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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 E = 1.2 x 10** ergs~!. 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)' 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 My and effective temperature T.g of 3350 K, with
assumptions of a 1.4 My 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/

f18y/
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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 7’ and ¢’ 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 7 and ¢’ 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 300s per image. In
total, there are 189 images (15.23 h total integration time) with
the 7 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 J104840.814+234018.0 of which the magnitudes in
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Fig. 1. Light curves of PSR J1048+2339 companion star with the SDSS 7" and g’ band filter between 2018 March 11 and April 23, folded with
an orbital period of 6 h and Ty = MJD 56637.598177. While the pulsar wind heating and ellipsoidal variation are clearly seen in both bands, the

magnitude in the ¢’ band has larger variation compared to that of the »’
the companion star.

Table 1. Summary of observations.

band. An orbital phase of 0.25 corresponds to the inferior conjunction of

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
(24).4.2018 LOT r 0.01-0.99 100 300 18.83-19.93
(24).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 7 band and ¢’ band are 16.53 and 17.90, respectively. We
folded the light curves using the orbital period of 0.250519045 d
and ascending node Ty = MIJD 56637.598177 from the radio
ephemeris (Deneva et al. 2016). The folded light curves are pre-
sented in Fig. 1. The quantity ¢ = O 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 ¢ = 0.25 and ¢ = 0.75, and two maxima at ¢ =
0.55 and ¢ = 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
¢ = 0.25 is deeper than ¢ = 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 ¢ = 0.55 in # band. Similar changes are also observed in
the g’ band. On March 25, data points were taken close to the
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companion inferior conjunction (¢ = 0.25), and they agree well
with the minimum seen in other observations. On March 26,
the 7 magnitude at ¢ = 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 ¢ = 0.21, whereas the corresponding ¢’
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 ¢ =
0.25 and a maximum at ¢ = 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 ¢ = 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 ¢ = 0.21 observed in the ¢’ (gray) and r’ (colored)
band. The comparison star is relatively stable, indicating the observed
variation at ¢ = 0.21 in J1048+2339 companion is likely genuine.

heating effect at ¢ = 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 7 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 Ny 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 (fop panel) and the fitting residuals (bottom panel).

Ny = 23 x 10®°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 I' = 1.64 + 0.15 (c.f. Fig. 3) and a goodness-of-fit
of y? = 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 0.3-8keV is fx = 7.257031 x 10" ergs™! 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 Ly = 6.29*097 x 10 ergs~'.
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 (y> = 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 T, 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 (¢ = 0.75). We also examined if there is any differences
in the modulation in the soft band (0.3-2keV) and hard band
(2-8keV) (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 wuse 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 ¢’ 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 (¢ = 0.25)
and superior conjunction (¢ = 0.75) of the companion. Middle panel:
blue solid and red dashed lines illustrate the orbital modulation in soft
band (0.3-2keV) 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
x? 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 (f; = 0.99), but other parameters were not well
constrained. We tried fixing f; = 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.
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Table 2. ELC modeling results.

Parameter Group 1¢ Group 2°
Pulsar irradiation (erg s~!) 103314253 1033882535
Roche-lobe filling factor 0.83+0:03 0.860:2
Mass ratio (Mpuisar/Meompanion) ~ 4.92%09 5.6070%0
Effective temperature (K) 4253424 4123*8)
Inclination (°) fixed at 76°  fixed at 76°
Derived pulsar mass 2.06 M, 2.14 My
Derived companion mass 0.40 M, 0.41 M,

Notes. @2018 March 11 & 12. ®2018 April 2 & 4.

4. Discussion

We observed a face changing companion of the redback system
J1048+42339, 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 <14 days
is only exclusive to J1048+2339. Based on our LT data, the
unusual brightening at ¢ = 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 ¢ = 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 ¢ = 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, Ry, of the companion star are estimated
asa = 1.5x10" ¢cm and Ry, /a = 0.25. With the ELC model, we
find the required irradiation luminosity of L, ~ 103 3 ergs~!
(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
§ ~ (R3 /4a*) ~ 0.016. Hence, we may estimate the rate of
the energy absorbed by the companion star as Ly, ~ OLiy ~
5% 103! erg s71(6/0.016)(Lir; /10337 erg s7h.

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 Ly ~ 10°! erg s~!, which is com-
parable to the required energy of the absorption L,,. 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 J10484+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 ~ 10° erg s7!, 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 ~ Ly =
1.2 x 103 ergs™! 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 o ~ 60h/lgcm™, where h and [ 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 L,, filling factor f, mass ratio ¢, and effective temperature Ti. 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. Botfom right: inclination
angle of 76° is assumed in Group 2 (pulsar heating modulation) fitting. The best-fit parameter is displayed with 1o 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. GM Cephei is such a UXor in the young (~4 Myr) open cluster Trumpler 37, showing
prominent infrared excess, emission-line spectra, and flare activity. Our photometric monitoring (2008-2018)
detects (1) an ~3.43 day 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 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

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 disks in less than 10 Myr (Mamajek et al. 2004; Bricefio et al.

coincide with the epoch of possible planet formation, during 2007; Hillenbrand 2008).

which grain growth, .alread)./ taking' place in pre'stellar YSOs are known to vary in brightness. Outbursts arising

molecular cores up to micron sizes, continues on to centimeter from intermittent mass accretion events are categorized into

sizes, and then to planetesimals (Natta et al. 2007). The detailed two major classes: (1) FU Ori-type stars (or FUors) showing
1
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erupt brightening up to 6 mag 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 5 mag, sometimes recurrent, with
roughly the same timescale of months in both rising and fading
(Herbig 1989). Sunlike PMS objects, i.e., T Tauri 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 UX Ori 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,
GM Cephei (hereafter GM Cep), 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 (1-4 Myr,
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, GM Cep (R.A. = 21"38™M17532, decl. = +57°
3122”7, J2000) possesses observational properties typical of a
T Tauri 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
w = 1.21 + 0.02 mas (d = 826"1% pc), consistent with being a
member of Tr37 at ~870 pc (Contreras et al. 2002).

The spectral type of GM Cep 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°® M, yr', 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 vsini ~ 43.2km s~' much faster than the
average v sini ~ 10.2km s~ of the members of Tr 37 (Sicilia-
Aguilar et al. 2008).

Sicilia-Aguilar et al. (2008) presented a comprehensive
collection of data on GM Cep, 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,

Huang et al.

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).

GM Cep has been studied as part of the Young Exoplanet
Transit Initiative (YETI) project (Neuhéuser 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 (Neuhduser 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’-, -, 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 GM Cep. We summarize our findings in
Section 5.

2. Data Sources and Observations

Optical data of GM Cep 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 /RAS and MSX6C. Xiao et al.
(2010) expanded the light-curve baseline and presented
a-century-long photometric measurements, with a photometric
uncertainty of ~0.15 mag, 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
(Neuhiuser et al. 2011). The Tenagra Observatory in Arizona
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Table 1
Parameters of Telescopes
Observatory / Telescope CCD Type Size (pixels) Pixel Size (pm) FOV (arcmin®) RON (e7) # Nights
YETI Telescopes
0.4 m SLT (Lulin) E2V 42-40 2048 x 2048 13.5 30.0 x 30.0 7 541
0.81 m Tenagrall (Tenagra) SITe SI-03xA 1024 x 1024 24 14.8 x 14.8 29 463
0.25 m CTK-II (Jena)® E2V PI47-10 1056 x 1027 13 21.0 x 204 7 104
0.6 m STK (Jena)” E2V 42-10 2048 x 2048 13.5 52.8 x 52.8 8 79
1.0 m LOT (Lulin) Apogee U42 2048 x 2048 13.5 11.0 x 11.0 12 48
0.61 m RC (Van de camp) Apogee Ul6M 4096 x 4096 9 26.0 x 26.0 7 13
0.6 m Zeiss 600/7500 (Stara Lesna) FLI ML 3041 2048 x 2048 15 14.0 x 14.0 5 11
Other Telescopes

1.6 m Pirka (Nayoro)* EMCCD C9100-13 512 x 512 16 33 x33 13 133
1.5 m AZT-22 (Maidanak) SI 600 Series 4096 x 4096 15 16.0 x 16.0 5 120
1.0 m NOWT (XinJiang) E2V 203-82 4096 x 4096 12 78.0 x 78.0 5 108
1.2 m T1T (Michael Adrian) SBIG STL-6303 3072 x 2048 9 10.0 x 6.7 15 12
0.51 m CDK (Mayhill) FLI ProLine PL11002M 4008 x 2072 9 36.2 x 543 9 12
1.0 m ESA’s OGS (Teide)* Roper Spec Camera 2048 x 2048 13.5 13.76 x 13.76 8 10
1.5 m P60 (Palomar) AR-Coated Tektronix 2048 x 2048 24 11.0 x 11.0 9 7
0.35 m ACT-452 (MAO) QSI 516 1552 x 1032 9 37.6 x 25.0 15 2

Notes.
4 Mugrauer (2016).
b Mugrauer & Berthold (2010).

¢ Nayoro observatory equips EMCCD camera with their Multi-Spectral Imager (MSI) instrument (Watanabe et al. 2012).

9 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

and Lulin Observatory in Taiwan contributed about four-year
baseline coverage each from mid-2010 to mid-2018, respec-
tively. The Tenagra II telescope, a 0.81 m, 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 GM Cep and photometric reference stars
was each measured with the aperture photometry procedure
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“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 Star A varied at ~0.1 mag level, and Star E 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 GM Cep 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 GM Cep 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’-, #’-, and #’-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.
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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).

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? / I) and
position angle (0 = 0.5arctan(U/Q)"') were derived. A
typical accuracy AP < 0.3% 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 GM Cep, 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, ~1-2.5 mag 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 0.05 mag and
occurring in a few days, is not discernible on the display scale
of Figure 1, and will be discussed later.
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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.

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
GM Cep, 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 350 days, 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.
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Enough padding was applied to the edges of the light curve. A
peak around ~700 days 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 km s~!, and a radius of
a few solar radii, estimated from the PMS evolutionary tracks
(Sicilia-Aguilar et al. 2008).
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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 10 days. 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, P; = 3.421 days,
A; = 0.039 mag P, =3.428 days, A, = 0.036 mag, and
P; = 3.564 days, A; = 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 3.43 days 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). GM Cep therefore has an opposite
temporal behavior, suggestive of an alternative dynamo
mechanism at work (e.g., Kiiker 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 0.01-0.5 mag
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 GM Cep reported by Sicilia-
Aguilar et al. (2008), 1077 to 5 x 107 M. yr ', was estimated
by the U-band luminosity (Gullbring et al. 1998). Using the H,,
velocity as an alternative diagnostic tool (Natta et al. 2004), the
accretion rate would be 5 x 107% to 3 x 107/ M yr! (Sicilia-
Aguilar et al. 2008). Similarly, measuring also the H,, velocity,
Semkov et al. (2015) derived 1.8 x 1077 M, yr'. Giannini et al.
(2018) presented spectra of GM Cep at different brightness phases
and, on the basis of the dereddened H,, luminosity and its relation
to the accretion luminosity (Alcald et al. 2017), and then to the
accretion rate (Gullbring et al. 1998), derived an average accretion
rate of 3.5 x 10 ® M. yr ' 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 H,,
emission, on the other hand, may be contaminated by absorption
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Table 3
Flux Drop Events
1D MID Duration (days) AB (mag) AV (mag) AR (mag) (Remarks)
Major Events

BDO1 55039 100 1.45 1.50 1.50

BDO02 55401 450 1.45 1.40 1.20

BDO03 55910 180 1.70 1.60 1.50

BD04 56713 310 1.75 1.64 1.47

BDO05 57759 75 1.45 1.30 1.10

Minor Events

SDO1 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

SDO05 56415 13 0.87 0.80 0.72

SD06 56429 10 0.52 0.44 0.40

SDO07 56510 11 0.65 1.05 0.70  Vincludes
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 0.40

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
Band V

SD17 57291 10 0.40 0.35 0.30

SD18 57333 10 0.30 0.35 0.35

SD19 57415 28 0.95 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

in the H,, profile, or by chromospheric contribution not related to
accretion. In any case, GM Cep 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
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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.

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 Ay ~ 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 Ay ~ 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 ~2mag) 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 1 mag. Guo et al. (2018) summarized
event parameters for different stars, including those in Stauffer
et al. (2015), and found those with durations less than 10 days
varied typically with a depth of <1 mag, whereas those lasting
more than ~20 days have a roughly constant amplitude

~2-3 mag. 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 GM Cep varies with its B — V color.
In this color—magnitude diagram (CMD), GM Cep 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 Ry = 5 (Mathis 1990), rather than with the
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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,
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marks the reddening vector for Ay = 0.5 mag assuming a total-to-selective
extinction of Ry = 5.0. (b) The same as in (a) but for V vs. V — R and
Rvs.R— L

nominal Ry = 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 pm, (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 [ are adopted from those reported by
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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.

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 '-band of GM Cep,
and of two comparison stars including one of the photometric
reference stars and a field star. GM Cep 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 P < 2% with a variation <1%.

Adding up the TRIPOL measurements at four polarizer
angles gives the total flux. As seen in Figure 8, the TRIPOL »/
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, P, P,, and
P;. 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 GM Cep

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
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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 ) is defined as

Py (%) F{ Ff 1
o) = — = = N
’ F{  Fl+F 1+FF

where F' is the total flux, which is decomposed into polarized
flux (F”) and unpolarized flux (F"), with F' = F? + F". At
each observing epoch, P, and F' are measured, therefore F”
and F" 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 F¥, Fy, and F3, 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 Fy
remains the same, P, changes with F{ in the sense that as F{
decreases, so does P,. The dust reddening by occultation makes
this dependence stronger at shorter wavelengths. But (2) if FY
changes, because it dominates the brightness over F{’ , so, for
example, as Fy decreases, P increases.

Figure 9(b) exhibits how the decomposed polarized (F”) and
unpolarized (F") 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
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polarization near the end of 2014, with Py > P > Py (see
Figure 9(a)), corresponding to the brightening of the star
system, is the result of a fading FY alongside with a brightening
Fy', as evidenced in Figure 9(b), both leading to a decreasing P,
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, > Py > P, Inspection
of the decomposition result reveals that both F' and F{’ 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 GM Cep. 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 GM Cep 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 pum 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, GM Cep (1) has a moderate
Ay = 2-3 mag, 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 T Tauri star (Sicilia-
Aguilar et al. 2008) with a noticeable infrared excess. 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 AB Aur (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 7 mm of a distribution
of clumps along the main ring of thermalized dust found earlier
by at shorter wavelengths, where large grains reside (Carrasco-
Gonzélez et al. 2016, see their Figure 2). The most prominent
one, at ~0”1 from the star, or ~14 au at a distance of 140 pc,
with an estimated mass of 3-8 M, is considered by these
authors as a possible planetary embryo.

We have no knowledge of the location of the (strings of)
clumps in the GM Cep 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 GM Cep, as seen in Figure 6,
cause a maximal extinction of Ay = 1.5 mag with a timescale
of ~50 days. Note that here Ay 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, = 4000K, mass My = 0.5 M, and radius
R, =2.5R.. With veiling and line blending due to fast
rotation, the spectral type of GM Cep 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 (v)
H/r ~ 0.17(r/au)?>/7 (Chiang & Goldreich 1997). A clump at
r = 14 au thus would subtend an opening angle (viewing the
rim from the star) of ~20° at r = 1 au, the angle would
become ~10°, for which the disk has to be close to edge-on for
occultation to take place. Assuming 2 M. for GM Cep, a
clump at 4-14 au has a projected Keplerian speed up to
11 km s™'. So for a clump to traverse the GM Cep system, the
linear size would be 0.3 au for r = 14 au. In the case r = 1 au,
the orbital speed is faster, so the linear scale would be 1.2 au.

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¢yap ~ 1500 K results in an inner hole, hence an
inner rim or “wall” in the flaring disk, which accounts
for the bump near 2-3 pum 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,
Fim = (L/ 47T 0V (1 + (Him /i)' /2, Where Ly is the
luminosity of the star, Tym = Tevap is the temperature at
the rim, Hyy, is the vertical height of the inner rim, and o is the
Stefan—-Boltzmann constant (Dullemond et al. 2001). Given
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L, = 26 L, for GM Cep (Sicilia-Aguilar et al. 2008), adopting
Hii /tim = 0.2 (Dullemond et al. 2001), the estimated inner
rim radius is roughly ryy, ~ 0.4au, corresponding to an
opening angle arctan(Hyy, /rim) ~ 11°. 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 1.7 au.
We conclude that the “clump,” or the region of density
enhancement in the disk has a length scale up to roughly
0.1-1 au across the line of sight.

The depth, or the length scale along the line of sight, is
related to the maximum Ay = 1.5 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
mg = (N /€) Mrain, where N, is the column density of dust, £ is
the length of the sightline through the dusty medium, and
Mg is the mass of each grain. Each term is evaluated
as follows.

The column density N, is related to the extinction:
Ay = 1.0867y = N;0yQex» Where Ty is the optical depth at
V-band, o, = ma” is the geometric cross section of each
(assuming spherical) grain of radius a, and Q. is the optical
extinction coefficient, which, for grains large in size compared
to the wavelength 27a > \), Qexe =~ 2 (Spitzer 1978; van de
Hulst 1957). Therefore, N; = 1.6 x 105 A [10 pm/a]* cm 2,
and for each dust grain, assuming a material bulk density of
2g cm >, the mass is Mypain = 8.4 x 10~°[a/10 um]® g.
Given a gas density n,, and a nominal gas-to-dust mass ratio
of 100, my = nymy /100, and so

a
A .
V[l(),um] [au]

For GM Cep, Ay = 1.5 mag, and adopting a gas density
ne = 109 (Barriere-Fouchet et al. 2005), ¢~ 0.8au for
a = 10 pm grains. For truly large grains, such as a = 1 mm,
the extinction efficiency becomes much smaller, thus £ 100
times longer, to £ ~ 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 10 pym 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.

54 x10°

ng

{

5. Conclusion

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

1. GM Cep exhibits (1) brightness fluctuations <0.05 mag
on timescales of days, due partly to rotational modulation
by surface starspots with a period of 3.43 days, and partly
to accretion activity; (2) minor flux drops of amplitude
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0.2-1.0 mag with duration of days to weeks; and
(3) major flux drops up to 2.5 mag, 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 1 mag 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 Ay ~ 1.5 mag, a consequence of
transiting strings or layers of clumps.

5. The g'/'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 GM Cep 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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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 1.24+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 H = 26.6134 0.350, its effective diameter can be derived to be 24.8*}%! 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
JMS8 with an effective diameter of about 3.5km (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 7-34 m (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+0.06 min (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

* Corresponding author.
E-mail address: zylin@astro.ncu.edu.tw (Z.-Y. Lin).
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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 x 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 ym, 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 (o =33.5°), geocentric (A =0.0068 AU) and he-
liocentric (r=1.004 AU) distances, as well as its apparent visual
magnitude (my = 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
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Table 1
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Observational details of the color photometric measurements. Information includes UT time slot for color sequence, filters, exposure time (seconds), geocentric (A) and

heliocentric (r,) distances, phase angle (), airmass, and V magnitude.

Time Filter A I a Airmass Vobs
Oct. 10 (UT) (exp. time (s)) (AU) (AU) (degree)
11:29~11:46 B (120), V (60), 0.0068 1.004 335 1.70~1.86 17.23+0.03
R (60), I (60) 17.19+0.04
stars with variabilities removed. In lieu of absolute photometry, the
Table 2

Observational details of light curve photometry. Information includes UT time
slot for each series of observations, geocentric (A) and heliocentric (r,) distances,
phase angle (a), airmass and exposure time for the individual acquisitions.

Time (UT) A I a 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

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 = Vobx - SIOg(RD) (1)

Where V,p; =V magnitude at observation

R =distance Sun to Asteroid (in AU)
D = 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

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
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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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Fig. 1. Fig. 1. Relative magnitudes of the asteroid 2012 TC4 obtained by observations at Lulin between Oct. 10 and Oct. 11, 2017. An estimation of error in magnitude

about 0.003 ~ 0.008 is not represented in the figures.
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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 12.25 min 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).
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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 20 min
observation. And the correction of phase reddening is not done here. By
subtracting the standard solar colors (B-V = 0.665, V-R =0.367, and V-
1=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 ym. 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 = (B — V)cosf + (V — R)sind 2)

The angle (0) of 37.575714 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 (a) 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 H, = 26.613 + 0.364 according to the
standard phase curve model described in Bowell et al. (1989) (Bowell
et al., 1989). The effective diameter D, of an asteroid can be estimated
by using the formula
107().2Hv .

Dy (km) =

1329
3
\/_

Py

where p, is the geometric visible albedo. From a mean albedo
py=0.065+0.036 for the Bus C-type asteroid derived from the space
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telescopes (0.07240.043 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 D =
D¥24.871%! 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 O (incorrect) to 3 (well--
defined). We have only included data with U=2 in Fig. 7 The region
defined by rotational periods smaller than the spin barrier (2.2h) and
diameters smaller than 100 m 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 12.25 min
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
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diverse compositions, which include water, carbon compounds, rock and
metal.

5. Summary

Small NEA 2012 TC4 was 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 H =26.613 + 0.350
with a G-value of 0.15. The derived effective diameter of 24.87%! m
based on mean albedo p, = 0.065+0.036for the Bus C-type asteroid is
consistent with the pervious estimate of 10-40 m (Polishook, 2013)
(Polishook, 2013).

Acknowledgements

We specially acknowledge that the Lulin staff, Chi-Sheng Lin and
Hsiang-Yao Hsiao, Hung-Chin Lin, and Dr. Cheng Yu-Chi have provided
assistance in observations. This publication has made use of data
collected at Lulin Observatory, partly supported by MOST grant 105-

58

24

Planetary and Space Science 166 (2019) 54-58

2112-M-008-024-MY3. This work was also supported by MOST 105-
2112-M-008-002-MY3 and MOST 104-2112-M-259-006 from the Min-
istry of Science and Technology of Taiwan.

References

Benner, L.A.M., Ostro, S.J., Nolan, M.C., Margot, J.-L., Giorgini, J.D., Hudson, R.S.,
Jurgens, R.F., Slade, M.A., Howell, E.S., Campbell, D.B., Yeomans, D.K., 2002. Radar
observations of asteroid 1999 JM8. Meteoritics Planet Sci. 37, 779-792. https://
doi.org/10.1111/j.1945-5100.2002.tb00855.x.

Binzel, R.P., Lupishko, D., di Martino, M., Whiteley, R.J., Hahn, G.J., 2002. Physical
Properties of Near-earth Objects, pp. 255-271.

Binzel, R.P., Rivkin, A.S., Stuart, J.S., Harris, A.W., Bus, S.J., Burbine, T.H., 2004.
Observed spectral properties of near-Earth objects: results for population distribution,
source regions, and space weathering processes. Icarus 170, 259-294. https://
doi.org/10.1016/j.icarus.2004.04.004.

Bowell, E., Hapke, B., Domingue, D., Lumme, K., Peltoniemi, J., Harris, A.W., 1989.
Application of photometric models to asteroids. In: Binzel, R.P., Gehrels, T.,
Matthews, M.S. (Eds.), Asteroids II, pp. 524-556.

C. NASA/JPL, 2018. Neo basics -potentially hazardous asteroids (phas). Retrieved 22
January 2018: https://cneos.jpl.nasa.gov/about/neo_groups.html.

C. NASA/JPL, 2018. Discovery statistics - cumulative totals. Retrieved 25 April 2018.
https://cneos.jpl.nasa.gov/stats/totals.html.

Carbognani, A., 2014. Asteroids lightcurves at oavda: 2012 june - 2013 march. Minor
Planet Bulletin 41, 4-8.

Harris, A.W., 1996. The rotation rates of very small asteroids: evidence for 'rubble pile’
structure. In: Lunar and Planetary Science Conference, Vol. 27 of Lunar and Planetary
Science Conference, pp. 473-494.

Hatch, P., Wiegert, P.A., 2015. On the rotation rates and axis ratios of the smallest known
near-Earth asteroids-The archetypes of the Asteroid Redirect Mission targets. planss
111, 100-104. https://doi.org/10.1016/j.pss.2015.03.019 arXiv:1503.07454.

Howell, E.S., Jan. 1995. Probing Asteroid Composition Using Visible and Near-infrared
Spectroscopy. Ph.D. thesis. THE UNIVERSITY OF ARIZONA.

Landolt, A.U., 1992. UBVRI photometric Standard Stars in the Magnitude Range 11.5-
16.0 Around the Celestial Equator, Aj, vol 104, pp. 340-371. https://doi.org/
10.1086/116242.

Lin, C.-H., Ip, W.-H,, Lin, Z.-Y., Cheng, Y.-C., Lin, H.-W., Chang, C.-K., 2018. Photometric
survey and taxonomic identifications of 92 near-Earth asteroids. Plan 152, 116-135.
https://doi.org/10.1016/j.pss.2017.12.019.

Lomb, N.R., 1976. Least-squares frequency analysis of unequally spaced data. apss 39,
447-462. https://doi.org/10.1007/BF00648343.

M. P. Center, 2018. Unusual minor planets - overview. Retrieved 16 January 20188.
https://www.minorplanetcenter.org/iau/lists/Unusual.html.

Mainzer, A., Grav, T., Masiero, J., Hand, E., Bauer, J., Tholen, D., McMillan, R.S.,
Spahr, T., Cutri, R.M., Wright, E., Watkins, J., Mo, W., Maleszewski, C., 2011.
NEOWISE Studies of Spectrophotometrically Classified Asteroids: Preliminary
Results, Apj, vol 741, p. 90. https://doi.org/10.1088/0004-637X/741/2/90 arXiv:
1109.6407.

Odden, C.E., Verhaegh, J.C., McCullough, D.G., Briggs, J.W., 2013. Lightcurve analysis for
near-earth asteroid 2012 TC4. Minor Planet Bulletin 40, 176-177.

Polishook, D., 2013. Fast rotation of the NEA 2012 TC4 indicates a monolithic structure.
Minor Planet Bulletin 40, 42-43.

Ryan, W., Ryan, E.V., 2017. Spin state of returning fly-by near earth asteroid 2012 TC4.
In: AAS/Division for Planetary Sciences Meeting Abstracts #49, Vol. 49 of AAS/
Division for Planetary Sciences Meeting Abstracts, 204.06.

Sonka, A.B., Gornea, A.L, Anghel, S., Birlan, M., 2017. Photometric observations of near
earth asteroid 2012 TC4. Rom. Astron. J. 27, 223-231.

Tonry, J.L., Stubbs, C.W., Lykke, K.R., Doherty, P., Shivvers, LS., Burgett, W.S.,
Chambers, K.C., Hodapp, K.W., Kaiser, N., Kudritzki, R.-P., Magnier, E.A.,

Morgan, J.S., Price, P.A., Wainscoat, R.J., 2012. The Pan-STARRS1 photometric
system. APJ (Acta Pathol. Jpn.) 750, 99. https://doi.org/10.1088/0004-637X/750/
2/99 arXiv:1203.0297.

Usui, F., Kasuga, T., Hasegawa, S., Ishiguro, M., Kuroda, D., Miiller, T.G., Ootsubo, T.,
Matsuhara, H., 2013. arXiv:1211.2889. Albedo Properties of Main Belt Asteroids
Based on the All-sky Survey of the Infrared Astronomical Satellite AKARI, Apj, vol
762, p. 56. https://doi.org/10.1088/0004-637X/762/1/56.

Warner, E.. Nea 2012 tc4 - physical properties (2018). http://2012tc4.astro.umd.edu/
2012TC4_properties.shtml.

Warner, B.D., 2013. Asteroid lightcurve analysis at the palmer divide observatory: 2012
september - 2013 january. Minor Planet Bulletin 40, 71-80.

Warner, B.D., Harris, A.W., Pravec, P., 2009. The asteroid lightcurve database. Icarus 202,
134-146. https://doi.org/10.1016/j.icarus.2009.02.003.


https://doi.org/10.1111/j.1945-5100.2002.tb00855.x
https://doi.org/10.1111/j.1945-5100.2002.tb00855.x
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref2
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref2
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref2
https://doi.org/10.1016/j.icarus.2004.04.004
https://doi.org/10.1016/j.icarus.2004.04.004
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref4
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref4
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref4
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref4
https://cneos.jpl.nasa.gov/about/neo_groups.html
https://cneos.jpl.nasa.gov/stats/totals.html
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref7
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref7
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref7
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref8
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref8
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref8
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref8
https://doi.org/10.1016/j.pss.2015.03.019
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref10
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref10
https://doi.org/10.1086/116242
https://doi.org/10.1086/116242
https://doi.org/10.1016/j.pss.2017.12.019
https://doi.org/10.1007/BF00648343
https://www.minorplanetcenter.org/iau/lists/Unusual.html
https://doi.org/10.1088/0004-637X/741/2/90
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref16
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref16
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref16
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref17
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref17
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref17
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref18
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref18
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref18
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref19
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref19
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref19
https://doi.org/10.1088/0004-637X/750/2/99
https://doi.org/10.1088/0004-637X/750/2/99
https://doi.org/10.1088/0004-637X/762/1/56
http://2012tc4.astro.umd.edu/2012TC4_properties.shtml
http://2012tc4.astro.umd.edu/2012TC4_properties.shtml
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref23
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref23
http://refhub.elsevier.com/S0032-0633(18)30058-8/sref23
https://doi.org/10.1016/j.icarus.2009.02.003

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 484, 1031-1049 (2019)

®

ihancing
oy ond

doi:10.1093/mnras/sty3420

Advance Access publication 2018 December 22

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,? S. Bradley Cenko,*> Suvi Gezari,
Kirsty Taggart,! Nadia Blagorodnova,®> Christoffer Fremling,’ Brenna Mockler,%’

Avinash Singh ©,*° Nozomu Tominaga,'®!! Masaomi Tanaka,'> Alan M. Watson, !

3

Tomas Ahumada,’ G. C. Anupama,8 Chris Ashall,'* Rosa L. Becerra,'? David Bersier,!
Varun Bhalerao,!® Joshua S. Bloom,'® Nathaniel R. Butler,'” Chris Copperwheat,!
Michael W. Coughlin 3 Kishalay De,? Andrew J. Drake,’ Dmitry A. Duev,’

Sara Frederick,” J. Jesdis Gonzalez,'> Ariel Goobar ©,'” Marianne Heida “,

3

Anna Y. Q. Ho,? John Horst,?° Tiara Hung,’ Ryosuke Itoh,?' Jacob E. Jencson,?

Mansi M. Kasliwal “,* Nobuyuki Kawai,?' Tanazza Khanam,
Shrinivas R. Kulkarni,>!'® Brajesh Kumar “,® Harsh Kumar,

15
15

Alexander S. Kutyrev,*> William H. Lee,'® Keiichi Maeda,??> Ashish Mahabal,*?3

Katsuhiro L. Murata,?! James D. Neill,> Chow-Choong Ngeow,?* Bryan Penprase,’

5

Elena Pian,?® Robert Quimby,lo’20 Enrico Ramirez-Ruiz,®?” Michael G. Richer,?
Carlos G. Romén-Ziifiiga ©,?® D. K. Sahu,® Shubham Srivastav,'> Quentin Socia,?
Jesper Sollerman,? Yutaro Tachibana “,?! Francesco Taddia,>® Samaporn Tinyanont,?
Eleonora Troja,*> Charlotte Ward,” Jerrick Wee*® and Po-Chieh Yu?*

Affiliations are listed at the end of the paper

Accepted 2018 December 10. Received 2018 December 10; in original form 2018 August 3

* E-mail: d.a.perley @]jmu.ac.uk

© 2018 The Author(s)

ABSTRACT

Wide-field optical surveys have begun to uncover large samples of fast (#ise < 5 d), luminous
(Mpeax < —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 < 10'* 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 INTRODUCTION

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

2 OBSERVATIONS

2.1 Discovery and pre-imaging constraints

AT2018cow' 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)>. 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 > 20.2mag, 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 (I0:0) and near-infrared (I0: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

The 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 i = 0.7, Qy = 0.3, Q5= 0.7.
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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 HII 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 Astronémico
Nacional in Sierra San Pedro Martir, 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 Martir). 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.’

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
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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.

MID 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 wl 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/10:0 u 13.97 £ 0.03
58289.0234 LT/10:0 g 14.10 £+ 0.03
58289.0241 LT/10:0 r 14.35 £ 0.03
58289.0248 LT/10:0 i 14.78 £+ 0.03
58289.0255 LT/10:0 z 15.01 £ 0.03
58289.1889 KP84/KPED g 14.18 £0.03
58289.1901 KP84/KPED T 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 wl 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/10:1 H 15.66 £+ 0.03
58289.9131 LT/10:0 z 15.15 £ 0.03
58289.9136 LT/10:0 i 14.99 £0.03
58289.9142 LT/10:0 r 14.62 £+ 0.03
58289.9147 LT/10:0 g 14.48 £+ 0.03
58289.9154 LT/10:0 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 uvot source.

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.)

MNRAS 484, 1031-1049 (2019)
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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 5667s. 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 (<20) UVOT detections.

LT/SPRAT and P60/SEDM data were processed by automated
reduction pipelines designed for each facility.* The LPipe reduction
pipeline® (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.®
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)
Shttp://www.astro.caltech.edu/dperley/programs/lpipe.html

5The colour correction was typically quite small: <0.1 mag in nearly all
cases.
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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

MNRAS 484, 1031-1049 (2019)
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Table 2. Log of spectroscopic observations of AT 2018cow. Times are
relative to the reference epoch of MJD 58285.

MID 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 4211 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  KeckI 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 KeckI LRIS
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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 r = 31.3d
and ¢ = 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 ~25d Rise time to peak (g)

trise, 1/2 ~1.5d Time to rise from half-max (r)
Tdecline, 1/2 ~3d Time to decay to half-max (r)

My, peax —20.4 Peak g absolute magnitude

M, peak —19.9 Peak r absolute magnitude

Lo, peak 4 x 10% erg s~! UVOIR luminosity at optical peak
Tehar 17000 K Characteristic temperature

Eiaq 5 x 10% erg Total UVOIR radiative output
VUspec 6000 km s~ ! Velocity width of late emission lines
M host 1.4 x 10° Mo Host stellar mass

SFRpost 0.22 Mpyr™! 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 (M, ~ —19.9 or
M, ~ —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 (M, ~ —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 « (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
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and in our photometry. If interpreted as an absorption trough, its
centre is at approximately 4600 A with a full-width of 1500 A. 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 ~2OOA; v~ 10000 kms~!) emission
feature centred at ~4850 A 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 Il A4686. 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 1 A5876 and He 1 A5015 are clearly visible starting
at ~15 days, along with emission from He (in a blend with He1
16678), HB, Hy, HS, and a blend of several higher Balmer lines. All
of these lines are significantly and consistently offset to the red by
about + 3000kms~! 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 117065, weak Ca 11] AA7291,7324,
and (possibly) O 1116300, 6363 also begin to emerge at later times
(>30d). 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 1 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 Ep_y = 0.07 (Schlafly & Finkbeiner 2011). We assume no
extinction in the host galaxy.

The early SEDs are unambiguously thermal. The UVOIR slope
(F, o v¥) during the first epoch is ¢ =1.2 £ 0.1 as measured
between the u and the z bands: close to the Rayleigh-Jeans o =2
and inconsistent (in particular) with synchrotron emission, which
exhibits o =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 vF,) remaining in
the UV at all times.
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Figure 4. Spectral energy distribution (in f,) 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 A. 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 A.

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 (F, o< v¥) of @ ~ —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 o ~ 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 @ = —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
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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 000K) and already quite large in
size, with an inferred radius of almost 10'> cm. This implies fast
ejecta: given the ASAS-SN pre-explosion limit, the time of the
first SED was only ~4d 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 # = 0 to our
reference epoch of MJD 58285, the temporal index (F o ) is g ~
—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 A > 1000 A. The non-thermal flux shows a
similar average decay as the X-ray (supporting the notion that it
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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 411 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 the elpet rosian 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 0.2Z5 < Z < Zg, 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, = 1.427017 x 109 M, and a
total star-formation rate of SFR = 0. 22*0 03 01 Mg yr~!. The galaxy
photometry and final SED fit are shown in F]g. 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 COMPARISONS TO PREVIOUS EVENTS

4.1 A fast extreme-luminosity transient seen up-close

The fastrise, 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 SNelIP
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
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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 20060z (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 AT2018cow 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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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 A > 1000 A. (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”
(Vinké et al. 2015).

The most convincing matches by far are the luminous members of
the PS1 sample from Drout et al. (2014): PS1-11qgr 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.)’

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.

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

MID L(Lg) R (AU) T (kK)
58288.44 8.96e + 10113510 52777470 3139739
58289.22 6.64e + 107 3¢ 10 4772038 30.5830¢
58290.69 2.75e + 105050100 44.207) 82 2542458
58291.56 2.13e + 1053515708 38.99739% 25427208
58292.28 1.53e + 1013000 39.047548 2337754
58293.81 9.47e + 0974 T 36.39T35) 21207222
58294.61 753 + 09 0ac 08 32.9913%) 20911999
58295.58 6.23¢ + 09785008 29247733 21254137
58296.68 5.05e + 09133308 27.071 148 20.907 )24
58298.39 4.29e + 0973 10ct08  24.51139% 20917978
58299.62 3.22e + 09732108 24,9618 19.32033
58300.65 2.64e + 0977008 23,5013 18.84700¢
58301.79 2.06e + 09139508 22,1973 18.047097
58302.04 1.95e + 097} S5t 08  21.697]33 18.000%
58303.17 1.61e + 09750708 19.867]33 17.57807
58303.78 1.54e + 0971208 19.47470 17.28088
58305.64 L4le + 09756t 18.46117C 17.0975:%9
58306.77 113e + 0975807 18.621 ]2 16237079
58307.16 1.06e 4+ 09777807 1846715 1601758
58307.70 9.69 + 081137 18.071) 73 15.84707
58308.15 9.27e + 08750t 07 17.7001 3 15.817099
58309.23 9.04e + 08F2 3207 16.007]33 16.557052
58310.22 7.73e + 081,507 1519103 16.10758
58310.70 6.79 + 08305107 1478147 15.5570%
58311.16 6.29¢ + 08730507 14.301]38 15307083
58311.76 6.26e + 0873507 13.331]38 15.6770%%
58312.42 6.23¢ + 08145t T  12.8811 ] 15714088
58314.75 4.82e + 087300t 12,8240 14.821076
58316.52 3.96e + 0837107 11.38187 15347023
58318.93 3.46e + 08137507 9.3470-8 15.947)23
58320.24 3.00e + 08F353¢07 9.1370% 15.667)32
58322.23 2.78¢ + 081130 7701030 16.837 36
58324.03 241e + 0811750 6.6470% 17.5315
58325.36 2.10e + 087 50¢ 07 6.0670%) 17.31118
58326.17 1.99e + 08| 29+07 5917088 17.434133
58327.15 1.81e + 081 7%H7 5467033 17.81728
58329.22 1.60e + 0813 ¢ t07 5.0970%% 17437377
58334.88 9.52¢ + 07135t 441710 16.9615:47
58339.90 5.63e + 077} 5007 356738 17.14737
58346.92 3.94e + 07133507 3377099 16307738
58354.46 1.68e + 070200 4144190 10.747$%

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
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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, = 1427037 x 10° M, SFR
= 0.221'8:82 Mg yr~!) 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

MNRAS 484, 1031-1049 (2019)

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 feature® 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.” 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 kms~!, versus
a few hundred kms~' 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 INTERPRETATION

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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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 *°Ni certainly cannot produce
it: atleast 5 Mg, 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 (M ~ (;“ﬁ)2 Mg or
approximately 0.01 Mg; 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 oo fast to explain AT 2018cow’s 2-3 day rise. A
multiday rise could be achieved only if the progenitor was quite
extended (R ~ 10'* cm, or about 10 AU).

37

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.

MNRAS 484, 1031-1049 (2019)
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Figure 11. Comparison of an early spectrum of AT 2018cow to the early spectrum of SN2008D (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
My; < 0.05Mg. While this is in the range of masses inferred
for “normal” core-collapse supernovae (Rubin et al. 2016; Miiller
et al. 2017), a modest *°Ni 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
week!? 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

101t 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.
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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 3°Ni, 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 ¢). 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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energies and small **Ni 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 10'* cm 40 days after the explosion: the material at the
photosphere could be expanding no faster than 300kms~! (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 r~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) = Lo(%)"’. We obtain an excellent fit
with a power-law index of n = 3.0 £ 0.1 and a time of disruption
(tp) of —1.5 £ 0.3 (relative to MJD 58285). Under this scenario the
implied rise-time-to peak of #cqx = fo — tp = 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 x 10* Mg,
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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 x 10* Mg).

Additionally, we fit the light curve in the g, r, and UVOT w2
bands with the MOSFIiT TDE model (Guillochon et al. 2018;
Mockler, Guillochon & Ramirez-Ruiz 2018). The MOSFIiT 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 M, = 1.97)3 x 10*M, and a star with mass
M, = 0.672 ;M. 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 x 10* erg) is much greater than the Eddington
luminosity for a black hole of the mass needed to explain its short
time-scale (~10*? erg for Mpy = 10* My). 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 10%(Mpu/10° M) Y erg s=! (Piran et al. 2015) support this
interpretation. The self-intersection radius for debris streams around
a~10* Mg, black hole is ~5 x 10'* 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.!!

6 CONCLUSIONS

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,

1 Super-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 Vinké
etal. (2015) also indicated a highly super-Eddington luminosity, in this case
from a somewhat more massive black hole (M}, = 2.0f{%9 X IOSMO).
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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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SCIENTIFIC REPLIRTS

Research of activity of Main Belt
Comets 176P/LINEAR, 238P/Read
and 288P/(300163) 2006 VW, 5,

Received: 16 July 2018 . Jianchun Shi*23, Yuehua Ma'?, He Liang’* & Ruiqi Xu*
Accepted: 22 February 2019 :
Published online: 02 April 2019  Asanew 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 VW, 3, 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 VW, ;, were active. By photometric studies, we obtained

. the Afp 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 VW, 3,
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 & Jewitt! 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 asteroids®. MBCs exhibit comet-like activity driven by the sublimation
of volatile ice, while disrupted asteroids exhibit activity likely due to impacts®~>, rotational disruption®-'°, thermal
disintegration or electrostatics''.

MBC:s 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 planets'?~!. 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 family'®. 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 VW 54, P/2012 T1, 313P/
Gibbs'”. 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 VW .

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 Hawaii'%, but it
© was not exhibit activity during its 2011 perihelion passage, this casts doubt on the sublimation-driven nature of
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Comet UT date R, (au)® | A(auw)® | ()¢ v(°)d N, X filter® Loy (8)°
176P/LINEAR 2016/11/19 2.633! 2.388 22.0 331.0 5xR 150
238P/Read 2016/11/18 2.371° 1.615 18.7 3.1 5xR 300
288P/(300163) 2006 VW 39 2016/11/19 2.437° 1.954 22.7 8.0 5XR 225

Table 1. Log of all observations on UT 2016 November 18-19. Note. *The heliocentric distance in au,
superscripts ‘T refers to the comet is inbound (pre-perihelion), ‘O’ refers to the comet is outbound (post-
perihelion); "The geocentric distance in au; “The phase angle(Sun-comet-Earth) in degrees; “The true anomaly
in degrees; “Number of exposures in the R filter; “The total exposure time in second.

the activity observed in 2005%. The last perihelion passage of 176P was on 2017 March 12. Hsieh ef al.?® 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 passage?'~2. The last peri-
helion passage of 238P was on 2016 October 22.

288P/(300163) 2006 VW 54 (also known as asteroid 300163, formerly 2006 VW 5, hereafter 288P) was discov-
ered in 2006 and first observed to be active on UT 2011 August 30%*. 288P was reported the reactivation during
its 2016 perihelion passage®*?*. The last perihelion passage of 288P was on 2016 November 08. Agarwal et al.?®
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 Afp values and the dust mass production rates. The
activity of three MBCs was discussed. Hsieh et al.?* 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 2k x 2k CCD camera. The pixel scale of
camera is 0.348 arcsec, the field of view (FOV) is 11.9 x 11.9 arcmin® 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
)= 6578 A, the full width at halfmaximum (FWHM) is A\ = 1215 A. 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 work?’. 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
NOMADI 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 & Ma*®. 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 Afp value (cm)?. 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 p. Afp can be given by the formalism

4R ZAZ 100-4(m(;_mcnmer)
Afp=— ’
P 1

where R, is in AU, A and p are in cm, #,,,,, is the comet integrated magnitude. For a steady state coma, Afp
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.
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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 x 52.2 arcsec?, The field of view (FOV) of the middle panel is 17.4 x 17.4 arcsec?. 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.

Theoretically, Afp should be calculated using the magnitude of the coma. As the Afp values obtained by other
works were calculated by using the total magnitude, we used total magnitude mor to calculate the Afp values to
facilitate comparison with other works. For 238P, Afp value in the reference aperture of 1.8 arcsec is 5.08 +0.59 cm;
for 288P, Afp value in the reference aperture of 1.8 arcsec is 12.04 =4 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.
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Comet myor (1.8 arcsec)® | myoy (4.0 arcsec)® | Afp (cm)* Quus (kgs™)¢ | My, (107kg)*
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 VW 39 | 19.95+0.04 19.50£0.06 12.04£1.11 4.2 69+1.5

Table 2. Magnitude, Afp, dust mass production rate and total dust mass measured in R-band of comets 176P/
LINEAR, 238P/Read and 288P/(300163) 2006 VW ;9 Note. *The total magnitude in the reference aperture of
1.8 arcsec; "The total magnitude in the reference aperture of 4.0 arcsec; *Afp value in the reference aperture of
1.8 arcsec; “The dust mass production rate in the reference aperture of 1.8 arcsec; *The total dust mass in the
reference aperture of 4.0 arcsec.

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 annulus®. The coma magnitude between ¢, and ¢, is given by
my = —2.5log (104" — 107%4™), )
where m, and m, are the magnitudes in apertures of ¢, and ¢,. To minimize the effects of nucleus contribution
and sky background, we choose ¢, =2.4 arcsec and ¢, = 3.0 arcsec. The dust mass is given by Jewitt®* as
M, = %(mdu +C» where o is bulk density, a,, is average grain radii, C, 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
¢1and ¢, is T(R,) = 1.5 X 10" A(¢h, — ¢)/v,*, where 7(R,) isin's, A is in AU, ¢, and ¢, are expressed in radians,v,;
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, = vo(ro/R)M* 31, where
vy =>550ms~! and r,= 5 au. For spherical grains emitted from a homogeneous nucleus, a dust velocity is about 10
per cent of the gas velocity®>*. So the dust grain ejection velocity is v,;= v(R,,)/10. We adopted the dust grain
radius value of a,,, = 10 pm, this value consistents with dust modeling results for 133P*. The grain density was
adpoted the canonical asteroid density o =2000 kg m~**. For 238P, m, =20.47 & 0.06, m, = 20.29 + 0.06, the
calculated dust production rate is 1.9kg s~!. For 288P, m; =19.75+0.05, m,=19.61 £ 0.05, the calculated dust
production rate is 4.2kg s~! (Table 2).

Discussion

For 176P, Hsieh et al.?® 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.!® 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 mp(1, 1, 0) =14.96 & 0.22. Considering rotational variations of 176P is about 0.7
mag (a peak-to-trough photometric range)?. 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 & Pittichova?! 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 R, = A =1 au and a solar phase angle
of a=0°) for all observations of 238P (Table 3). Comparing absolute magnitude and Afp 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 R,= A =1 au and a=0°), were computed by using G=0.15+0.1° (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’s*® work and other MBCs. We computed the
total mass My, of visible ejected dust by using of equation®

1 — 10%40m(1,1,0)~H)

4 -
Mdusf_gﬁaNadusfpd 10%4m@LLO)—H) (3)

where ay is the nucleus’s radius in m. For consistency, we choose dust grain densities of p;=2500kg s,
mean effective grain radii of a,,, =1 mm and the photometry aperture radius is 4 arcsec, these values are
same with Hsieh et al’s work?. For 238P, the total apparent R-band magnitude measured in aperture radius
4 arcsec is mypop=20.06 £ 0.07, the total absolute R-band magnitude computed by using H=19.05+0.05
mag and G=—0.03+£0.05* is m(1, 1, 0) =15.94+0.13, ay= 0.4km?!, the corresponding total dust mass
is My, =(2.8+0.3) x 107 when 238P was at true anomaly »=3°.1 on 2016 November 18. For 288P, the total
apparent R-band magnitude measured in aperture radius 4 arcsec is mpor=19.50 £ 0.06, the total absolute
R-band magnitude computed by using H=16.80+0.12 and G=0.18 £0.11% is m(1, 1, 0) =15.07 £ 0.23,
ay~1.3km™, the corresponding total dust mass is M, = (6.9 & 1.5) x 107, when 288P was at true anomaly
v=28°0 on 2016 November 19. Hsieh et al.> reported 238P’s total dust mass of M, = (2.3+0.3) x 107 on 2016
November 5 (when 238P was at v=4°.2 and 288P’s total dust mass of M, = (6.8 - 1.4) x 107 on 2016 November
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Perihelion | 2005-07-28 2.365 2.276 25.2 0.0 — — — —
yes 2005-11-10 2.436 1.446 0.6 31.4 19.284+0.05 16.414+0.17 7.47+0.86 »
yes 2005-11-19 2.448 1.468 3.8 33.9 19.3440.05 16.134+0.16 7.231+0.83 ¥
yes 2005-11-20 2.450 1.471 43 342 19.4640.05 16.2040.15 6.47+0.74 »
yes 2005-11-21 2.451 1.475 4.8 34.5 19.3740.05 16.0740.15 7.081+0.82 »
yes 2005-11-22 2.453 1.480 53 34.8 19.284+0.05 15.9440.15 7.6940.89 »
yes 2005-11-26 2.459 1.499 7.1 35.9 19.7240.10 16.2440.17 524+1.21 »
yes 2005-12-24 2.504 1.739 17.1 43.6 20.12£0.03 15.7940.12 4.34+0.30 ¥
yes 2005-12-25 2.505 1.751 17.4 439 20.1640.03 15.80+0.12 4244029 »
no 2007-01-27 3.433 2.488 52 123.0 24.90 £0.40 19.714+0.42 0.1440.13 ¥
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 19.1940.16 0.2140.05 2
no 2010-07-20 2.674 1.709 8.5 —65.2 22.85+0.06 18.8240.15 0.3940.05 A
no 2010-08-15 2.616 1.608 2.6 —58.9 22.34£0.05 18.8840.16 0.5740.07 2
no 2010-09-03 2.576 1.643 10.7 —54.1 21.97 £0.04 17.9940.13 0.7940.07 2
yes 2010-09-04 2.574 1.647 11.0 —53.9 22.01£0.05 18.0240.14 0.7640.09 2
yes 2010-09-05 2.572 1.651 11.4 —53.6 22.02£0.05 18.0040.14 0.7640.09 2
yes 2010-10-05 2.514 1.869 20.3 —45.7 22.25+0.05 17.6240.12 0.66+0.08 2
yes 2010-11-25 2.433 2.414 23.5 —31.5 21.75£0.05 16.5140.11 1.27+£0.15 2
yes 2010-12-09 2.416 2.566 22.5 —27.5 21.86+0.07 16.5440.12 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 16.5040.12 5.0840.59 This work

Table 3. Summary of available R-band photometry results of comet 238P/Read. Note. *Is visible activity detected?;
"The heliocentric distance in au; “The geocentric distance in au; 9The phase angle (Sun-comet-Earth) in degrees;
¢The true anomaly in degrees; "The total magnitude; 8Absolute R-band magnitude; 84fp values in R-band.

Perihelion | 2011-07-18 | 2.438 2.293 24.6 00 | — — —
yes 2011-11-14 | 2.506 1.561 8.4 332 |18.624+0.05 | 15.08+£0.27 |
yes 2011-11-14 | 2.506 1.561 8.4 332 | 18.64+0.05 | 15.10£0.27 | **
yes 2011-11-18 | 2.510 1.586 10.0 343 |18.60+0.10 | 14.95+0.28 |
yes 2011-11-19 | 2.512 1.596 10.6 34.6 | 18.64+0.10 | 14.95+£0.27 |
yes 2011-11-30 | 2.525 1.685 14.4 374 |19.041+0.05 | 15.08+£0.24 |
yes 2011-12-04 | 2.530 1.724 15.6 38.5 | 19.12+0.03 | 15.07+0.23 | **
yes 2011-12-19 | 2.549 1.895 19.2 424 |19.68+0.03 | 15.29+0.22 |
yes 2012-01-07 | 2.577 2.152 21.7 474 |20.4340.10 | 15.66+0.23 |
yes 2012-10-14 | 3.111 3.273 17.7 107.1 |22.45+0.03 | 16.49+£0.23 | 3¢
Aphelion | 2014-03-13 | 3.660 2.697 4.5 180.0 | — — —
Perihelion | 2016-11-08 | 2.436 1.823 21.3 00 | — — —
yes 2016-11-19 | 2.437 1.954 22.7 8.0 |19.954+0.04 | 15.48+0.21 | This work

Table 4. Summary of available R-band photometry results of comet 288P/300163. Note. *Is visible activity
detected?; ®The heliocentric distance in au; “The geocentric distance in au; 4The phase angle(Sun-comet-Earth)
in degrees; The true anomaly in degrees; ‘The total magnitude; 8Absolute R-band magnitude.

28 (when 288P was at v=5°.6 Examining previously reported photometry of active dust emission, Hsieh et al.?®
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’s?® work, we find that our results are consistent with Hsieh et al’s* conclusions. Comparing the total dust
mass of 238P and 288P obtained in this work to other MBCs*"%, 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 dust”.

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.
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for the Near-Earth Object Follow-up Observation
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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° x 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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Existing Data and Known Cepheids
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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
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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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The beamed jet and quasar core of the distant blazar 4C 71.07
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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 y-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 Ni&' = 6.3 x 10%° 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.

1 INTRODUCTION

Blazars are radio-loud active galactic nuclei (AGNs) with the

* E-mail: claudia.raiteri @inaf.it .. s . .
peculiarity that one of the relativistic plasma jets points towards

T Passed away.
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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(vFv) versus logv 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 C1vV 11549 and C111] A1909, 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 111] A5007 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 Ho and
Hp 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 y-ray emission correlates with the
optical, but not with the radio emission and that the y-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 x 10° Mg,
a size of the BLR of 1.5 x 10'8 cm, an accretion disc luminos-
ity of 2.25 x 10 ergs™!, a bulk Lorentz factor of 14 at the
jet dissipation radius of 5.40 x 10'7 cm for a jet viewing angle
of 3°.
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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 Collaboration' (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 y-rays by the Fermi satellite completed
the observing coverage at high energies. The y-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 y-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 y-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 OPTICAL,
NEAR-INFRARED, AND RADIO DATA

Optical observations for the WEBT campaign were performed
at the following observatories: Abastumani (Georgia), Belograd-
chik (Bulgaria), Calar Alto?> (Spain), Crimean (Russia), Lowell
(USA; Perkins telescope), Lulin (Taiwan), McDonald®> (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;
TIACS80 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).

Thttp://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.
3n the framework of the telescope network of the Las Cumbres Observatory.

020z Aey 20 uo Jasn AlisiaAiun [enua) jeuoneN Aq £6/0SSS//E8L/2/68F/10BNSqe-aoILe/Seluw/wod dno-olwapeoe//:sdiy Woll papeojumoc]


http://www.oato.inaf.it/blazars/webt
http://www.iaa.es/\protect $\relax \sim $iagudo/research/MAPCAT

2015.0 2015.5 2016.0 2016.5

16.6
m 17.0

o o LT i *@Wiﬁ@ﬁ X

17.4

16.2

16.6

17.0

17.4

16.2

= 16.6

17.0

A L e e e e aaaa aaa aas W A LA LA L L e e
PN Y Y R I N S I Y Y I I Y e v Eemi e

15.6

16.0

16.4

LARNRAAS AR AR AR AR AR

16.8

7000 7200 7400

Julian Date — 2450000

7600

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 Amag =
magmax — Magny, and the mean fractional variation (Peterson
2001)

o2 —§2

<F>

f var — s
where o2 is the data set variance, 8> 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 fiar 18 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
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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 Amag Sar Fgpp (mJy)  log (vF,)BBB
WEBT
B 470 0.617 0.07 0.527 —11.443
Vv 531 0.561 0.09 0.520 —11.543
R 1521 0.717 0.10 0.532 —11.604
1 507 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
UuvoT
w2 43 0.47 0.10 0.045 —12.200
m2 42 0.48 0.08 0.059 —12.108
wl 43 0.48 0.10 0.137 —11.815
u 43 0.38 0.07 0.421 —11.442
43 0.35 0.07 0.533 —11.438
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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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
Veleta* (Spain; 228 and 86 GHz), Metséhovi (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 ULTRAVIOLET AND OPTICAL
OBSERVATIONS 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.
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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,’ 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 y-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 COLOUR BEHAVIOUR

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 FROM MAGNITUDES OR COUNT RATES TO
FLUXES

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

By assuming a power-law shape of the optical spectrum F, ox v™¢,
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
o = (.18 with a standard deviation of 0.14.

As seen in the previous section, the average B — Vor b — v
colour is ~0.2 mag, which is outside the range of validity of the

Shttp://swift.gsfc.nasa.gov/analysis/uvot_digest/sss_check.html
Ohttp://ned.ipac.caltech.edu
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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 A and count-to-flux conversion
factors CF, and further with the mean extinction laws by Cardelli,
Clayton & Mathis (1989) to obtain the extinction values A;. 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 A 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 Lyo
emission line is strongly eroded by a wealth of intervening absorbers

The beamed jet and quasar core of 4C 71.07
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Table 2. Results of the UVOT recalibration procedure and prescriptions to
correct for both Galactic and IGM absorption.

Aeff CF Ay ‘L’:ﬂ- Tebff
(A) (erg em2s7 1A ’1) (mag)
w2 2148 6.009 10716 0.220 1.140 1.481
m2 2272 8.358 10~ 1° 0.231 0.923 1.330
wl 2688 4.40510716 0.183 0.529 0.820
u 3491 1.64710°16 0.133 0.147 0.205
4377 1.46710716 0.111 0. 0.
v 5439 2.60210°10 0.084 0. 0.

Notes. “Derived 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 AN EMPIRICAL MODEL FOR THE QUASAR
CORE

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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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 A. 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 A, we use the ultraviolet
quasar-stacked spectrum by Lusso et al. (2015). This was obtained
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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 Lyc.

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.” 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.

020z Aey 20 uo Jasn AlisiaAiun [enua) jeuoneN Aq £6/0SSS//E8L/2/68F/10BNSqe-aoILe/Seluw/wod dno-olwapeoe//:sdiy Woll papeojumoc]



L e s s s s s e L e s s s s 1

-11.0

|
—_
—_
(o))

log (vF,) [erg em™® s7]

-12.0

15.0
log v [Hz]

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 A. 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 7 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 F; = F x exp (T¢f) 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
values® allow us to estimate the average effective opacities and to
correct the UVOT data for IGM absorption. The opacity values are

8The ratio 75, = Fy obs/ F). corr corresponds to the mean IGM transmission
function of Lusso et al. (2015).
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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 F,, o< v'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 DISC LUMINOSITY, ACCRETION RATE,
AND BLACK HOLE MASS

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 Lgise = 2.45 x 10¥7 ergs™', 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 x 10%” ergs™!
calculated by Ghisellini et al. (2010) with a completely different
procedure.

The peak of the thermal continuum is found at log v,y >~ 15.46
and implies a peak luminosity of (VL,)peax = 1.35 x 10* ergs™",
so that Lgisc/(VL,)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 F, oc v spectral distribution of a Shakura & Sunyaev disc
(Shakura & Sunyaev 1973) up to log Ve ~ 15.25.

From the equation L. = nMc? (Shakura & Sunyaev 1973), we
can derive the accretion rate M once the efficiency of gravitational
energy release 1 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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black hole (Calderone et al. 2013). The disc bolometric luminosity
we estimated above then leads to accretion rates of 17 and 3.3
Mg yr~!, 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 Mgy = (1.61-1.62) x 10° M, and
M = (18.0-18.3) M, yr~! for viewing angles in the range 0°~10°,
as expected for a blazar. The Eddington luminosity is then Ly =
1.6 x 10”7 ergs™! 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 x 10° My, 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 HEASOFT’
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 Ny = 2.76 x
10%° cm~? (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 (x2/v = 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 Ny = (3.3 £0.2) x 10 cm™2. They fit the XRT data
taken in 2015 with an absorbed power law with Ny both free and
fixed to the Galactic value. In the former case, values between
3.1 and 7.4 x 10 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-

“https://heasarc.nasa.gov/lheasoft/
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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 N}_’f“ =6.3 x 102°cm™2 (black squares).
Bottom: number of degrees of freedom in the fixed absorption cases.
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Figure 9. Values of the hydrogen column density obtained by fitting the
XRT spectra with a power law with free Ny. The red horizontal line indicates
the best-guess value N‘l_’[eSt = 6.3 x 102 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 Ny.

absorption. They also noted that 4C 71.07 is an outlier in the Ny(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
Ny 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 Ny values are plotted in Fig. 9. They
show a large range of values, with a mean Ny = 6.4 x 10 cm™
and a standard deviation of o = 3.3 x 10?°cm~2. If we discard
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Figure 10. Results of the Swift-XRT data analysis when adopting a power-
law model with absorption fixed to Nﬁes‘ = 6.3 x 10*°cm~2. Top: X-ray
flux density at 1 keV versus time. Middle: Photon index I' versus time.
Bottom: Photon index versus flux density.

the cases that are 1 o out from the mean, we obtain Ng™' = 6.3 x
10?° 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 Ny fixed to the best-guess value.
The corresponding x2/v are shown in Fig. 8. In general, they are
very close to the values obtained in the power law with Ny free case.
The 1keV flux densities and photon indices I" are shown in Fig. 10.
The 1 keV flux ranges from 1.08 to 2.92 pJy, with a mean value
of 2.00 ply and standard deviation of 0.47 wly, while I' 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
Ny 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 N{™'. 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 v10rOp5
and following standard procedures (see e.g. Carnerero et al. 2015).
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Figure 11. Multiwavelength light curves of 4C 71.07. From top to bottom:
(i) 0.1-300 GeV fluxes (circles, 10~7 phem~2 s~ 1) and upper limits (plus
signs) from Fermi-LAT; (ii) 1 keV flux densities (pJy) 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 y-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 y-ray light curve in the 0.1-300 GeV energy
range resulting from the power-law fit.

10 BROAD-BAND MULTIWAVELENGTH
BEHAVIOUR

Fig. 11 compares the behaviour of 4C 71.07 at different wave-
lengths, from the y-rays to the radio band. The y-ray light curve
shows two prominent maxima atJD = 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 y-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 y-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 y-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 Nl'_’l“‘ = 6.3 x 1020 cm™2. y-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.

y -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 y-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 y -
ray and optical brightness states. Two SEDs correspond to the two
peaks in the y-ray light curve, while the other two SEDs refer to
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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
Nt = 6.3 x 10 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 # 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 y-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 y-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 v F), 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 Lj, = 9.42 x 10¥ ergs™!, 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): Pg 2~ 2 Liei/ I'2, where T is the
bulk Lorentz factor. By considering a range of possible I values,
from I' = 14 (Ghisellini et al. 2010) to I' = 28 (Savolainen et al.
2010), we find Prg = (2.40-9.61) x 10%7 ergs™' ~ (1-4) L.
This puts 4C 71.07 close (within 1-2¢) 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 POLARIMETRIC OBSERVATIONS

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 y-
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 y and
optical light curves. The optical light curve shows the contribution
of the jet to the R-band flux densities, Fjeq = Fiox — Fgpg, Where
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Figure 13. From top to bottom: (a) 0.1-300 GeV y-ray flux
(1077 ph em 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 x 7t ambiguity. Blue and red vertical dotted lines are drawn to
guide the eye through the y-ray and optical major peaks, respectively.

Fgpg = 0.532mly 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 percent) to 11 percent. We have no data
simultaneous with the y-ray and optical peaks, except for the first
major optical peak at JD = 2457325.5, where Py, = 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 Pops
for the dilution effect of the big blue bump to derive the degree
of polarization of the jet: Py = (Fiot X Pops)/Fier- The minimum
and maximum values of Pj are 0.11 percent 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 Py, = (p + 1)/(p + 7/3) = 0.69—0.75 for typical
power-law indices p = 2—3 (Rybicki & Lightman 1979). A value
for Fppp higher than what we have assumed would further increase
Pjc;, 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.
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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 x 7 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 y and optical activity.
A counterclockwise rotation of ~140° in 12 d precedes the optical
‘sterile’ flare (i.e. without y-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 y-ray flux variations are observed.

12 CONCLUSIONS

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
FSRQ:s.

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 y-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 N = 6.3 x 10%° 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 y -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, Lgs. = 2.45 x 109 ergs™", and to derive the mass
accretion rate, M ~ 18 Mg yr*', and black hole mass, Mgy >~
1.6 x 10° 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 L = 9.42 x 109 ergs=!.
From this, we calculated the jet radiation power, Ppg = (2.40—
9.61) x 10%7 ergs™! ~ (1-4) Lgis. 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 ¢’-, 7'~ 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 ¢’ ~ 19.0mag, ' ~ 18.5mag and i’ ~ 18.0mag 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 (¢’, 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 um 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 x 350 x 250 mm in width, length and height respec-
tively, weighs only 15kg 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 pm 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 (¢, 7/, 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 x33 mm
and thickness of 3 mm, made of SiO;MgF's, 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 mmx50 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 (A\o) and bandwidths (A)) are defined by multi-
plying the transmission or reflection curves of the DMs
and BPFs for each of the ¢'-, r’- and ¢'-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 ¢’-band optical train contains the BPF-¢’ and a CCD
camera, the r’-band optical train holds DM1 tilted at an
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angle of 30°, and the /-7’ optical train houses DM1 and
DM?2 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 1.5m, 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 pm, 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 x 512 pixels, each with
20 pm on a side. The detector response shows linearity up
to ~50000 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 DN2800OMT) 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 um pixel corresponds to 0.5”, giving a field of view
about 4.7" x 4.7".

We observed the Landolt Field 101-404 (Landolt
1992) for 100s, 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 ¢’-, - and ¢’-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, K s) 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 950nm (see Fig. 3(a)). The transmit-
tance of the WGP was measured in this wavelength range
in steps of A\ = 50nm. 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 A\ = 50nm. A single rotation gives
a double sinusoidal curve. Fitting with a sinusoidal curve,
we obtain 1(#) = Asin 2(6—¢)+ B, where A is the ampli-
tude, B the residual and ¢ the phase-difference. For this we
parameterized the transmittances, Tynax and T, 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, Tax/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  sky annuli were chosen to be 5 and 10 pixels more than the
(for source detection with a threshold of 5o for the sky  star aperture. Fluxes at four angles are used to compute the
variation) and PHOT (for aperture photometry) tasks of = Stokes parameters as follows:

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 I = 1/2(Io+ Ipz.5 + Ius + Is7.5),
of the HWP was estimated using IRAF/DAOPHOT with an Q = Iy — Iss,
aperture size of 2.5 times the FWHM. The inner and outer U = Inos — Igrs
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where Iy, I»os5, Iy5 and Ig75 are the intensities at The level of polarization P (in percentage) and the po-
the four HWP angles in deg respectively, with the  larization position angle ¢ (in deg) are then derived accord-
corresponding error being the square-root of the sum  ingly,

of the square of each intensity error, ie., §d/ =

\/(5[0)2 + (5[22,5)2 + (5]45)2 + (5]67_5)2. The errors P = 1/@2 + UQ/I,
0@ and 6U are computed similarly. 0 = 0.5arctan(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.

20'

15"
=)
3 .
g 10
O
[
a)
05'
+48°00"

48s

48m00s
RA (J2000)

3.0

N N
o (6]

=
w

Flux (Jy beam™1)

=
=}

21h47m12s

Fig.5 TRIPOL i'-band polarization vector map (in red) of IC 5146 (Wang et al. 2017). The background image is the Herschel 250 um
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 § P and 0 are estimated from the respective 0Q)
and 6U.

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 Py, =

/P? — (6P)? (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-
22.5-67.5deg, 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 ¢’ count, that is, the sum of g{, +
Gho 5+ Ghs + 947 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'-, '~ and ¢’-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/Py (Schmidt et al. 1992)  Date Py (%) P (%) Py (%)
BD+32°3739, V = 9.31 2011 Aug 14 0.12+£0.11  0.124+0.10 0.17£0.15
Pp =0.039 & 0.021 2011 Aug 15  0.14+£0.16 0.324+0.14 0.19£0.23
Py =0.0254+0.017 2018 Oct25  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 0.344+0.21 0.25+£0.10
Pp =0.063 £ 0.023 2011 Aug 17 0.08£0.13 0.29+0.14 0.32+£0.28
Py = 0.054 +0.027 2018 Oct26  0.25£0.12 0.204£0.20 0.20£0.20
Py = 0.054 £ 0.027 2018 Oct27  0.28£0.13 0.17+0.17 0.21£0.19
HD 212311,V =8.10 2018 Oct23  0.15£0.05 0.154+0.06 0.20 £0.05
Pp =0.028 £ 0.025 2018 Oct24  0.20£0.09 0.244+0.06 0.13+£0.07
Py =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 Oct27  0.12+£0.12 0.23+0.15 0.16 £0.16
2018 Oct28  0.07£0.11  0.214+£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 Py = 0.27 £ 0.12%, P» = 0.32 £ 0.23%
and Py = 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' ~ 12mag, 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

Py (%), 04 (deg)

P (%), 6, (deg)

Py (%), 0;r (deg)

3.8£0.1,87T+£3
3.84+0.1,92+3
3.8£0.1,88 £ 3

3.94+0.1,67+3

5.5£0.2,60+£1
5.54+0.3,59 £ 3
5.8+£0.2,61+1
594+0.1,59+1
59+£0.1,57T+1
5.6+£0.2,567T+1
564+0.1,59+1

3.4£0.2,82+£2
3.7+0.2,90 £ 2
4.0=£0.2,86 £2

4.14+0.2,66 &2

5.3+£0.2,61+1
5.0£0.2,58 £2
5.3+£0.2,60+1
53+0.1,60£1
52+0.0,59+1
5.3+£0.2,58+1
51+0.1,59£1

3.7£0.1,67T+£3
3.7+0.1,92 £+ 3
3.5£0.1,87T+£3

3.7+0.1,67£3

4.7+£0.2,63 £2
4.5+0.3,58 £ 2
4.5+£0.2,62£1
4.5+0.1,60 £ 1
4.2£0.1,60£1
4.4£0.2,58£1
4.3+0.1,60 =1

Star/mag/ Py, 6 (Schmidt et al. 1992) Date
HD 154445,V = 5.61 2015 Feb 17
Py = 3.780 £ 0.062, 6y, = 88.79 £ 0.47 2015 Feb 26
Pr. = 3.683 £ 0.072,0r = 88.91 + 0.56 2015 Feb 27
Pr. = 3.246 + 0.078, 87 = 89.91 + 0.69
HD 161056, V = 6.32 2015 Feb 27
Py = 4.030 £ 0.025, 6y = 66.93 +0.18
Pr. =4.012+0.032,0r = 67.33 +0.23
Pr. =3.5754+0.030, 0y = 67.78 £ 0.24
HD 204827, V = 7.93 2011 Aug 11
Py =5.322 £0.014, 6y = 58.73 £0.08 2018 Oct 23
Pr. = 4.893 £ 0.029, 0r = 59.10 £ 0.17 2018 Oct 24
Pr. = 4.189 4+ 0.030, 87 = 59.94 + 0.20 2018 Oct 25
2018 Oct 26
2018 Oct 27
2018 Oct 28
HD 19820,V =7.11 2018 Oct 23
Py =5.322 £0.014, 6y = 114.93 + 0.08 2018 Oct 24
Pr. =4.893 £ 0.029,0p = 114.46 £ 0.17 2018 Oct 25
Pr. =4.189 4+ 0.030, 87 = 114.48 +0.20 2018 Oct 26
(Variable, this work) 2018 Oct 27
2018 Oct 28

4.5£0.1,115£1
4.6+0.2,114+2
49£0.2,110£2
424+0.1,111+2
44+£0.1,111£1
4.6+0.2,114+1

4.4£0.1,115£1
4.7+0.1,111+1
4.0£0.2,115£2
3.84+0.1,113£1
4.3£0.1,113£1
4.6+0.2,113+1

42+£0.1,114£1
4.04+0.1,115+2
4.5£0.1,117£2
3.5+0.1,115+2
3.6£0.1,115£1
4.04+£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 3.366324d (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 1s, whereas for polarime-
try it is ~ 15s. 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 1.5h (22.5min for each HWP angle).
Polarization measurements simultaneously acquired in ¢’-,
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-

136-9

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 (¢, 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 ¢ ~ 19 mag,
r’ ~ 18.5mag and i’ ~ 18mag, with an S/N of 10 and
an integration time of 100s. 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 (y-rays) satellites to study flux and spectral
variability and the correlation between flux changes at different wavelengths. Unprecedented
y-ray flaring activity was observed during 2016 November—2017 February, with four major
outbursts. A peak flux of (2158 4 63) x 107% phecm™2s~!, corresponding to a luminosity of
(2.240.1) x 10 erg s~!, was reached on 2016 December 28. These four y -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 y-ray activity is found. The y-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 y-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 INTRODUCTION

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. Bottcher
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 A) 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 Lp; g/Lgqq higher or lower than 5 x 10~
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 y -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 y-ray
observations were not available for those events. The source was
detected for the first time in y-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 y-ray detec-
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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 Telescope! (WEBT) and y-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 y-ray-emitting regions during
the flaring activity (Larionov et al. 2016).

In 2016 November, CTA 102 entered a new very-high-activity
state in y-rays, as observed by Fermi-LAT, reaching a daily flux
higher than 1 x 107> phem™2s~! on 2016 December 16 (Ciprini
etal. 2016). This flaring activity continued for a few weeks in y-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
etal.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 20162017
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 y-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 y-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 y-ray and optical radiation are produced
in the same jet region, therefore the y-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 y-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

Thttp://www.oato.inaf.it/blazars/webt
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Gehrels Swift Observatory (optical-UV and X rays) and Fermi (y -
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 y-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 y-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 y-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: Hy = 71km s~ Mpc™!, Qy = 0.27, and
Qx = 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
y-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 gt like. Isotropic (‘iso_source_v06.txt’) and Galactic diffuse
emission (‘gll_iem_v06.fit") components were used to model the
background (Acero et al. 2016).> 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 y-ray
signal from the source by means of a maximum-likelihood test
statistic (TS) defined as TS = 2 x (logL; — logLy), where L is the
likelihood of the data given the model with (L) or without (L) a
point source at the position of CTA 102 (e.g. Mattox et al. 1996).
The source model used in gt1ike 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 (FL8Y?). 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/fi8y/
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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 g 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 o E/E,* 7 *®*/50 a5 in the 3FGL and FL8Y
catalogues, results in TS = 125005 in the 0.1-300 GeV energy
range, with an integrated average flux of (93.8 & 0.6) x 1078
phem™2s7!, a spectral slope @ = 2.16 £ 0.01 at the reference
energy Ey = 308 MeV, and a curvature parameter around the
peak B = 0.07 £ 0.01. The corresponding apparent isotropic y-
ray luminosity is (5.1 £ 0.1) x 10* ergs~!. 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) x 10~ phem=2s7!,
and the spectrum is described by an LP with a spectral slope
o = 2.34 £+ 0.03 at the reference energy Ey = 308 MeV, and a
curvature parameter around the peak 8 =0.13 = 0.02. This indicates
a moderate change of the average y-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 y-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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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 20 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 8 = 0.07). The y-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 (o) =2.30 £ 0.09), and a curvature parameter between 0.04
and 0.26 (the average curvature parameter is () = 0.13 £ 0.04),
although for the latter the uncertainties are relatively large.

For investigating the y-ray variability on different time-scales,
we have produced a y -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, 20 upper limits were calculated. Six
peaks corresponding to periods with fluxes higher than 2 x 107°
phcm? s~! were observed in 2013 April 4-8 (MJD 56386-56390; 1),
2014 October 21-25 (MJD 56951-56955; 11), 2015 December 26—
30 (MJID 57382-57386; III), 2016 February 19-23 (MJD 57437—
57441;1V), 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 y-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 (MJID 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) x 107® phem™2s~!, corresponding to a y-ray
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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) x 10°° ergs~!. A similar peak flux was
observed on 12-h time-scales, (2200 £ 111) x 10~% phem2s~!
in the second bin of 2016 December 28, corresponding to a y-ray
luminosity (2.2 £ 0.1) x 10°° ergs~!. These values are among the
highest y-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 y-ray
flux of CTA 102 reached a peak flux of ~9 x 107 phecm=2s~!
(Larionov et al. 2016).

The search for variability on very short time-scale in y-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 x 107 phem™2s7! (Gasparyan et al. 2018; Shukla et al.
2018; Meyer, Scargle & Blandford 2019).

3 NEIL GEHRELS SWIFT OBSERVATORY DATA:
ANALYSIS 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 vO0.13.3), 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

MNRAS 490, 5300-5316 (2019)
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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 counts™': 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.* 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 (Ny
=2.83 x 10?° 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 y-ray light curve obtained by Fermi-LAT.
The X-ray flux (0.3-10 keV) varied between 7.6 x 10~!* and
68.1 x 107'3 ergcm=2s~! and the photon index between 1.14 and
1.85, with an average value of (I'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

“https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/
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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 (wl, m2, and
w2) photometric bands (Poole et al. 2008; Breeveld et al. 2010).
We analysed the data using the uvot source 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, wl = 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 OPTICAL-TO-RADIO OBSERVATIONS

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.>
The data presented here were obtained as Target of Opportunity
observations triggered by the y -ray flaring activity of the source (PI:
F. D’ Ammando). Observed magnitudes are reported in Table C1.

Shitp://www.ipac.caltech.edu/2mass/
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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_l) (erg cm™2 s_l)

y-rays 5.91 x 10713 (MJD 57177-57181) 3.02 x 10~2 (MID 57752-57756) 5110
X-ray 7.60 x 10~12 (MID 57386) 6.81 x 10~ (MID 57759) 9
w2 1.95 x 10712 (MJD 56958) 4.92 x 10710 (MJD 57751) 253
M2 3.41 x 10712 (MID 56958) 6.90 x 10719 (MID 57752) 202
Wl 2.55 x 10712 (MJD 56958) 5.95 x 10710 (MJD 57751) 233
U 2.50 x 10712 (MID 56958) 3.37 x 10719 (MID 57752) 135
B 2.98 x 10713 (MJD 56893) 7.20 x 10710 (MJD 57750) 2416
A 1.97 x 10~13 (MID 56874) 7.71 x 10710 (MID 57750) 3920
R 2.20 x 10713 (MJD 56785) 7.76 x 10710 (MJD 57750) 3523
I 3.62 x 10713 (MID 56785) 8.01 x 10719 (MID 57750) 2210
J 6.18 x 10713 (MJD 56879) 6.96 x 10710 (MJD 57752) 1126
H 8.59 x 10~13 (MID 56879) 7.10 x 10710 (MID 57752) 827
K 1.09 x 10712 (MJD 56879) 5.73 x 10710 (MJD 57751) 526
230 GHz 2.25 x 10712 (MID 56832) 1.62 x 10~ (MJD 57754) 7
103 GHz 1.63 x 10712 (MJD 56837) 6.93 x 10712 (MJD 57649) 43
91 GHz 1.51 x 10712 (MJID 56837) 5.84 x 10712 (MID 57649) 3.9
37 GHz 7.92 x 10~13 (MID 56839) 1.89 x 10~'2 (MID 57671) 2
15 GHz 4.28 x 10713 (MID 56651) 5.99 x 10713 (MID 57708) 15

Optical and near-IR flux densities were dereddened following the
prescriptions of the NASA/IPAC Extragalactic Database® (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 Metsidhovi 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.’

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 y-ray light curve obtained by
Fermi-LAT in the Section 5.

Shttp://ned.ipac.caltech.edu/
7https://almascience.eso.org/alma-data/calibrator-catalogue
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5 MULTIFREQUENCY FLUX VARIABILITY

Variability studies of radio-to-y-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 y-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 arising 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 y-ray one. This can be related to the lower energies of the
electrons producing X-rays with respect to those producing y -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).

MNRAS 490, 5300-5316 (2019)
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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.
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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): y-rays (100
MeV-300GeV), X-rays (0.3-10keV), B, V, R, I,J, H, and K. Filled triangles:
WEBT data; open triangles: UVOT data; open squares: REM data. Main
y-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

MNRAS 490, 5300-5316 (2019)
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Figure 7. Comparison of the Fermi-LAT y-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
y-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 y-rays with the flux behaviour at lower energies.

In Fig. 6, we compare the y-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 y-ray light curve we
can see four major outbursts peaked on 2016 December 15 (MJD
57737; F1), 2016 December 22 (MID 57744; F2), 2016 December
27 (MID 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 y-ray flares F1 and F2, and two X-ray peaks are evident
at the time of the y-ray flares F3 and F4.

If we compare the y-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 y-rays
and vice versa. In addition to the ‘sterile’ optical flare® 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 y-ray frequencies, and a flare that is
observed at the high energies only, respectively.
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Figure 9. DCF between the y-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 y-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-y
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 y-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 y-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 DCF,
= 0.94 (Fig. 9). This indicates strong correlation between y-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
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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): y-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 (>1c¢) 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 y-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 y-
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 y-ray band.

The sparse X-ray data in 2013-2015 indicate a low flux, in
keeping with the relatively low activity observed also in y-rays
(see Fig. 2). The comparison between the y-ray and the X-ray light
curves during the high-activity period shows a general agreement,
with the y-ray peaks corresponding to high X-ray fluxes (Fig. 11).
Cross-correlation of the y-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 y-rays.

The correlation between the radio-mm fluxes on one side and
the optical and y-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 y-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.

MNRAS 490, 5300-5316 (2019)
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Figure 11. Fermi-LAT y-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.
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Figure 12. DCF between the y-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 y-ray and optical frequencies date 2016 August (flare V
in Fig. 2), and, before, there is a stronger y -ray flare in 2016 March
(flare IV) during a seasonal gap in the optical light curve.

The DCF between the y-ray and 15 GHz fluxes (see Fig. 14)
shows a small peak at a negative time lag of about two months,

MNRAS 490, 5300-5316 (2019)
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Figure 13. Multifrequency light curve for the period 2013 January 1-2017
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Figure 14. DCF between the y-ray fluxes obtained with five-day time bins
and the 15 GHz flux densities.

indicating radio variations preceding the y-ray ones. This signal
comes from the cross-match of the 15 GHz flare peaking at the
beginning of 2016 November with the y-ray acme two months
later. A stronger DCF maximum occurs at time lag of about 250d,
indicating radio variations following the y-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 y -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 y-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 y-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 y-ray emission and radio emission at 15 GHz found here
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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 y -ray, optical, and at 230 GHz. Therefore, we
conclude that the y-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 y-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 y -rays by the Fermi satellite. In addition to SMA, Metsihovi,
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
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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 wA1216 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 GEOMETRICAL MODEL APPLIED TO
y-RAY, OPTICAL, AND RADIO 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 y-ray and 15 GHz flux variability; the
X-ray data are too sparse for a meaningful analysis. We consider the
y-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 y-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: At = Aty/n
when F > F;,n® 1, where the exponent 2 applies to a continuous
jetand o = 1.7 is the spectral index in the R band. We used the same
binning to obtain the spline in the y-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 factors® 8() displayed
in Fig. 16 as

6(1) = Smi" (Fsp]ine/Fmin)l/(2+a),

9The Doppler factor is defined as 6 = 1/[I" (1 — B cos )], where I' is the
bulk Lorentz factor, B the velocity normalized to the speed of light, and 6
the viewing angle.
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Figure 16. Light curves of CTA 102 in the y-ray (a), optical (b), and 15 GHz radio (c) bands. The black curves indicate splines interpolations with variable
time bin in the optical and y-ray bands, and 30-d bins at 15 GHz; they represent the long-term trends. The Doppler factor § for the y-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 Fji,. are the flux densities defined by the spline interpola-
tions, Fp, are their minimum values, and 8,,;, = 3.7 is obtained by
assuming a bulk Lorentz factor I' = 20 and a maximum jet viewing
angle 0.« = 9 deg (Raiteri et al. 2017). We adopted a spectral index
equal to the optical one for the y-ray band and equal to zero for the
15 GHz case.

The behaviour of §(¢) in the optical and y-ray bands are in fair
general agreement, as expected if the optical and y-ray photons
are produced in the same jet region. Small differences between the
Doppler factor estimated in the optical and y-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 y-ray activity has no optical
counterpart (see discussion in the next section).

In contrast with the optical and y-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
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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 6(r) suggest that the part of the jet producing the
optical and y-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 jetregions. At 15 GHz 6(¢)
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 20162017 peak starts much earlier
than in the optical and y -ray bands. Indeed, while the optical and y -
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 y-ray-emitting zone.
The maximum ‘misalignment’ between the y-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 y-ray and optical
fluxes starting from 2013 January 1 (MJD 56293). Each y-ray flux
is associated with the average of the optical fluxes acquired within
2.5 d from the time of the y data point when the y-ray bin is
five days, within six hours when the bin is 12 h. The slope of
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Figure 17. The relationship between y-ray and optical fluxes. The y-ray fluxes have been associated with the average optical fluxes obtained by considering
optical data close in time to the y-ray optical points. The blue dots refer to the outburst period, the red dots to the period of the y-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 57715-57775'?), 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 y-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 &, as
predicted by the geometrical model.

8 DISCUSSION AND CONCLUSIONS

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 y-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 y-rays on a monthly time-scale, with several periods
of high activity. A general correlation is found between the optical,
infrared, and y-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
y-ray flaring activity was observed, reaching a peak flux of
(2158 + 63) x 10 8phem=2 s7! in the 0.1-300 GeV energy

10The range corresponds to a y-ray spline flux exceeding 5 x

10710 ergem=2 571,
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range on 2016 December 28, corresponding to an apparent isotropic
luminosity of (2.2 & 0.1) x 10° ergs~!. 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 y -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
y-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 y-ray bands during the high-activity period. DCF analysis
suggests a strong correlation between the flux variations in optical
and y-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 y-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 y-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 y-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 (y-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 y-ray and
15 GHz emission. The trends inferred from the y-ray data are in fair
agreement with the optical ones and the relationship between the y -
ray and optical fluxes is linear, as predicted by the model, confirming
it. We note that a y -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 y-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 (6 ~ 1.2 deg), has been observed with
Very Long Baseline Array images at 43 GHz during the y-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. 8vor = 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 y-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. Bottcher 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
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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 y-ray and optical fluxes is linear, as predicted by the
model.
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Table Al. Log and fitting results of Swift-XRT observations of CTA 102 using a PL model with Ny fixed to Galactic
absorption. Fluxes are corrected for the Galactic absorption. Full table available online.

Date (UT) MID Net exposure time Flux 0.3-10 keV Photon index
) (x 107 ergem™2 s71) T'x)

2013 May 24 56436 1041 82+ 14 1.42+£0.20

2013 June 20 56463 3019 112 £ 1.2 1.39 £0.12

2013 June 23 56466 2974 83 £ 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 127 £ 14 1.46 £0.14

2015 Dec 08 57364 1793 9.0 £ 1.2 1.45+0.16

2015 Dec 09 57365 1970 114 £ 13 1.39 £0.15

2015 Dec 12 57368 1616 122 £ 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) MID v b u wl 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 4+ 0.08 16.18 4 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 4+ 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 4+ 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 1598 £ 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 1591 £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

MWL behaviour of CTA 102 during 2013-2017

Table C1. Log and fitting results of REM observations of CTA 102 in J, H, and K bands.

15 GHz

Date (UT) MID J H K
(mag) (mag) (mag)
2016-11-15 57707 - 11.062 £ 0.038 10.251 4+ 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 4 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 4 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 4 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 -
APPENDIX D: EXTENDED OVRO LIGHT CURVE
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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 deg? of the initial skymap over the next two nights, corresponding to 46% integrated
probability, ZTF system achieved a depth of =21 mag 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
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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, 2019¢, 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
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highly relativistic jet powered by an SGRB (Wijers et al. 1997;
Meészaros & 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) network*' 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 (mag ~ 20.6 in 30s), 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 (~200 Mpc;
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 deg” FOV and near-IR
sensitivity, Palomar Gattini-IR provides a complementary
system for objects that are expected to be as red as KNe

*! http://growth.caltech.edu/
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Table 1

Telescope Specifications, Including Name, FOV, Pixel Scale, Telescope Aperture, and Available Filters
Name FOV Pixel Scale Aperture Filters
ZTF 47 deg? 170 48 in g i
Palomar Gattini-IR 25 deg? 877 30 cm J
GROWTH-India 0.5 deg” 0767 70 cm U, g1z
LOT 1372 x 132 0”39 I m g, i
KPED 474 x 4!4 0726 2.1m g, rnUBV,I

(Metzger 2017), albeit at lower sensitivity (a source as bright as
GW170817 would be detected at ~20 Mpc).

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 degz,
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 deg®. The all-sky averaged distance to the source is
156 + 41 Mpc.

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 25000 deg®. 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 telescope*” (V. Bhalerao et al. 2019, in
preparation). We provide a brief description of each instrument
in Table 1.

42 https: / /sites.google.com/view /growthindia/
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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, 2019¢c), 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 deg”
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 night 1, our observing strategy involved a sequence of
g-r—g band exposure blocks; each exposure was 30s, 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 chig gaps and the processing success,
ZTF covered 3250 deg”, corresponding to about 36% of the
initial BAYESTAR and 19% of the LALInference maps on
night 1.

Motivated by the increase in available observation time (~5
more hours than the first night), we modified our strategy on
night 2 by taking longer integrations of 90s 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 initiall BAYESTAR or 21% of the
LALlInference maps.

After our observations on both nights were complete, a new
LALlnference skymap was released at 2019 April 26 14:51:42
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60°

Figure 1. Coverage of S190425z. Left: the top and bottom rows show the ~47 deg? ZTF tiles and the ~25 deg® 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.
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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.

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 deg” 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 5o median
depth of mag = 21.0 in r-band and map = 20.9 in g-band.
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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 deg”® 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 mag = 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 200 Mpc. 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
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in the GW localization region (including the distance), S, the
galaxy’s absolute B-band luminosity, S, and the likelihood
of detecting a counterpart at the galaxy’s distance Sy We
define Sge¢ as a prioritization of a transient’s potential
brightness, taking a fiducial limiting magnitude, my;,,, for the
exposures of mag = 22, and convert it to a limiting apparent
luminosity Ly;,,. 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, S4e; becomes Sy w, which we
limit to be between 0.01 and 1. Our final metric
therefore S = Sioc X Stum X Sdet-

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 5o limiting magnitude of
map = 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 300s, 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
map = 22, useful for both the transient discovery and follow-
up (Coughlin et al. 2019d).

is

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 50 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-
STARRSI 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 x 10° 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
map < 15 stars to avoid artifacts from blooming, thus
excluding ~2%-5% of the imaged region, which depends
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Table 2
Filtering Results for Both ZTF Nights

# of Alerts on

Filtering Criteria 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.

significantly on stellar density.*> 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 the WISE 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.

43 Estimates of the amount of excluded area rely on the assumption that the
sky fraction excluded around mapg < 15 stars, within a few circular regions of
1 deg? in the skymap that we checked, is representative of the overall sky
fraction excluded from the entire imaged region.
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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 Iaz=0.145 SOAR 0.15 (s)
ZTF19aasckkq 16:33:39.14 413:54:36.7 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 =207 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 4-21:44:27.4 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.

To double-check that we did not miss any candidates, we
used Kowalski,* 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 Kowalski’s
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 my < 10, excluding ~0.7%—-2% of the
imaged region, in order to remove contamination from
subtraction artifacts.*’

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.

4 hitps://github.com/dmitryduey /kowalski

> Estimates of the amount of excluded area rely on the assumption that the
sky fraction excluded around mapg < 10 stars, within a few circular regions of
1 deg?® in the skymap that we checked, is representative of the overall sky
fraction excluded from the entire imaged region.
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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 60inch (P60) telescope, the Double
Beam Spectrograph (DBSP; Oke & Gunn 1982) on the
Palomar 200inch (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 Ar ~ 1 mag per day over the first three days
and by Ar ~ 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 (Ar ~ 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. (2019¢) 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.


https://github.com/dmitryduev/kowalski
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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.

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
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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 Hy= 67.4kms ' Mpc ™'
(Aghanim et al. 2018) to calculate absolute magnitudes.
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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 106 Mpc. 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
(map > 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 Ha line at a redshift of z = 0.024.
This was confirmed 8hr 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 He,
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
(map > 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 Ha emission along with some Hel
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 (map > 20.1 in
g-band) was the night before the merger. We ran forced
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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, 2019¢). 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, Ho,
and Hf 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 » = 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
(map > 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 wu-band with myee, = 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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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-PS19gp 17:01:18.33 —07:00:10.4 i = 2040 Keck spectrum SN Ib/c
Gaial9bpt 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 =2092 ZTF19aasazok (11.95) g =2091
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 =121.02
AT2019ebr-PS19qj 16:35:26.48 +22:21:36.4 i=19.79 ZTF18aaoxrvr (25.86) g =20.83
AT2019ebo-PS19gn 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>221
AT2019ebn-ATLAS19hwh 13:54:47.42 +44:46:27.3 o =19.07 LT g >221
AT2019ebm-ATLAS19hwn 12:59:58.58 +29:14:30.7 0 =19.42 LT g>223
AT2019ebl-ATLAS19hyx 14:32:31.53 455:45:00.1 0o =19.28 LT g>223
AT2019dzv-ATLAS19hxm 14:01:45.02 +46:12:56.1 0o =19.23 LT g>222

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 Il SN
(Jencson et al. 2019). Several of the PS1 candidates reported by Smith et al. (2019), as well as Gaial9bpt (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).

(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 =153 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/PS19gp

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 HeI 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).
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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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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 1O:
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
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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 1II, zero days (Buckley et al. 2019); AT2019ebq/PS19qp—SN Ib/c, one day (Jencson et al. 2019).

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
map ~ 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
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expected source (GW170817 would be detected at ~20 Mpc)
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"*Mpc > yr! (Li et al. 2011). The 90% localization
volume of the GW skymap is ~2.1 x 107 Mpc®. As stated
above, ZTF covered about 46% of the skymap, meaning that
we expect to detect ~2.1 x 107 Mpc® x 1.04 x 10~* Mpc >
yr ' x 046 ~ 2.7 day'. 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
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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 deg?
(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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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™ ") and luminous (M, peax = —20 mag) transient. It
is spectroscopically classified as a broad-lined stripped-envelope supernova (Ic-BL SN). The high peak luminosity
(Lpot = 3 x 10* erg s71), the short rise time (f;c = 3 days 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 (Tog = 40,000 K) spectra of a stripped-envelope SN. A retrospective search
revealed luminous (M, ~ M, ~ —14 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
E o <49 x 108erg, a limit on X-ray emission Lx < 10*ergs™, and a limit on radio emission
vL, < 10%7 erg s™!. 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 x 10'* cm) 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°2 erg) high-velocity (“broad-lined”;
v > 20,000 kms~") stripped-envelope (Ic) supernovae (Ic-BL
SNe). The light curve of iPTF16asu was unusual among Ic-BL
SNe in being inconsistent with Ni-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 60 Mpc (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 <10'6 cm (Ho et al. 2019).

Here we present SN2018gep, discovered as a rapidly rising
(1.4 £ 0.1 maghr~!) and luminous (M, peax = —20) transient in
high-cadence data from ZTF (Ho et al. 2018c). The high inferred
velocities (>20,000 kms™!), the spectroscopic evolution from a
blue continuum to a Ic-BL. SN (Costantin et al. 2018), and the
rapid rise (fjse = 3 days in g band) to high peak luminosity
(Lot 2 3 x 10* erg s7!) 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 (Tog = 40,000 K)
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
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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).

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 fy, which is defined in
Section 2.1. We assume a standard ACDM 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 5o 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 deg” in six visits (3g, 37) per night (Bellm et al.
2019b). The discovery magnitude was r = 20.5 = 0.3 mag,
and the source position was measured to be o = 16743m48.228,
5 = +41902m43%4 (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
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Table 1

Key Observational Properties of SN2018gep and Its Host Galaxy
Parameter Value Notes
Z 0.03154 From narrow host emission lines
Lpeak >3 x 10¥erg Peak UVOIR bolometric
luminosity
trise 0.5-3 days Time from #; t0 Lpeax
Era 10°%erg  UVOIR output, At = 0.5-40 days
M, prog —15 Peak luminosity of pre-explosion
emission
E, o <4.9 x 10*8 Limit on prompt gamma-ray
emission from Fermi/GBM
Ly <2.5 x 10*ergs™!  X-ray upper limit from Swift/XRT
at Ar = 0.4-14 days
<10%ergs™!  X-ray upper limit from Chandra at
At = 15 and Ar = 70 days
vL, ~10% ergs™! 9 GHz radio luminosity from VLA
at At =5 and Ar = 16
M nost 1.3 x 103 M, Host stellar mass
SFR 0t 0.12 M, yr~! Host star formation rate
Host metallicity 1/5 solar  Oxygen abundance on O3N?2 scale

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 (TNS?®), 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~!. 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 (Mg,disc ~ —17 mag)~

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 # as the time at which the flux is zero. This
gives 7y as being 25 + 2 minutes prior to the first detection, or
to =~ UT 2018 September 9 03:30. The physical interpretation of
to is not straightforward, since the light curve flattens out at early
times (see Figures 2 and 3). We proceed using 7, as a reference
epoch but caution against assigning it physical meaning.

2.2. Photometry

From At~ 1day to Af= 60days, 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 (I0:0) on the Liverpool Telescope
(LT; Steele et al. 2004), and the Lulin 1 m Telescope (LOT).

Basic reductions for the LT 10:0 imaging were performed
by the LT pipeline.?’ Digital image subtraction and photometry
for the SEDM, LT, and LOT imaging was performed using the

28 hitps: //wis-tns.weizmann.ac.il
2 https: / /telescope.livjm.ac.uk /Tellnst/Pipelines / #ioo
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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
Archive®® and reduced using standard software distributed with
HEASOFT version 6.19.°" 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 (Mg peax = —19.7). Twenty-three
optical spectra were obtained from Ar = 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
200inch 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 At < 5 days spectra show
broad absorption features that evolve redward with time, which
we attribute to carbon and oxygen. By Atr ~ 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.

30 https: / /heasarc.gsfc.nasa.gov/cgi-bin/W3Browse /swift.pl
31 https: / /heasarc.nasa.gov /Iheasoft/
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Swift obtained three UV-grism spectra between UT 2018
September 15 3:29 and 6:58 (At = 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 (173 instead of 2”5).
The contamination renders the spectrum unreliable at wavelengths
longer than 4100 A, but is negligible in the range 2850—4100A
due to absorption from the interstellar medium. Below 2200 A, 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 2200A and 3000 A (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 Til, Silll, C 11, C 11, 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
50 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
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Y. Yao et al. (2019, in preparation). As shown in Figure 2,
forced photometry uncovered an earlier 30 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 £, were stacked in a window with a width of 1 day and
a period of 1day. 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
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Ay = 0.029 (Schlafly & Finkbeiner 2011).

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 1o 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 7,
(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, ~ 22, 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, ~ 21.5 at 50 above the background.
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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 (PL: D. Perley;
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Figure 4. The rise time and peak absolute magnitude of SN2018gep, iPTF16asu
(a high-redshift analog), and unclassified fast-luminous transients from Drout
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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).

Ho et al. 2018b), and on 2018 September 25 and 2018 November
23 UT under the Program ID VLA/18A-176 (PL: A. Corsi). We
used 3C286 for flux calibration, and J1640+4-3946 for gain
calibration. The observations were carried out in X- and Ku-band
(nominal central frequencies of 9 GHz and 14 GHz, 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 (Hogbom 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 12.8 m
diameter antennas that extend from 18 m up to 110 m in length and
operates with a 5 GHz 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+4+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
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30 upper limits of /120 p Jy in the first two observations, and
a 30 upper limit of ~120 p 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 225.55 GHz and 233.55 GHz, respectively, providing 32 GHz
of continuous bandwidth ranging from 213.55 to 245.55 GHz with
a spectral resolution of 140.0 kHz per channel. The atmospheric
opacity was around 0.16-0.19 with system temperatures around
100-200 K. The nearby quasars 16354381 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 mlJy
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 Az ~ 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 30 upper limit was 0.003 cts~'. To convert the
upper limit from count rate to flux, we assumed®* a Galactic
neutral hydrogen column density of 1.3 x 102 cm™2, and a
power-law spectrum with photon index I' = 2. This gives33 an
unabsorbed 0.3-10keV flux of <9.9 x 1074 ergecm =257},
and Ly < 2.5 x 10" erg s™\.

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.

32 hups: / /heasarc.gsfc.nasa.gov /cgi-bin/Tools/w3nh/w3nh.pl
3 https: / /heasarc.gsfc.nasa.gov/cgi-bin/Tools /w3pimms /w3pimms.pl
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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.

19500451; PI: Corsi). The first epoch began at 9:25 UTC on 2018
10 October (At ~ 15 days) under ObsId 20319 (integration time
12.2 ks), and the second began at 21:31 UTC on 2018 December 4
(At = 70 days) under Obsld 20320 (integration time 12.1 ks). No
X-ray emission is detected at the location of SN2018gep in either
epoch, with 90% upper limits on the 0.5-7.0keV count rate of
~2.7 x 10~*cts~!. 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
<32 x 107 ¥ ergem 25!, or (for a direct comparison to the
XRT band) a 03-10keV X-oray flux of <42 x 1071
ergem Zs . This corresponds to a 0.3-10 keV luminosity upper
limit of Ly < 1.0 x 10 erg s~

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.>* We did not find any
GRB consistent with the position and #, 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 code®” 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 7, 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 7 to

3 hutps: //github.com/annaygho /HE_Burst_Search
33 https:/ /github.com,/lanl /swiftbat_python
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half an hour after 7. 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 70keV. 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 x 107® erg cm~2.
This limit corresponds to a 10-1000keV isotropic energy
release of E. i, < 4.9 x 10% erg. 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 Ar = 61 days (Figure 25). We model the local
continuum with a low-order polynomial and each emission line
by a Gaussian profile of FHWM ~5.3 A. 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 H3, H~, and H$ 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
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Figure 7. Full r and g-band light curves of SN2018gep. Horizontal lines show 3o upper limits. Points at # < 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.

functions (e.g., SDSS/PS1 17-2", 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
AIIWISE 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).%° To convert the 2MASS,
UVOT, WIRCAM, and WISE photometry to the AB system,
we applied the offsets reported in Blanton & Roweis (2007),

36 https: //github.com/steveschulze /aperture_photometry
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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 y?/dof ~ 1
across all epochs. The uncertainties for each parameter are taken
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Table 2
Radio Flux Density Measurements for SN2018gep

Start Time At Instrument v f L, [ — Int. Time
(UTC) (days) (GHz) (uly) (ergs~' Hz ™) " (hr)
2018-09-12 17:54 3.6 AMI 15 <120 <2.9 x 10% 43.53 x 30.85 4
2018-09-23 15:35 14.5 AMI 15 <120 <29 x 107 39.3 x 29.29 4
2018-10-20 14:01 41.4 AMI 15 <120 <29 x 10% 43.53 x 30.85 4
2018-09-15 02:33 6.0 SMA 230 <590 <14 x 1028 4.828 x 3.920 1.25
2018-09-14 01:14 49 VLA 9.7 34 +4 8.3 x 102 7.06 x 5.92 0.5
2018-09-25 00:40 15.9 VLA 9 244 + 6.8 6.0 x 10%° 791 x 6.89 0.7
2018-09-25 00:40 15.9 VLA 14 26.8 + 6.8 6.6 x 10%° 473 x 4.26 0.5
2018-11-23 13:30 75.4 VLA 9 <16 <3.9 x 10% 3.52 x 2.08 0.65
2018-11-23 13:30 75.4 VLA 14 <17 <4.2 x 10% 2.77 x 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 3¢ upper limits. For SMA measurements: nondetections are reported as a 1o upper limit.
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Figure 8. 30 upper limits from GBM GRB search, which we performed for
three hours prior to #,. The red vertical bars indicate epochs when GBM was
not taking data due to passing through the South Atlantic Anomaly. The time of
to was estimated from a fit to the early data (Figure 7), and is 26 £+ 5 minutes
prior to the first detection.

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 Ar = 0.5 day and
At = 3 days, at >3 x 10*erg s™!. 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 (# > 10 days). The
total integrated UV and optical (=2000—9000 A) blackbody energy
output from At = 0.5-40days is ~10° erg, similar to that of
iPTF16asu. The earliest photospheric radius we measure is ~20 au,
at Ar = 0.05 day. Until Az =~ 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 ~¢ '. We interpret these properties in the context of
shock-cooling emission in Section 4.

Physical Evolution of AT2018gep from Blackbody Fits

At L(10'°L.) R (au) T (kK)
0.05 0.0473% 21% 4 1373
0.48 7.478¢ 22+7 46118
0.73 4533 31+ 35712
1.0 2213 46138 2478
1.7 3.542 46122 2713
2.7 1343 7872 1613
32 3.51%2 50144 2618
3.8 29117 56711 2313
4.7 17583 69719 1873
5.9 0.887047 100537 13%)
8.6 0.46008 2204 74708
96 0.33+9% 200133 7.1404
10.0 0.31500% 210138 6.9704
11.0 0.28+004 22073 6.5703
13.0 0251004 260139 58193
14.0 0.22+554 27099 55594
16.0 0.17+5%4 260728 53103
18.0 0.159% 300+ 47404
21.0 0.11°9% 250*83 47434
25.0 0.07373%2, 240732 45702
38.0 0.03479912 18088 42108

(This table is available in machine-readable form.)
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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 50,000 K to 20,000 K.
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 tem7perature (excluding spectra during
the afterglow phase of GRBs).*” Two of the earliest spectra in the
literature, one at At = 2 days for Type Ic SN PTF10vgv (Corsi
et al. 2012) and one at At = 3 days for Type Ic SN PTF12gzk
(Ben-Ami et al. 2012) are redder and exhibit more features than

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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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 = 0.1c. Note that R = 0 at fy, and instead
R(t=0)=3 x 10"cm. Due to the scaling of our plot we do not show the
radius evolution of AT2018cow, which drops from 8 x 10 ¢cm to 10'* cm 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).

the spectrum of SN2018gep. We show the comparison in
Figure 11.

At At ~ 4 days, a “W” feature emerges in the rest-frame
wavelength range 38004350 A. 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)
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Figure 10. Rise to peak bolometric luminosity compared to other classes of
transients. Modified from Figure 1 in Margutti et al. (2019).

compositions taken from a model by Woosley & Heger (2007)*®
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 kms~! (corresponding
to an optical depth of ~50), a density of 4 x 107> gcm * 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 OII
2p*(3P)3's 4P > 2p’(3P)3p 4D° (46394676 A), O 2p*(3P)3 s
4P < 2p°(3P)3p 2D (4649 A), and Ol 2p°(3P)3s 4P «
2p2(3P)3p 4P° (43174357 A) 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 glnd 6500 A arise from the C1I 3s 2S < 3P 2P° (6578,
6583 A) and CIr 2s3p 1P° <> 2s3d 1D (5696 A) 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 Il 2s3s 3S <> 2s3p 3P° (46474651 A)
transition to the red part of the “W” feature, which could
potentially be what is seen in the spectra from earlier epochs. In

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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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 At = 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 kms™', 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 A 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).

additiqn, there is a contribution from SiIv 4 s 2S < 4p 2P° (4090,
4117 A) 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
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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 kms~!, a density of 4 x 10712 g cm~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 11, C 11, C 111,

and Si IV lines discussed in the text shifted to the velocity of the model photosphere.
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Figure 13. Comparison of model (filled circles) and observed (unfilled circles)
mean fluxes through the Swift UVW1 (blue), UVM2 (green), UVW?2 (red), and
the SDSS u (black), g (green), and r (red) filters. We also show the model
spectrum in black.

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 x 10* erg s,
the photosphere is located at ~33,000 kms~!, and the temper-
ature at the photosphere is ~17,500 K, 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
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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 1I 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).

observed conditions (luminosity and velocity) 4.2 days after
explosion.

In our model, the broad feature seen in our Swiff UVOT
grism _spectrum is dominated by the strong MgIl (2796,
2803 A) 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 At 2 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 Fell A5169 line (which has
been shown to be a good tracer of photospheric velocity;
Branch et al. 2002) with the nearby Fe 1T A\4924, 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 0.09 4+ 0.01 M, yr—! from
the Ha 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”70, and the extraction radius
was ~ 1”75 in the February observation and ~1.21” in the March
observation. The host diameter is roughly 4”.
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We derive an electron temperature of 13,1007799, K from

the flux ratio between [O IIT] M641 and [O 111] A5007, using the
software package PYNEB version 1.1.7 (Luridiana et al. 2015).
In combination with the flux measurements of [O II] A\ 3226,
3729, [O 1] M364, [O111] A960, [O1I] A5008, and HS, we
infer a total oxygen abundance of 8.0170:09 (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).*”

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 x 10° 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 exp (¢/7), where  is the age of the stellar
population and 7 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 logM /M, = 8.11750 and an attenuation-
corrected star formation rate of 0.12098 M., yr~!. The derived
star formation rate is comparable to the measurement inferred
from Ha. The attenuation of the SED is marginal, with
EB — V)gar = 0.05, 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
LLGRBEs, 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.” 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 1.4 x 10° M,
and 0.22 M, yr—!, respectively (Perley et al. 2019). The mass and
SFR of the host of iPTFl6asu was 4.6°53 x 108 M, and
0.7 M, yr~!, respectively (Whitesides et al. 2017).

3 Note, the oxygen abundance of SN2018gep’s 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.

0 Gorosabel et al. (2005), Bersier et al. (2006), Margutti et al. (2007),
Ovaldsen et al. (2007), Kocevski et al. (2007), Thone et al. (2008),
Michatowski et al. (2009), Han et al. (2010), Levesque et al. (2010), Starling
et al. (2011), Hjorth et al. (2012), Thone et al. (2014), Schulze et al. (2014),
Kriihler et al. (2015), Stanway et al. (2015), Toy et al. (2016), Izzo et al.
(2017), and Cano et al. (2017).
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Figure 15. The spectral energy distribution of the host galaxy of SN2018gep
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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 *°Ni. 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 s~! 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 (f >> fpeak). 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 *°Ni (although see Moriya et al. 2017 for another possible
interpretation). The luminosity of SN2018gep at ¢ ~ 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
My; ~ 0.1-0.2 M.

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 ¢ ~ 20 days to that of
SN2002ap (whose nickel mass was derived via late-time nebular
spectroscopy; Foley et al. 2003) and found My; < 0.05 M. On
this scale, we would expect My; < 0.05 M, 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
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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 11]/Ha),
and galaxies with less intense radiation fields (parameterized by [O 1] /Hc).
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distribution. The thick solid line separates star formation— and AGN-dominated
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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 logM — 0.33 x logSFR ~ 9.4. The black line is the
fundamental metallicity relation in Mannucci et al. (2010).

radioactive decay Q(f), because the diffusion time is much

shorter than the dynamical time: L, (f) = Q(f). At any given
time, the energy deposition rate Q(¢) is

0@t) = O, ()1 — e /%) 4 Qo) (1)

where Q, (¢) is the energy release rate of gamma-rays and 1, is
the time at which the ejecta becomes optically thin to gamma-
rays. The expression for Q, (t) is

0,0 Mw

1043—1 W (6.45e"/8'76d3ys+ 1.386_’/111'4day5).
erg s 5

2

Opos(2) is the energy deposition rate of positron Kinetic energy,
and the expression is

os (£ i

Opes (1) - = 464N

(—e1/876days | p=1/1114 daysy
104 erg s~ M,

3)

The dotted line in Figure 17 shows a model track with
My = 028 M, and ty = 30days. Lower nickel masses
produce tracks that are too low to reproduce the data, and



THE ASTROPHYSICAL JOURNAL, 887:169 (24pp), 2019 December 20

10%
Ie-BL
¥ SN2018gep [ ]

10%4 1
t t
L] L]
lUlIl 4

10%24 *

0 10 20 30
Days since first light

AT2018cow
SN2018gep

Lyl (erg/s)

.
) *‘\/\ =0.28 M,

10 20 30
Days since first light

10 0 10

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 Ni, for a gamma-ray escape time of 30 days and
My;i = 028 M. In order of decreasing Ly, the three Ic-BL SNe are
SN1998bw, SN2010bh, and SN20063j.

larger values of 7, produce tracks that drop off too rapidly. Thus
on this scale it seems that My; ~ 0.3 M., 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 7, and
My; using the technique for Ia SNe in Wygoda et al. (2019).
We can also try to solve directly for #, and My; using the
technique for Ia SNe in Wygoda et al. (2019). The first step is
to solve for fy using Equation (1) and a second equation
resulting from the fact that the expansion is adiabatic,

t t
f o1 dt' = f Lot (t)) ' dt'. @

0 0

The ratio of Equation (1) to Equation (4) removes the
dependence on My;, and enables 7y 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 ~ 0.5 R, ~ 10'° cm; 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 v,, at a time ¢ prior to explosion, the
radius of this material at any given time is

) t
day )

For material ejected 15 days prior to explosion, traveling at
1000 km s, the radius would be Rcgy ~ 10'* cm at the time

Rsh = R* + vyt

Vw

_— 5
1000 km s~! )

~ (8.64 x 102 cm)(
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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 7, and the nickel mass My;. 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.

of explosion. The shock crossing timescale is f.;ogs:

R v Y!
5 6
)(0.10) ©

10 cm
where vy 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 ¢, ~ (1,/2)(pv?/2). The luminosity is the total
energy deposited divided by 7. oss»

feross ~ Resm /vy = (0.4 da)’)(

Lo B0 vaM
P laos 4 dR
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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 x 10'% cm), 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 M., and energy E.;. The ejecta density profile has an inner
power-law index of n = O (that is, p(#) oc r~") 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 Rcgy and mass
Mcsm. We adopt a uniform opacity of s = 0.2 cm” g~ ', which
is characteristic of hydrogen-poor electron scattering.
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The best-fit model, shown in Figure 19, used the following
parameters: Me; = 8 Mo, Ej = 2 x 10%% erg, Mcsm = 0.02 M,
and Rcgm = 3 x 10 cm. 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 Rcg), is similar in value to the
first photospheric radius we measure (at Ar = 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 (Vposi—shock ~= 35 /4). 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 Rcsm /v after the explosion, where vy, is the velocity of the
shock. The time to peak luminosity (1.2 days) is longer than this
delay time by a factor (R, /R;). Given the best-fit R, = 3 x
10" cm, and assuming R; ~ R,,, we find vy, = 0.1c, and an
explosion time ~1 day prior to #. 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 I, and the explosion had a much smaller kinetic
energy (Ex ~ 10°° erg) and smaller velocities (10,000 kms~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, ~ 8 x 1073 M, at R, ~ 3 x
1083 cm. In iPTF16asu the inferred properties of the extended
material were M, ~ 0.45 M, at R, ~ 1.7 x 10'2 cm. The fit
also required a more energetic explosion than iPTFl4gqr
(4 x 10°!'erg). 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.
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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 Mcj =38 M«\:;, Ecj =2 x 102 erg, Mcesm = 0.02 M@, and Rcesm = 3 x
10" cm. 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.

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,

M —~ 32(%)( )( Ran )_I.
Mg yr M

10"%cm
For our best-fit parameters My, = 0.02 My and Ry, = 3 X
10*cm, and taking v, = 1000kms~!, we find M ~
0.6 M, yr~!, 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 Ar = 5 days to Ar = 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 0.1270:03 ~1; see Section 3.3) is

Mz yr
Ll.4 GHz ~1.57 x 1028 S'FRradio
erg s~ Hz™! o yr!

~1.9 x 107 erg s~ Hz ™.

Vw

8
1000km s ! ®)

©))

Taking a spectral index of —0.7 (a synchrotron spectrum), the
expected 9GHz luminosity would be between 3.0 x
10% erg s~ Hz! and 8.6 x 10% erg s~' Hz~!. From Table 2,
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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.

the measured spectral luminosity is 8.3 x 10%° erg s~ Hz ™! (at
10 GHz) in the first epoch, and 6 x 10% erg s~! Hz~! (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 x 10% erg s~ Hz™!, although the difference from the
first two epochs may be due to the different array configuration.
Taking the peak of the 9-10GHz light curve to be
8.3 x 10%°erg s~ Hz! at At ~ 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 x 107°,
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*7 erg s~! Hz ! at Az ~ 5-15 days.

The shell mass and radius also give an estimate of the optical
depth: 7~ kM /r* ~ 100 > >1, 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 (Vo5 ~ 1000 km s~1) would lie at
R ~ 10'* cm, 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:

%vaz =Lt (10)
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Figure 21. The radio luminosity of SN2018gep compared to AT2018cow and
radio-loud Ic-BL SNe (assuming ¢, = e = 1/3, see Chevalier 1998; Soder-
berg et al. 2010; Ho et al. 2019). Lines of constant mass-loss rate (scaled to
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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.

where v &= 1000 km s~!, ¢ &2 0.5 is the efficiency of thermalizing
the kinetic energy of the shells, M is the shell mass, L ~
10% erg s~ ! is the luminosity we observe, and 7 ~ 10 days is the
timescale over which we observe the emission. We find M ~
0.02 M., 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 x 10' cm, 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
SN2018gep is more of a “typical” member of these populations
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Table 4

Key Model Properties of SN2018gep
Parameter Value Notes
Lrise 1.2 days
Esn 2 x 10°%erg
M, 8 M,
Mcsm 0.02 M,
Resm 3 x 10 cm
M 0.6 M, yr~! Assuming v,, = 1000 km s~

My <0.2-03 M,

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 2 x 1073 M, yr—'.

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, 16Xleho, and
15C3opk. The peak bolometric luminosities for these three
transients are reported as 3 x 10* erg s™',9 x 108 erg s7!, and
5 x 10¥ erg s!, 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 + 0.1 mag hr ") 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
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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).

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 x 10*erg s~!. 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 #~! then flattens at 5000 K, which we attribute
to recombination of carbon and oxygen.

5. The photosphere expands at v = 0.1c¢, 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—!,
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 = 0.02 M, at
R =23 x 10%cm. The implied mass-loss rate is
0.6 M., yr—!' 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”
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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 repository*' and it is archived on Zenodo
(doi:10.5281/zenodo0.3534067). 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).


https://doi.org/10.5281/zenodo.3534067
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

Error in
Date (JD) At Instrument Filter AB Mag 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+4+-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+4+-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.)

19

127



THE ASTROPHYSICAL JOURNAL, 887:169 (24pp), 2019 December 20 Ho et al.

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.
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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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Table 6
Log of SN2018gep Optical Spectra

Start Time (UTC) At 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 I4+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 (LT4SPRAT), open (NOT+ALFOSC), clear (Keck I4+LRIS). Wavelength range: 40207995 A (LT+SPRAT), 3200-9600 A
(NOT+ALFOSC), 1759-10311 A (Keck I4+LRIS), 3777-9223 A (P60+SEDM). Resolution: 20 (LT+SPRAT), 710 (NOT+ALFOSC).

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 I-C IV and O II-
O ions with specific recombination rates from the online
table by S. Nahar.*?

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).

2 hitp: //www.astronomy.ohio-state.edu/~nahar/_naharradiativeatomicdata/
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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/Ha flux ratio. The large rest-frame [O 1] A5007 equivalent
width of >160 A 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 DRI15 catalog. The undulations are due to the supernova.
The spectrum is truncated at 7250 A for presentation purposes, and it is
corrected for Galactic reddening.
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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 Aobs F
(A) (1077 ergcm 2571

[O 1] A\ 3726, 3729 3848.17 £ 0.05 3345 £ 6.23

[Ne 11] A3869 3993.50 + 0.16 82.34 + 6.18

He 1 A3889, H-8 4014.49 £+ 0.16 29.01 £ 4.73

[Ne 11] A3968, He 4096.66 + 0.26 36.61 £ 3.98

Hé 4233.87 £ 0.13 44.88 £ 2.59

Hy 4480.20 £+ 0.10 81.95 + 3.74

[O 1] 364 4503.68 £+ 0.10 15.01 £ 2.69

Hp 5017.87 £ 0.08 213.41 £ 10.53

[O 1] A960 5118.61 £ 0.04 352.42 + 6.50

[O 1] A5008 5168.04 £ 0.04 1066.70 £+ 19.50

He 1 \5877 6064.21 £ 0.20 27.04 £ 2.30

O 126302 6502.18 £ 1.08 6.72 £ 2.94

[N 1] A6549 6758.16 £ 0.02 11.15 £ 6.73

Ha 6773.40 £ 0.02 723.85 £ 7.65

[N 1] A6585 6794.67 £ 0.02 19.01 £5.76

[He 1] M\6678 6890.29 + 0.14 7.88 £2.19

[S 1] 6718 6931.83 £ 0.10 41.76 £ 2.38

[S 1] A6732 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/ et Brightness Instrument/ At Brightness
Filter (A) (mag) Filter (A) (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/gps; 4775.6 18.96 + 0.04
UVOT/m2 2228.1 20.00 + 0.14 PS1/rpsi 6129.5 18.82 £+ 0.04
UVOT/wl 2589.1 20.11 £ 0.16 PS1 /ips) 7484.6 18.88 £ 0.04
UVOT/u 3501.2 19.74 £ 0.16 PS1/zps 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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* 1 5 HABUAFTEERET (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 23452 2069 908 11342 15358 26962 18855  75.4 16085 1104 1963 15051
2 1425 14598 9475 149 12855 11825 1657 1006 1238  64.88 18363 1098 13165  60.25 105.3 66.7 13635  118.92
3 1475 163 143 12605  116.4 1385 14675 1813 75.9 16823 13426 787 1111 72.8 9.4 1737 124 129.57
4 1265 1105 14475 868 5375 8525 718 758 15145 3275 5583 13505 124 82.9 8.9 1257 12435 99.39
5 12975 10625 13625 595 1066 9825 1674  86.05 56.6 74.3 41.02 32.4 64.2 86.05 84.55 1907 391 89.06
6 24 133 45 39.3 54 37 81.75 265 615 3515 8014 33.7 1469  114.05 61 7035 5655 6294
7 2225 48 167.75 9157 12888 884 76.6 99.85 8175 1064 8805 11465 8745 12395 10525 8065 7735 10124
8 137.75 142 76 11165 566 11895 6.8 98.3 97.9 35.7 72.2 110.9 451 61 1399 5035 582 8470
9 142 116 12925  60.05 69.55 59.8 0 10095 901  117.35  107.84 13439 9325  42.85 1282 9345 13745  99.30
10 14925 21975 21025 1506 17263 19138 1756 1398 13695 21451 20057  232.33 1454 1422 1878 14205 19375  175.70
11 1665 2145 21625 7175 16055 15255 1758 16365  87.2 93.81 1361 16615 19705  171.85 13455 14815 20029 15791
12 2715 232.45 129 132 26100 21117 1698  169.65 11525  132.21 86 1373 1612  193.27 1567 17005 1802  170.09

Total 17385 175643 16555 120727 143592 14785 147252 145835 11692 118871 1339.22 155589 149585 122657 14625 142225 1523.89
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BEMARIL & LOT B SEsT E&sT (2019)

EEMR S & — KRS g (LOT) BB T T S ] 2R LA 4 (8 H —(EECATH
—HEr =M (A=1-4 H ~B=5-8 § ~ C=9-12 H ) Hf5FREE ~ RAT*R 73515
FOCEAIZER ~ BIRbTsestE BEIE SRRt -

2018 FHVEBIAGTELI T - 4RETaER « E RSB A 6 I > (5 17% - R
PWIBTFEETEA 10 (| > 15 29% - *R BIRSEETEA 19 (5 - 4l 54% -

MR G LOTTEEEH(2019)

FEEN
17%

BIPIE N
29%

B & 1E
54%

LOT2019A Semester (01 January — 30 April, 2019)

Education Program:
EO1 — Training School with Chenggong Senior High School for Observational
Astronomy

Pl: Chih-Hao Hsia (chhsia@must.edu.mo)

EO02 — Observing Training for “Advanced Observational Astronomy” Course
PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)

EO3 — Practical Class of "Fundamentals of Observational Astronomy"
Pl: Albert Kong (akong@phys.nthu.edu.tw)
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Research Program:
*EDEN — Exo-earth Discovery and Exploration Network
Pl: W-P Chen (wchen@astro.ncu.edu.tw)

*R0O1 — ToO and Follow-Up Obseravations of GROWTH and ZTF Targets

PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)

R0O2 — An Observation of Comet 46P/Wirtanen During its Outbound Orbit in 2019
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

*R0O3 — 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: Pawet Zielinski (pzielinski@astrouw.edu.pl)

*R0O5 — In-Depth Study of Millisecond Pulsar J1048+2339
Pl: Yee-Xuan Yap (yapyeexuan@gapp.nthu.tw.edu)

RO6 — Photopolarimetric Observations of Known UXor and Potential Candidates. Il

PI: Po-Chieh Huang (pochiehhuangl@gmail.com)

RO7 — ToO Observations of Galactic Transient Events
Pl: Albert Kong (akong@phys.nthu.edu.tw)

LOT2019B Semester (01 May — 31 August, 2019)

Education Program:
EO1 — Students Training for Astro Summer Camp 2019

PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)

EO2 — Observation Training for Lin-kou Senior High School Students
Pl: 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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RO1 — ToO Observations of Cosmic Transient Events
P.l.: Albert Kong (akong@phys.nthu.edu.tw)

*R02 — Transients within Hours of Explosion
P.l.: Yen-Chen Pan (yenchen.pan@nao.ac.jp)

*R03 — ToO and Follow-Up Obseravations of GROWTH and ZTF Transients
P.l.: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)

RO4 — The rotation period confirmations for large super-fast rotating
asteroids
P.l.: Ting-Shuo Yeh (tsyeh@astro.ncu.edu.tw)

*R0O5 — Monitoring of comet 29P/SW1 for activity trends and outburst
P.l.: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

RO6 — Muti-phase angle polarimetric observations of multi-taxonomic main
belt asteroids
P.l.: Kang-Shian Pan (m989005@astro.ncu.edu.tw)

RO7 — The search for the C-type superfast rotators
P.l.: Kang-Shian Pan (m989005@astro.ncu.edu.tw)

*R0O8 — Taxonomical Study for Unclassified Near-Earth Asteroids (lll)
P.l.: Chih-Hao Hsia (chhsia@must.edu.mo)

*R09 — Lulin One-meter Telescope Follow-up of Microlensing Events

detected by Gaia
P.l.: Po-Chieh Huang (pochiehhuangl@gmail.com)

LOT2019C Semester (01 September — 31 December, 2019)

Education Program:
EO1 — Practical Class of "Fundamentals of Observational Astronomy"
Pl: Albert Kong (akong@phys.nthu.edu.tw)
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Research Program:
*EDEN — Exo-earth Discovery and Exploration Network
Pl: W-P Chen (wchen@astro.ncu.edu.tw)

*R0O1 — Dedicated Follow-Up Obseravations of GW Optical Counterparts with LOT

P.l.: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)

*R02 — Activity and Physical Properties of Comet 160P/LINEAR and 260P/McNaught
P.l.: Jian-Chun Shi (jeshi@pmo.ac.cn)

*R03 — Search for Rotation-powered Compact Millisecond Pulsar Binaries

P.l.: Yee-Xuan Yap (yapyeexuan@gapp.nthu.tw.edu)

*R04 — Monitoring of Comet 29P/SW1 for Activity Trends and Outburst
P.l.: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

RO5 — 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.l.: Kotryna Siskauskaite (k.siskauskaite@gmail.com)

*R0O7 — Transients within Hours of Explosion

P.l.: Yen-Chen Pan (yenchen.pan@nao.ac.jp)

*R08 — Taxonomical Study for Unclassified Near-Earth Asteroids (1V)
P.l.: Chih-Hao Hsia (chhsia@must.edu.mo)

R0O9 — The Rotation Period Confirmations for Large Super-Fast Rotating Asteroids
P.l.: Ting-Shuo Yeh (tsyeh@astro.ncu.edu.tw)

R10 — The Search for the C-type Super-Fast Rotators
P.l.: Kang-Shian Pan (m989005@astro.ncu.edu.tw)
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2. MR (2019)

R~ B 0 HITRARE sl - O HE

(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 $190425z: 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 $190425z: 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)

144



10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

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)

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)

JEMEE ST (LWT) © AEHETTH RS HEM B S s, wids, SRR,

2019/06 [ 17. 5P YL RELR SCFfThE 13 5L, 105229005
MHEEFERE B RO R EE E BESHORM S &R, i
&, BEJkHY, 2019/06, BRI HILARER R SO ThE 5w S, 104229008

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

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).

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

Swift J1845.7-0037: Lulin optical observation, Yap, Y. X., Kong, A., Li, K. L., The
Astronomer's Telegram, No. 13223 (2019/0ct)

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. Coughlin?, Tomds
Ahumada?, Shreya Anand, et al., 2019 November, The Astrophysical Journal
Letters, 885:L19 (13pp)

LIGO/Virgo $191213g: 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)

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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B34 W x X ¥ #H OB Vol. 34, Sup.
2016 9 H PROGRESS IN ASTRONOMY Sept., 2016

doi: 10.3969/j.issn.1000-8349.2016.21.16

R K &=t mikiai
(TRIPOL) 43

ZEE R R, S =2, ESWARAIAH Chakali'

(1. B “HhRRY” RICWITEH, HhiE 32001; 2. A#ERY: HEE, 47 E 464-8602)

WE: iRE AP A IR SO A s K T H 2 —, # B E 2 B BOGIE kR b % &
TR AT DUB BR R R IR/ TR, DL BESA I /0 Ai, WA ERRBIE RN R E T FH
SR, ARG T &R R SO R A EE M. MRS 1m Em i s
B N IRIRAINL, 228 = B RIE RHIRI (TRI-color imaging POLarimeter, f&#% TRIPOL),
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BUmPRE &, HRAER S OEKERS N g =), £=5 SBIG ST-9XE YLK Bk
1%, VLS 4.2 “F7 fdr. RATRIEA 00, 22.5°, 45°F1 67.5° IR, WUk LS HRIR
UL B AwdR . TRIPOL f EERRFEE 25 kg MM G WL BTN, HHIA =kt — R
BiEEE. WRE R ARPHRTT, EREEY 1 m RS, WS T =300 58
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R PIII Gk} E o R A el DL R R. RIS AR 4815 s AT, Imik ot
AT DL W AR B IR AR, AR DA OGRS b, T AR G AR AR S A IR I R
PR 32 YR B T O 2 TR RN BB EUN, AR EGE R, R m R B B S R
ST ARG, 5 NG JT M A E BB G Te Ak Ak, 5 NS T 1n) 5 B ESUR G I 52 4 1) i
WAk, AT P R B 50 5 A A R HRAE B2 2 D R Bl A R B S B = ) b 2R

= UEIRIRIX (TRI-color imaging POLarimeter, &# TRIPOL), H¥itfIEEE nas
PR R THREZAE DA R AR . AT FEAE 170L T, FELLTE f/6 ~ f/15 2 [a], BER LKL

BWAEE: Z=dE, cdleeQastro.ncu.edu.tw
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BT ZEME, % BRI E = AmIRMNL (TRIPOL) /4 95

H0.5", FrLlES T/ Eimss. TRIPOL [¥iH# & H ALt B K s — #o%. %
T SRR Z AN, EE R BRI A . RV R RS S E B T
LA 2 B8 [ B LA A = £ B 1% LA AR AR (6045 8. TRIPOL (5 AE 2011 4E 52 Bt AT
MR A 1 m EEEit. BT 2012 45, HATC R EN SRS TIN5 %
(e ™, L& 44 T #UE GM Cep PR (M IRIE .

2 mIROCH vt SR B

TRIPOL =N (1) oG refhadE 7 — A nr DU F AR, PLA i 4R J s
(2) BUETTAEAE PR o B = 7 JEEE: (3) BERICH s = G BB & ook (CCD) #3ML,
UK —a 5 B, BnER TEEARSo 2, DO R, RE T Ems R,
I BN A, SRIEBEP o B R B =N AR, BAE R E0IER (20,0, V) &E
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E 1 TRIPOL RiEiHiiERE
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96 XX 2 #HE 34 %

), fH—5 Intel DN 2800MT S L7 R B a2 il B8R mT AE #% ) 3 52 93 Jall /2 0°, 22.57,
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ZH fH
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BT ZEME, % BRI E = AmIRMNL (TRIPOL) /4 97
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Introduction to the TRI-color Imaging POLarimeter
for the Lulin Observatory

LEE Chien-De!, CHEN Wen-Ping!, SATO Shuji?, ESWARAIAH Chakali'

(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'x4.2". 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
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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:L.19).

TITLE: GCN CIRCULAR

NUMBER: 24193

SUBJECT: LIGO/Virgo 5$190425z: Lulin Follow-Up Observations

DATE: 19/84/25 19:55:83 GMT

FROM: Mansi M. Kasliwal at Caltech/Carnegie <=mansikasliwal@gmail.coms

Han-Jie Tan (NCU), Po-Chieh Yu (NCU), Chow-Choong Ngeow (NCU), Wing-Huen Ip
(NCU)

on behalf of Global Relay of Observatories Watching Transients Happen
(GROWTH) collaborations

We report the photometric measurements of two promising candidates
ZTF19aarykkb and ZTF1%aarzaod (GCN 24191) associated with the gravitational
wave trigger 5190425z (GCN 24168) using Lulin One-meter Telescope(LOT) in
Taiwan. The observations were conducted using g, r, i filters at 2019-04-25
15:57:19 UT, ~7.65 hours after the trigger, and 2019-04-25 17:25:43, ~9.12
hours after the trigger, respectively. Preliminary photometry were obtained
by calibrating with Pan-STARRS cataleg.

We would like to thank the staff in Lulin Observatory for helping the
observations.

Summary of ZTFl9aarykkb:
ut

Filter Exp(s)

Mag (AB)

2019-04-25 15:58:49 q 188 18.84+/-0.04
2019-04-25 16:02:11 r k) 18.23+/-0.02
2019-04-25 16:05:33 i hE:c) 17.92+/-0.02
Summary of ZTFl9aarzaod:

2019-04-25 17:48:24 ] 300 21.45+/0.47
2019-04-25 17:53:45 r 300

20.26+/-0.25

2019-04-25 17:41:56 i 300

19.93+/-0.13

Also, we searched for optical counterpart in 98% localization area of
LIGO/Virgo 5190425z (GCN 24168). The observation started at 2019-04-25
12:27:23 UT, 249 minutes after the trigger, and 27 galaxies were observed
in R-band with 188 second exposure time. No obvious transient can be
identified brighter than R~20 mag (AB). The galaxy coordinates are listed
below.

TITLE: GCN CIRCULAR

NUMBER: 24461

SUBJECT: LIGO/Virgo $198510g: Lulin Optical Follow-up Observations
DATE: 19/605/10 20:13:15 GMT

FROM: Albert Kong at NTHU <akhkong@gmail.com=

Po-Chieh Yu (NCU), Han-lJie Tan (NCU), Albert Kong (NTHU}, Atharva Sunil

Patil (NCU), Chow-Choong Ngeow (NCU)}, Wing-Huen Ip (NCU), on behalf of the

Global Relay of Observatories Watching Transients Happen (GROWTH)
collaboration

We report observations of 81 galaxies in the 98% localization of the BNS

merger candidate, 5190510g, detected by LIGO/Virgo (GCN #24442; GCN #24448)

using the Lulin One-meter Telescope (LOT) in Taiwan. The observation
started at 2019-05-10 12:54:43 UT, ~10 hours after the trigger. The
observations were conducted using the r-band filter with 180 second
exposure time. By comparing with Pan-STARRS images, we do not detect
transient candidates brighter than r-21 mag (AB). We thank the staff in

Lulin Observatory for helping the observations. The galaxy coordinates are

listed below.

TITLE: GCN CIRCULAR

NUMBER: 24274

SUBJECT: LIGO/Virgo $198425z: Lulin Observations of Counterpart Search
DATE: 19/04/27 09:17:29 GMT

FROM: Albert Kong at NTHU <akhkeng@gmail.com=

Han-Jie Tan (NCU)}, Po-Chieh Yu (NCU), Atharva Sunil Patil (NCU},
Chow-Choong Ngeow (NCU), Albert Kong (NTHU), Wing-Huen Ip (NCU)

On behalf of Global Relay of Observatories Watching Transients Happen
(GROWTH) collaborations

We report observations of 58 galaxies in 90% localization of the BNS merger
candidate, 5190425z, detected by LIGO/Virgo (GCN #24168) using the Lulin
One-meter Telescope (LOT) in Taiwan. The observation started at 2819-84-25
14:11:07 UT, ~5.9 hours after the trigger. All images were taken in R-band
with 180 second exposure time. Mo significant transient can be identified
brighter than R~208 mag (AB). The galaxy coordinates are listed below.

We thank the staff in Lulin Observatory for helping the observations.

TITLE: GCN CIRCULAR

NUMBER: 24301

SUBJECT: LIGO/Virgo 5190425z: Lulin observations of the Swift/UVOT transient
DATE: 19/04/27 20:39:41 GMT

FROM: Albert Kong at NTHU <akhkong@gmail.com=>

Albert Kong (NTHU), Han-Jie Tan (NCU), Po-Chieh Yu (NCU}, Chow-Choong Ngeow
(NCU), wing-Huen Ip (NCU)

On behalf of Global Relay of Observatories Watching Transients Happen
(GROWTH) collaborations

We used the 1m telescope at the Lulin Observatory in Taiwan to obtain g-
and r-band images of the transient found by Swift/UVOT (GCN 24296). The
observations started at 2019-04-28 19:30 UT and the exposure time is 300s
for both filters. With a limiting magnitude of about 21.5 (AB) by comparing
to PS1 images, we do not detect the UVOT transient.

TITLE: GCN CIRCULAR

NUMBER: 24487

SUBJECT: LIGO/Virgo S1908510g: Non-detection of the OT in PGC 094244
DATE: 19/05/11 17:20:02 GMT

FROM: Albert Kong at NTHU <akhkong@gmail.com=

Po-Chieh Yu (NCU), Han-Jie Tan (NCU), Albert Kong (NTHU), Atharva Sunil
Patil (NCU), Chow-Choong Ngeow (NCU}, Wing-Huen Ip (NCU), on behalf of the
Glebal Relay of Observatoeries Watching Transients Happen (GROWTH)
collaboration

We observed the possible 0T in PGC 094244 (GCN #24470, Lipunov et al.) at
2019-85-11 12:50:12 UT using the Lulin One-meter Telescope (LOT) in Taiwan.
We obtained g-, r-, i-band images with 200s exposure time, and the
transient is not detected in all images. The r-band limiting magnitude is
about 21 by comparing with Pan-STARRS images. This is consistent with the
results of Tucker et al. (GCN #24477).

We thank the staff in Lulin Observatory for helping the observations.
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TITLE:
NUMBER :

GCN CIRCULAR
26431

SUBJECT: LIGO/Virgo 5191213g: Lulin Follow-up Observations of ZTF19acykzsk/AT2819wqj
DATE: 19/12/15 82:17:28 GMT
FROM: Albert Kong at NTHU <akhkong@gmail.com=

Han-Jie Tan (NCU), Albert Kong (NTHU), Chow-Choong Ngeow (NCU},
Wing-Huen Ip (NCU)

On behalf of the Global Relay of Observatories Watching Transients
Happen (GROWTH) collaborations

We report the photometric measurements of the Type II supernova
ZTF19acykzsk/AT2019wq] previously associated with the gravitational
wave event 5191213g (GCN #26402, #26424) using the Lulin One-meter
Telescope (LOT) in Taiwan. The observations were conducted using g, r,
i filters starting at 2019-12-14 10:13:37 UT and were repeated 7 hours
later. Preliminary photometry was obtained by calibrating with the
APASS cataleg.

TITLE: GCN CIRCULAR

NUMBER: 26503

SUBJECT: LIGO/Virgo 5$191213g: Lulin Follow-up Observations of AT201%wxt
DATE: 19/12/19 14:44:06 GMT

FROM: Albert Kong at NTHU <akhkong@gmail.com=

Albert Kong (NTHU)}, Han-Jie Tan (NCU), Chow-Choong Ngeow (NCU),
Wing-Huen Ip (NCU)

on behalf of the Global Relay of Observatories Watching Transients
Happen (GROWTH) collaborations

We report the photometric measurements of AT2019wxt (GCN #26485)
associated with the gravitatienal wave event 5191213g (GCN #26402)

using the Lulin One-meter Telescope (LOT) in Taiwan. The observations
were conducted using g, r, i filters for 300 sec each starting at
2019-12-19 10:42:45 UT. Preliminary photometry (AB) was obtained by
calibrating with the PS1 catalogue. We obtained g=19.50+/-08.04,

Its r magnitude is slightly fainter than the observation by Andreoni
et al. (GCN #26424) ~14hr earlier and suggests a slow decay. We
confirm the report from Andreoni of a red color g-r=0.26.

Summary of ZTF19acykzsk/AT2019wqj : r=19.48+/-0.83, and i=19.47+/-0.06.
ut 8] Filter Exp(s) Mag (AB)
ggig-ﬁ'ﬁ ig:;i:?; ;i?g:;%-gﬂ 9 3280 1?;;{-’;061?6 Compared to the Palomar observations taken 6 hours earlier (GCN
- - H H . r . +/-0. = =
2019.12.14 10.26.28 2438831.935 1 300 10.10+/-9.11 #26500), AT2019wxt remains at the same brightness level.
2019-12-14 17:21:07 2458832.223 g 300%2 19.51+/-0.11 . . .
2019-12-14 17:32:47 2458832.231 r 300+2 19.10+/-0.14 We would like to thank the staff in Lulin Observatory for helping the
2019-12-14 17:35:24 2458832.233 i 300 19.06+/-0.24 observations.

we would like €
observations.

o

thank the staff in Lulin Observatory for helping the

TITLE: GCN CIRCULAR

NUMBER: 25916

SUBJECT: LIGO/Virge 5$198930t: Lulin Follow-up Observations of AT2019rpn and AT2019rpj
DATE: 19/16/01 23:55:00 GMT

FROM: Albert Kong at NTHU <akhkong@gmail.com=>

Han-Jie Tan (NCU), Albert Kong {NTHU), Chow-Choong Ngeow (NCU),
Wing-Huen Ip (NCU)

on behalf of the Global Relay of Observatories Watching Transients
Happen (GROWTH)} collaborations

We report the photometric measurements of two optical counterpart
candidates ZTF19acbpqlh (AT2019rpn) and ATLAS19wyn/ZTF19acbpsuf
(AT2019rpj) associated with the gravitational wave event 5190938t (GCN
#25876, #25899) using the Lulin One-meter Telescope (LOT) in Taiwan.
The observations were conducted using g, r, i filters starting at
2019-10-01 14:12:14 UT. Preliminary photometry was obtained by
calibrating with the Pan-STARRS catalog.

summary of ZTF19acbpqlh:

ut Filter Exp(s) Mag (AB)
2019-10-01 14:14:56 g 300 20.80+/-0.25
2019-10-01 H r 300 20.67+/-0.33
2019-10-01 i 300 20.80+/-0.39
summary of ATLAS19wyn/ZTF19acbpsuf:

2019-10-01 14:31:53 q 300 19.65+/-0.08
2019-16-01 : r 300 19.58+/-0.09
2019-10-01 14: i 300 19.55+/-0.12

We would like to thank the staff in Lulin
observations.

Observatory for helping the
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ABSTRACT

Lulin Widefield Telescope (LWT): P
a Robotic Telescope for the Near-Earth Object .,é_,,
Follow-up Observation
Jian-Fong Huang'”, Chow-Choong Ngeow!, Ting-Chang Yang', Hung-Chin Lin!

IGraduate Institute of Astronomy, National Central University, Taoyuan, Taiwan

The Lulin Widefield Telescope (LWT, observatory code: D37('),a 0.4-m Officina Stellare 400 RiFast telescope, was installed
at the Lulin Observatory on October 17%,2017.The telescope is equipped with the FLI ProLine PL16803 monochrome CCD
|camera such that the field of view is about 2 degree squared and can reach to a limiting magnitude of |9-mag in V-band. Our

|goal is to automatically follow up Near-Earth Objects (NEOs), including automated observation,image reduction, calibration
|and analysis.We also present an example of automated observation of a known Near-Earth Asteroid (NEA) with the LWT.

MOTIVATION

Lulin One-meter Telescope Lulin Widefield Telescope

CCD CHARACTERISTICS

[-30°C] | Readout Noise Gain Dark Current
| MHz 84 0.0077 <

- : 1.4 L
8 MHz 132 apy 0011 =

* Shutter pattern will appear if exposure time is shorter than 3 seconds.

*The above values are the results based on several CCD testings.
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AUTOMATION DESIGN

Automatic Observation

I. Select the NEOs from the NEOCP{! > create the ACP [l script = inform users
=> update the LWT's website

II. take bias and dark frames

Ill. Open astronomical softwares = take dusk flats = run the ACP script
| = take dawn flats => close observatory

Automatic Analysis

|. Copy and process calibration data = calibrate science images in real time

II. Reduce science images & stack the images = photometric calibration
-> find the NEO

IIl. Perform the pill aperture photometry of the TRIPPy [l Python package

IV. Submit the astrometric observation report to the MPC

AN EXAMPLE OF KNOWN NEAs

Real Pasitlonyf

Date: 2019/01/07
V-mag: 17.1
Motion: ~0.063"/s
Exp: 180s

e 4
True Positive Rate: =

|
| i ID: 2016 AUB
|
|
|
|
|

FUTURE WORKS

A. Improve and enhance the automation system.
B.Include known NEAs into our candidates,

C. Seek better ways to find the NEOs, such as difference-imaging analysis or the M.L.

REFERENCES

[1] Minor Planet Center — List of Observatory Codes
(https://minorplanetcenter.net/iauflists/ObsCodesFhtml)

[2] Minor Planet Center —The NEO Confirmation Page
(hteps:/iwww.minorplanetcenter.net/iau/NEO/toconfirm_tabularhtml)

[3] DC-3 Dreams — ACP Observatory Control Software
(http:/facp.dc3.com/index2.html)

[4] TRIPPy: Trailed Image Photometry in Python (DOI: 10.3847/0004-6256/151/6/158)
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