HPT），安裝在總重量僅 60 公斤的微衛星 RISESAT 上，預計在台灣時間 1 月

18 日上午 8 點 50 分隨日本宇航局(JAXA)的 Epsilon 火箭四號機發射，進入太陽

同步軌道，執行地面及天文觀測。 

  

中央大學表示，微衛星是一個日益受重視的領域，因電子、電機元件技術不斷

進步，使微衛星的功能不斷增加，相對於傳統的大型衛星任務，微衛星的研發

製程時間短、成本低，可作為技術試驗的良好平台，或針對特定任務設計酬

載，不管在科學研究、教育與商業層面都可以運用，加上近年來商業發射日漸

普及，發射費用也隨著競爭而降低，相關科技、研究已是新興太空發展的重要

趨勢。 
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中央大學指出，總重僅 3kg、口徑為 10 公分的高精度望遠鏡，繞射極限約在

1.5 角秒，可不受天氣的限制或大氣不穩定所造成的干擾，依需求進行觀測，在

某些波段因無大氣強烈之吸收，可望獲得更好的成果。 

  

台灣計畫主持人中央大學天文所葉永烜院士表示，該計畫主要受教育部五年五

百億之補助，中央大學天文研究所、太空及遙測研究中心與國家太空中心等單

位共同合作。科學目標初期將以氣膠觀測為主，水氣、森林、地表環境等觀測

為輔。天文方面，將以觀測亮星、行星為目標，特別針對於南半球星空，對中

大鹿林天文台所難以觀測的天體加以研究，希望能培養優秀人才，並有好的研

究成果。 

 

 

中央大學攜日合作望遠鏡 18 日隨微衛星發射太空 

2019/01/17 udn 聯合新聞網  

中央大學和日本北海道大學、東北大學合作的高精度望遠鏡，將安裝在微衛星

上，台灣時間 18 日上午隨日本宇航局的 Epsilon 火箭 4 號機發射，進入太陽同

步軌道，執行地面及天文觀測。 

中央大學天文研究所新聞資料指出，因電子、電機元件技術不斷進步，使微衛

星的功能不斷增加，相對於傳統大型衛星，微衛星研發製程時間短、成本低，

可作為技術試驗的良好平台，也使得微衛星相關科技和研究日益受到重視。 

  

中央大學和日本北海道大學、東北大學共同合作的高精度望遠鏡，總重僅 3 公

斤、口徑 10 公分，繞射極限約在 1.5 角秒，可不受天氣限制或大氣不穩定所造

成的干擾，依需求進行觀測，在某些波段因無大氣強烈的吸收，可望獲得更好

的觀測成果。 

  

台灣計畫主持人、中央大學天文研究所教授葉永烜表示，此計畫由中大天文

所、太空及遙測研究中心與國家太空中心等單位共同合作，初期目標將以氣膠

觀測為主，水氣、森林、地表環境等觀測為輔，天文方面以觀測亮星、行星為

目標，特別針對中大鹿林天文台所難以觀測的天體加以研究，希望能培養優秀

人才，並有好的研究成果。 

 

 

感念前校長貢獻 中央大學把小行星命名「劉兆漢」 
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2019/01/04 udn 聯合新聞網  

中央大學感念前校長劉兆漢對學校和永續發展的貢獻，將鹿林天文台發現的小

行星命名為「劉兆漢（Liuchaohan）」，已經國際天文學聯合會審查通過。 

  

中央大學將鹿林天文台發現的編號第 207603 小行星命名為「劉兆漢

（Liuchaohan）」，並選在劉兆漢 80 大壽的今天舉行小行星頒贈儀式，同時邀請

前行政院院長劉兆玄（劉兆漢的胞弟）、前中央大學校長蔣偉寧、李羅權等人與

會。 

 

中央大學校長周景揚表示，劉兆漢在中央大學掌舵 12 年，帶領中大從教學型大

學轉型為研究型大學，學生人數足足成長 1 倍多，他也是國內推動「永續發

展」的先驅，20 多年前就帶領中大，集合 6 個學院、上百位教師，向教育部提

出永續發展的跨領域整合計畫，成為台灣創舉，退休後仍以中大學術基金會董

事長身分協助學校發展。 

 

劉兆漢指出，自 1981 年與中大結緣以來，「中大給了我太多東西」，讓他學習用

宏觀思維去做研究工作，尤其領悟到「跨領域研究」的重要性，許多人類待解

決的問題，其實都需要跨領域合作，未來他希望繼續幫助中大將特色領域推到

世界前端。 

  

 

感念前校長貢獻 中央大學把小行星命名劉兆漢 

2019/01/04 Yahoo 奇摩新聞  

中央大學感念前校長劉兆漢對學校和永續發展的貢獻，將鹿林天文台發現的小

行星命名為「劉兆漢（Liuchaohan）」，已經國際天文學聯合會審查通過。 

中央大學將鹿林天文台發現的編號第 207603 小行星命名為「劉兆漢

（Liuchaohan）」，並選在劉兆漢 80 大壽的今天舉行小行星頒贈儀式，同時邀

請前行政院院長劉兆玄（劉兆漢的胞弟）、前中央大學校長蔣偉寧、李羅權等

人與會。 

中央大學校長周景揚表示，劉兆漢在中央大學掌舵 12 年，帶領中大從教學型大

學轉型為研究型大學，學生人數足足成長 1 倍多，他也是國內推動「永續發

展」的先驅，20 多年前就帶領中大，集合 6 個學院、上百位教師，向教育部提

出永續發展的跨領域整合計畫，成為台灣創舉，退休後仍以中大學術基金會董

事長身分協助學校發展。 
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劉兆漢指出，自 1981 年與中大結緣以來，「中大給了我太多東西」，讓他學習用

宏觀思維去做研究工作，尤其領悟到「跨領域研究」的重要性，許多人類待解

決的問題，其實都需要跨領域合作，未來他希望繼續幫助中大將特色領域推到

世界前端。 

 

 

「劉兆漢小行星」光照 永續在宇宙運行 

2019/01/04 蕃薯藤  

中央大學為感念劉兆漢校長對該校以及永續發展的卓越貢獻，特將天文所鹿林

天文台所發現的編號第 207603 小行星命名為「劉兆漢（Liuchaohan）」，並經國

際天文學聯合會（IAU/CSBN）通過。特選在其八十大壽的今（三）日，舉辦溫

馨的頒贈儀式。 

  

中央大學校長周景揚說，劉兆漢校長在中央大學掌舵十二年，帶領中大從教學

型大學轉型為研究型大學，在他的任內，學生人數足足成長了一倍多。他同時

是國內推動「永續發展」的先驅，早在廿多年前，中大便開風氣之先，集合六

個學院一百多位老師，向教育部提出永續發展之跨領域整合計畫，成為台灣創

舉！ 

  

為提振士氣，找出中大特色，他治校期間喊出「中大第一」的信念，樹立中大

許多拔尖的地位。即使退休後，仍以中大學術基金會董事長身份協助母校發

展，每一次的重要活動，重要會議無役不與，以實際行動來支持母校發展，成

為中大發展最堅實的後盾！ 

  

劉兆漢院士感性地說，從 1981 年與中大結緣以來，「中大給了我太多東西」，學

習到用宏觀思維去做研究工作，尤其領悟到「跨領域研究」的重要性，人類待

解決的問題，其實都需要跨領域合作。也很開心在結交許多好友，大家一心一

意都希望中大更好，將中大的特色領域推到世界前沿，看到更多的中大第一。 

  

劉兆漢小行星，2006 年 8 月 27 日由鹿林天文台站長林宏欽和葉泉志共同發

現，位在火星與木星之間，大小約 2-5 公里，距離我們大約 4.2 億公里，繞太陽

一圈大約 5.38 年（軌道週期），發現時在鯨魚座，目前已運行到雙子座方向。 

  

小行星的頒贈儀式，邀請了劉兆漢的胞弟－前行政院院長劉兆玄和東元電機副

會長劉兆凱，以及前中大校長蔣偉寧和李羅權院士，還有葉永烜院士等人出

席，加上一些以往的舊識，眾人共同創作一幅「生命樹」，齊祝他生日快樂，場

面熱鬧而溫馨。 

203


	1_封面
	2_目錄
	3_研究論文cover
	4_研究論文
	02_201901_aa34545-18
	Introduction
	Observations and data analysis
	Optical observations
	Face changing companion
	Chandra observation

	Optical light curve modeling
	Discussion
	References
	Additional figure

	03_201902_Huang_2019_ApJ_871_183
	1. Introduction
	2. Data Sources and Observations
	2.1. Optical Photometry
	2.2. Optical Polarimetry

	3. Results and Discussions
	3.1. Photometric Variations
	3.1.1. Periodicity Analysis
	3.1.2. Event Duration and Extinction

	3.2. Color Variations
	3.3. Polarization

	4. The Clumpy Disk Structure in GM Cep
	4.1. Occultation Geometry Inferred By the Polarization Data
	4.2. Clump Parameters by the Light-curve Analysis

	5. Conclusion
	References

	04_201902
	2012 TC4 - An unusual fast-rotating PHA with C-type taxonomy
	1. Introduction
	2. Observations
	3. Results
	3.1. Rotation period
	3.2. Taxonomic classification
	3.3. Size
	3.4. Distribution of rotation rates of near-Earth asteroids

	4. Discussion
	5. Summary
	Acknowledgements
	References


	05_201903_sty3420
	06_201904_02s41598-019-41880-0
	Research of activity of Main Belt Comets 176P/LINEAR, 238P/Read and 288P/(300163) 2006 VW139
	Methods
	Results
	Cometary activity and surface brightness profile. 
	The cometary dust production and dust mass production rate. 

	Discussion
	Acknowledgements
	Figure 1 Co-added images (left-hand panels) and SBPs (right-hand panels) of 176P (top panels), 238P (middle panels) and 288P (bottom panels) in the R filter on November 19, 2016, November 18, 2016 and November 19, 2016, respectively.
	Table 1 Log of all observations on UT 2016 November 18–19.
	Table 2 Magnitude, Afρ, dust mass production rate and total dust mass measured in R-band of comets 176P/LINEAR, 238P/Read and 288P/(300163) 2006 VW139.
	Table 3 Summary of available R-band photometry results of comet 238P/Read.
	Table 4 Summary of available R-band photometry results of comet 288P/300163.


	12_201906_pdf_2019_GC105229005
	12_201906_pdf_2019_GC105229005 1
	12_201906_pdf_2019_GC105229005 12

	13_201906_pdf_2019_GC104229008
	摘要
	Abstract
	誌謝
	目錄
	圖目錄
	表目錄
	緒論
	造父變星
	為何找疏散星團中的造父變星
	論文概述

	尋找在疏散星團中未知的造父變星
	資料來源
	WEDBA簡介
	2MASS簡介

	篩選條件
	不穩定帶
	空間機率、自行機率、顏色指數機率
	年齡

	篩選結果

	觀測和資料校正
	觀測
	鹿林天文臺
	SLT
	觀測資料

	影像數值修正
	偏壓修正
	暗電流修正
	平場修正
	影像修正

	位置校正
	影像測光
	消光校正

	資料分析
	差異測光
	Lomb-Scargle
	平均星等-星等標準差

	討論
	篩選條件檢驗
	不穩定帶
	空間機率、自行機率、顏色指數機率
	年齡


	結論與未來展望
	結論
	未來展望

	參考文獻
	
	
	
	

	14_201908_stz2264
	15_201909_Sato_2019_Res._Astron._Astrophys._19_136-2-11
	16_201910_stz2792
	18_201911_Coughlin_2019_ApJL_885_L19
	1. Introduction
	2. Observing Plan
	2.1. ZTF
	2.2. Palomar Gattini-IR
	2.3. Galaxy-targeted Follow-up

	3. Candidates
	3.1. Candidates from ZTF
	3.2. Candidates from Palomar Gattini-IR
	3.3. Follow-up of ZTF Candidates
	3.3.1. ZTF19aarykkb
	3.3.2. ZTF19aarzaod
	3.3.3. ZTF19aasckkq
	3.3.4. ZTF19aasckwd

	3.4. Follow-up of Non-ZTF Candidates
	3.4.1. Swift’s Ultraviolet/Optical Telescope (UVOT) Candidate
	3.4.2. AT2019ebq/PS19qp
	3.4.3. Marginal ATLAS Candidates


	4. Conclusions
	References

	20_201912_Ho_2019_ApJ_887_169
	1. Introduction
	2. Observations
	2.1. ZTF Discovery
	2.2. Photometry
	2.3. Spectroscopy
	2.4. Search for Pre-discovery Emission
	2.5. Radio Follow-up
	2.6. X-Ray Follow-up
	2.7. Search for Prompt Gamma-Ray Emission
	2.8. Host Galaxy Data

	3. Basic Properties of the Explosion and Its Host Galaxy
	3.1. Physical Evolution from Blackbody Fits
	3.2. Spectral Evolution and Velocity Measurements
	3.2.1. Comparisons to Early Spectra in the Literature
	3.2.2. Origin of the “W” feature
	3.2.3. Photospheric Velocity from Ic-BL Spectra

	3.3. Properties of the Host Galaxy

	4. Interpretation
	4.1. Radioactive Decay
	4.2. Interaction with Extended Material

	5. Comparison to Unclassified Rapidly Evolving Transients at High Redshift
	6. Summary and Future Work
	Appendix
	Appendix AUV and Optical Photometry
	Appendix BUV and Optical Spectroscopy
	Appendix CAtomic Data for Spectral Modeling
	Appendix DData for Measuring Host Properties
	References


	5_工作報告cover
	6_工作報告
	A_鹿林天文台觀測時數統計2003-2019
	B_鹿林天文台LOT觀測研究計畫統計_2019
	C_鹿林天文台工作報告2019
	D_天文台參觀及觀測教學2019
	E_鹿林天文台三色偏振相机(TRIPOL) 介绍
	1 引 言
	2 偏振仪的设计及表现
	3 应用与总结

	F_201913_LOT_2019_GW
	G_LulinReportIntro
	H_POSTER

	7_新聞報導cover
	8_新聞報導



