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ABSTRACT

Aims. We present an extensive study of the BL Lac object Mrk 501 based on a data set collected during the multi-instrument campaign spanning
from 2009 March 15 to 2009 August 1, which includes, among other instruments, MAGIC, VERITAS, Whipple 10 m, and Fermi-LAT to cover
the γ-ray range from 0.1 GeV to 20 TeV; RXTE and Swift to cover wavelengths from UV to hard X-rays; and GASP-WEBT, which provides
coverage of radio and optical wavelengths. Optical polarization measurements were provided for a fraction of the campaign by the Steward and
St. Petersburg observatories. We evaluate the variability of the source and interband correlations, the γ-ray flaring activity occurring in May 2009,
and interpret the results within two synchrotron self-Compton (SSC) scenarios.
Methods. The multiband variability observed during the full campaign is addressed in terms of the fractional variability, and the possible correla-
tions are studied by calculating the discrete correlation function for each pair of energy bands where the significance was evaluated with dedicated
Monte Carlo simulations. The space of SSC model parameters is probed following a dedicated grid-scan strategy, allowing for a wide range of
models to be tested and offering a study of the degeneracy of model-to-data agreement in the individual model parameters, hence providing a less
biased interpretation than the “single-curve SSC model adjustment” typically reported in the literature.
Results. We find an increase in the fractional variability with energy, while no significant interband correlations of flux changes are found on
the basis of the acquired data set. The SSC model grid-scan shows that the flaring activity around May 22 cannot be modeled adequately with a
one-zone SSC scenario (using an electron energy distribution with two breaks), while it can be suitably described within a two (independent) zone
SSC scenario. Here, one zone is responsible for the quiescent emission from the averaged 4.5-month observing period, while the other one, which
is spatially separated from the first, dominates the flaring emission occurring at X-rays and very-high-energy (>100 GeV, VHE) γ rays. The flaring
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activity from May 1, which coincides with a rotation of the electric vector polarization angle (EVPA), cannot be satisfactorily reproduced by either
a one-zone or a two-independent-zone SSC model, yet this is partially affected by the lack of strictly simultaneous observations and the presence
of large flux changes on sub-hour timescales (detected at VHE γ rays).
Conclusions. The higher variability in the VHE emission and lack of correlation with the X-ray emission indicate that, at least during the 4.5-
month observing campaign in 2009, the highest energy (and most variable) electrons that are responsible for the VHE γ rays do not make a
dominant contribution to the ∼1 keV emission. Alternatively, there could be a very variable component contributing to the VHE γ-ray emission
in addition to that coming from the SSC scenario. The studies with our dedicated SSC grid-scan show that there is some degeneracy in both the
one-zone and the two-zone SSC scenarios probed, with several combinations of model parameters yielding a similar model-to-data agreement, and
some parameters better constrained than others. The observed γ-ray flaring activity, with the EVPA rotation coincident with the first γ-ray flare,
resembles those reported previously for low frequency peaked blazars, hence suggesting that there are many similarities in the flaring mechanisms
of blazars with different jet properties.

Key words BL Lacertae objects: individual: Markarian 501 – methods: data analysis

1. Introduction

The BL Lac type object Markarian (Mrk) 501 is among the most
prominent members of the class of blazars. Owing to its bright-
ness, almost the entire broadband spectral energy distribution
(SED) of Mrk 501 can be measured accurately with the cur-
rent instrumentation. It is also known as one of the most active
blazars, showing very strong and fast variability on timescales as
short as a few minutes (Albert et al. 2007a). Moreover, because
of its low redshift of z = 0.034, even the multi-TeV γ rays are
influenced only weakly by the absorption on the extragalactic
background light (EBL). Altogether, this makes Mrk 501 an ex-
cellent candidate source to study flux and spectral variability in
the broadband emission of blazars.

Mrk 501 was the second extragalactic object to be detected in
very high energy (>100 GeV, hereafter VHE) γ rays (Quinn et al.
1996; Bradbury et al. 1997), and it has been the subject of ex-
tensive studies in the different accessible energy bands over the
last two decades. Based on its SED, it has been classified as
a high frequency peaked BL Lac-type source (HBL) accord-
ing to Padovani & Giommi (1995), or high-synchrotron peaked
BL Lac (HSP) if following the classification given in Abdo et al.
(2010b).

In 1997 Mrk 501 was found to be in an exceptionally
high state, with the emission at VHE energies being up to
10 times the flux of the Crab Nebula (Protheroe et al. 1997;
Djannati-Atai et al. 1999). During this large flare, the syn-
chrotron bump appeared to peak at or above 100 keV, indicat-
ing a shift of the peak position f quiescent state by at least
two orders of magnitude (Catanese et al. 1997; Pian et al. 1998;
Villata & Raiteri 1999; Tavecchio et al. 2001a). Over the fol-
lowing years, the source was intensively monitored at X-rays
and VHE γ rays (e.g. Kataoka et al. 1999; Quinn et al. 1999;
Sambruna et al. 2000; Aharonian et al. 2001; Massaro et al.
2004), and additional studies were done with the collected data
a posteriori (e.g. Gliozzi et al. 2006). The observations could
be well reproduced in the scope of one-zone synchrotron self-
Compton (SSC) models. In 2005, the source showed another
strong flaring event, for which flux-doubling times down to two
minutes were measured at VHE (Albert et al. 2007a). This fast
variability is a strong argument for a comparatively small emis-
sion region (with R ≈ 1015 cm), while the typical activity of the
source could still be accommodated in models assuming a ra-
dius of the emission region which is larger by one to two orders
of magnitude (e.g. Abdo et al. 2011a). Throughout the observa-
tions, the SED at the highest energies appeared to be harder in
higher flux states (e.g. Albert et al. 2007a). Together with the ob-
served shift of the synchrotron peak during the 1997 event, this
suggests a change in the electron energy distribution as the cause
for flaring events (Pian et al. 1998), but long-term changes in the

Doppler factor or the size of the emission region are also being
discussed as a possibility (Mankuzhiyil et al. 2012).

High-resolution radio images revealed a comparatively slow
moving jet that features a limb brightening structure (Piner et al.
2008, 2009; Giroletti et al. 2008). The radio core position of
Mrk 501 has been found to be stationary within 2 parsec (pc), us-
ing observations from the observing campaign in 2011 with the
VLBI Exploration of Radio Astrometry (VERA, Koyama et al.
2015a), although variations in its location on year timescales
cannot be excluded. High-resolution Global mm-VLBI Array
(GMVA) observations at 86 GHz during the observing campaign
in 2012 detected a new feature in the jet of Mrk 501, located
0.75 milliarcseconds (mas) southeast of the radio core (which
corresponds to ∼0.5 pc de-projected distance), and one order of
magnitude dimmer than the core (Koyama et al. 2015b). This ra-
dio feature is consistent with the one reported in Giroletti et al.
(2008) using GMVA data from 2005. This confirms that there are
several distinct regions in the jet of Mrk 501, possibly station-
ary on year timescales, with the presence of high-energy elec-
trons which could potentially produce optical, X-ray, and γ-ray
emission, in addition to the emission detected with these high-
resolution radio instruments.

Even though Mrk 501 has been studied over a comparatively
long time, clear constraints on the properties of the highest ac-
tivity regions, and on the particle populations involved, are still
to be set. In this paper we present an extensive multi-instrument
campaign on Mrk 501 that was conducted in 2009 in order to
shed light on some of these open questions. This paper is a se-
quel to Abdo et al. (2011a), where, among other things, the av-
eraged broadband SED from the campaign was studied in detail.
A study focused on the flaring activity of May 1 (MJD 54 952),
which includes very fast variability detected with the Whipple
10 m telescope, VERITAS light curves and spectra, and some
measurements of the optical polarization performed by the Stew-
ard Observatory are reported in Pichel & Paneque (2011) and
Aliu et al. (2016). In the work presented here, we address the
variability seen during the full campaign, possible interband cor-
relation of flux changes, and the characterization of the measured
SED during two states of increased activity. While Aliu et al.
(2016) looks at the average X-ray spectrum for a low state cov-
ering three weeks and a high state covering three days of the first
VHE enhancement, we perform a detailed investigation char-
acterizing the X-ray spectra for each pointing available for the
campaign, hence providing a better quantification of the X-ray
spectral variability. Furthermore, we consider an expanded data
set, which also includes radio observations performed with the
Very Long Baseline Array (VLBA), measuring the radio flux
coming from the entire source and the radio flux from the com-
pact core region only, and additional measurements of the optical
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polarization performed by the Steward and St. Petersburg obser-
vatories before and after the flaring activity of May 1.

This paper is structured as follows. In Sect. 2 an overview
of the multi-instrument campaign is given, and updates with re-
spect to the information provided in Abdo et al. (2011a) are dis-
cussed. In Sect. 3 the collected light curves and spectra are as-
sessed for variability and interband correlation. The discussion
of the broadband spectral energy distributions and a quantifica-
tion of these measured spectra within synchrotron self-Compton
scenarios by means of a novel technique based on a scan over
the full parameter range is reported in Sect. 4. Finally, the results
are discussed in Sect. 5, and a short summary and concluding
remarks are given in Sect. 6.

2. Multi-instrument observing campaign performed
in 2009

The presented multiwavelength (MWL) campaign was con-
ducted over 4.5 months in 2009. The aim of this campaign was to
sample the SED over all wavelengths every ∼5 days. This way,
the intrinsic flux variability of the source could be probed dur-
ing non-flaring activity, hence reducing the observational bias to-
wards states of high activity, which are the main focus of target
of opportunity (ToO) campaigns. The covered frequency range
spans from radio to VHE γ rays, including data from ∼30 differ-
ent instruments. The campaign took place from 2009 March 15
(MJD 54 905) to 2009 August 1 (MJD 55 044). Good cover-
age was achieved, while the sampling density varies among
the different wavelengths because of different duty cycles and
observational constraints of the participating instruments. The
individual data sets and the data reduction are described in de-
tail in Table 1 and Sect. 5 of Abdo et al. (2011a), and are not re-
ported again in this paper. In this section we only briefly mention
the various observations performed, and report on the updates of
some data analyses and on extended data sets.

In the radio band, several single-dish instruments were used,
namely the Effelsberg 100 m radio telescope, the 32 m Medic-
ina radio telescope, the 14 m Metsähovi radio telescope, the
32 m Noto radio telescope, the Owens Valley Radio Observa-
tory (OVRO) 40 m telescope, the 26 m University of Michigan
Radio Astronomy Observatory (UMRAO), and the 600 m ring
radio telescope RATAN-600. The mm-interferometer Submil-
limeter Array (SMA) and the Very Long Baseline Array (VLBA)
were also used during the campaign. These single-dishes and the
SMA monitored the total flux of Mrk 501 as a point-like unre-
solved source at frequencies between 2.6 GHz and 225 GHz. The
VLBA took data ranging from 5 GHz to 43 GHz through various
programs (BP143, BK150, and MOJAVE). Owing to the better
angular resolution of MOJAVE, in addition to the total flux of the
source, measurements of the flux from the compact (∼10−3 pc)
core region of the jet could be obtained through two-dimensional
Gaussian fits to the observed data.

Observations in optical frequency ranges have been per-
formed by numerous instruments distributed all over the globe.
In the R band, the Abastumani, Lulin, Roque de los Muchachos
(Kungliga Vetenskaplika Academy, KVA), St. Petersburg,
Talmassons, and Valle d’Aosta observatories performed ob-
servations as part of GASP-WEBT, the GLAST-AGILE Sup-
port Program of the Whole Earth Blazar Telescope (e.g.
Villata et al. 2008, 2009). Additional data with several opti-
cal filters were provided by the Goddard Robotic Telescope
(GRT), the Remote Observatory for Variable Object Research
(ROVOR), and the Multicolor Imaging Telescopes for Survey

and Monstrous Explosions (MITSuME). At near-infrared wave-
lengths, measurements performed by the Guillermo Haro Obser-
vatory (OAGH) have been included in the data set. Also within
the GASP-WEBT program, the Campo Imperatore took mea-
surements in near-infrared frequencies (JHK bands). The data
obtained in the optical and near-infrared regime used the cali-
bration stars reported in Villata et al. (1998), and have been cor-
rected for Galactic extinction following Schlegel et al. (1998).

Through various observing proposals related to this exten-
sive MWL campaign, 29 pointing observations were performed
with the Rossi-X-ray Timing Explorer (RXTE), and 44 pointing
observations performed with the Swift satellite1. These observa-
tions provided coverage in the ultraviolet frequencies with the
Swift Ultraviolet/Optical Telescope (UVOT), and in the X-ray
regime with the RXTE Proportional Counter Array (PCA) and
the Swift X-ray Telescope (XRT). Swift/XRT performed 41 snap-
shot observations in Windowed Timing (WT) mode throughout
the whole campaign, and three observations in Photon Counting
(PC) mode around MJD 54 952. The PC observations had not
been used in Abdo et al. (2011a). For PC mode data, events for
the spectral analysis were selected within a circle of 20 pixel
(∼46 arcsec) radius, which encloses about 80% of the point
spread function (PSF), centered on the source position. The
source count rate was above ∼5 counts s−1 and data were sig-
nificantly affected by pile-up in the inner part of the PSF. After
comparing the observed PSF profile with the analytical model
derived by Moretti et al. (2005), pile-up effects were removed
by excluding events within a 4 pixel radius circle centered on
the source position, and an outer radius of 30 pixels was used.
Occasionally, during the first ∼100 s of a WT mode observation,
Swift/XRT data can display a deviation in the light curve that is
not due to the source variability, but is instead due to the set-
tling of the spacecraft pointing causing a hot column to come in
and out of either the source or background region. We inspected
these data for any such deviations that could significantly impact
our analysis, and none were found.

While Mrk 501 can be significantly detected with XRT and
PCA for each single observation (∼0.3 h), integration times
of ∼30 days are required in order to obtain significant detec-
tions with the RXTE All-Sky Monitor (ASM) and the Swift
Burst Alert Telescope (BAT). The advantage of “all-sky instru-
ments” like RXTE/ASM and Swift/BAT is that they can ob-
serve Mrk 501 without specifically pointing to the source, and
hence provide a more uniform and continuous coverage than
pointed instruments like Swift/XRT and RXTE/PCA. Details on
the analysis of the RXTE/ASM and Swift/BAT data were given
in Abdo et al. (2011a).

The range of high-energy γ rays was covered with the
Fermi Large Area Telescope (Fermi-LAT). As is the case with
RXTE/ASM and Swift/BAT, the sensitivity of Fermi-LAT is
quite moderate, but it provides a more uniform temporal cov-
erage than the pointing instruments; to detect Mrk 501 typically
it is necessary to integrate over ∼15–30 days in order to have
significant detections. In addition to the observations from the
coordinated MWL campaign, here we also report on the X-ray/γ-
ray activity of Mrk 501 measured with RXTE/ASM, Swift/BAT,
and Fermi-LAT for a time interval spanning from MJD 54 800 to
MJD 55 100, which exceeds the time span of the campaign.

1 Several Swift observations took place thanks to a ToO proposal which
concentrates on the states of increased activity of the source.
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The Fermi-LAT data were reanalyzed using the Pass 8
SOURCE class events, and the ScienceTools software2 pack-
age version v10r1p1. We used all events (from MJD 54 800 to
MJD 55 100) with energies from 200 MeV to 300 GeV and
within a 10◦ region of interest (RoI) centered at the position of
Mrk 501. In order to avoid contamination from the Earth limb
γ rays, only events with zenith angles below 100◦ were used.
We used the P8R2_SOURCE_V6 instrument response functions,
and the gll_iem_v06 and iso_P8R2_SOURCE_V6_v06 models
to parameterize the Galactic and extragalactic diffuse emission
(Acero et al. 2016)3. Given that Mrk 501 is a relatively hard
source, we only used events above 300 MeV for the spectral
analysis, as was done in Abdo et al. (2011a). All point sources
in the third Fermi-LAT source catalog (3FGL, Acero et al. 2015)
located in the 10◦ RoI and an additional surrounding 5◦ wide
annulus (called “source region”) were modeled in the fits, with
the spectral parameters set to the values from the 3FGL, and
the normalization parameters kept free only for the nine sources
identified as variable (in the 3FGL) and located within 10◦ of
Mrk 501. The normalization parameters for the two diffuse com-
ponents were also kept free. The spectral analysis performed on
15- and 30-day time intervals from MJD 54 800 to MJD 55 100
led to spectra successfully described by a power-law (PL) func-
tion with an index compatible4 with Γ = 1.75. For the determi-
nation of the light curves in the two energy bands 0.2–2 GeV and
>2 GeV that are reported in Sect. 3.1, we decided to fix the value
of the PL index to Γ = 1.75.

MAGIC observations were carried out with a single tele-
scope, as the second telescope was under construction during the
campaign period. Owing to a scheduled upgrade, no data were
taken with MAGIC between MJD 54 948 and MJD 54 960. All
observations were carried out in “wobble” mode (Fomin et al.
1994). For the work presented here, the data underwent a revised
quality check and were reanalyzed with an improved analy-
sis pipeline with respect to the one presented in Abdo et al.
(2011a). Compared to the analysis presented in the first pub-
lication, the data set has been expanded by several nights
(MJD 54 937, 54 941, 54 944, 54 945, 54 973, 54 975, 55 035,
55 038). Three nights were rejected because of revised quality
criteria (MJD 54 919, 54 977, 55 026). After all data selection
and analysis cuts, the effective observation time covered by the
data comprises 17.4 h, while the first analysis yielded 16.2 h of
selected data.

VERITAS observed Mrk 501 with different telescope config-
urations over the duration of this campaign. The data presented
here amounts to 9.7 h of effective time, and are identical to those
presented in Abdo et al. (2011a). However, the work in this pa-
per presents the VERITAS light curve for the first time.

The Whipple 10 m telescope observed Mrk 501 for 120 h
throughout the campaign, separately from the VERITAS ar-
ray. The data taken with the Whipple 10 m were not used in
the first publication which focused on the average state of the
source throughout the campaign (Abdo et al. 2011a). However,
the Whipple 10 m data over a flaring period around May 1 have
been recently reported in a separate paper (Aliu et al. 2016). For
better comparison to the other VHE instruments, Whipple 10 m
fluxes, originally computed as flux in Crab Units (C.U.) above

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/
3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
4 The power-law index light curve can be fitted with a constant, yield-
ing average power-law indices of 1.75± 0.03 and 1.76± 0.03 respec-
tively for the 15- and 30-day time intervals.

400 GeV, were converted into fluxes above 300 GeV using the
Crab flux above 300 GeV of F>300 GeV = 1.2 × 10−10 cm−2 s−1

(Aleksić et al. 2012).
For more details on the observation strategy, list of instru-

ments, and analysis procedures performed for the different in-
struments, the reader is referred to Abdo et al. (2011a) and ref-
erences therein.

In addition to the MWL observations conducted as part of the
campaign, the data set was expanded with measurements of the
optical polarization performed by the Steward (Bok telescope)
and St. Petersburg (LX-200) observatories from February to
September 2009. The LX-200 polarization measurements were
obtained from R-band imaging polarimetry, while the measure-
ments from the Steward Observatory were derived from spec-
tropolarimetry between 4000 and 75 00 Å with a resolution of
∼15 Å, and the reported values are constructed from the me-
dian Q/I and U/I in the 5000−7000 Å band. The effective wave-
length of this bandpass is similar to the Kron-Cousins R band,
and the wavelength dependence in the polarization of Mrk 501
seen in the spectro-polarimetry is small and does not signifi-
cantly affect the results. The details related to the observations
and analysis of the polarization data is reported in Larionov et al.
(2008) and Smith et al. (2009). The Steward observations are
part of the public Steward Observatory program to monitor γ-ray
bright blazars during the Fermi-LAT mission5, and a fraction of
these polarization observations have been recently reported in
Aliu et al. (2016).

3. Multi-instrument flux and spectral variability

During the 4.5-month MWL campaign, Mrk 501 was observed
with numerous instruments covering the entire broadband SED.
In the following section, we report the measured multiband flux
and spectral variability, as well as multiband correlations.

3.1. Multi-instrument light curves

The light curves which were derived from pointed observations
in the different energy bands, spanning from radio to VHE γ
rays, are shown in Fig. 1. Figure 2 presents the X-ray and γ-ray
activity as measured with the all-sky instruments RXTE/ASM,
Swift/BAT and Fermi-LAT.

The light curves obtained during pointing observations in the
radio regime exhibit a nearly constant flux at a level of ∼1.2 Jy.
The well-sampled light curve taken with the OVRO telescope
shows constant emission of 1.158 ± 0.003 Jy.

The measurements performed with the VLBA at a frequency
of 43 GHz are presented in Fig. 3. A constant fit delivers a re-
duced χ2 of 8.4/3 for the total flux and 15.6/3 for the core flux,
yielding a probability for the data points to be well described
by a constant fit of 3.8% and 0.14%, respectively. Although
marginally significant, this suggests an increase in the radio flux
in May 2009 (dominated by the core emission) in comparison to
that measured during the other months.

For the near-infrared observations in Fig. 1, flux levels of
∼40−50 mJy (J and K bands) and ∼50−60 mJy (H band) were
measured. Only small variations can be seen, even though the
sampling is less dense and the uncertainties of the measurements
are comparatively large. For the extensive data sample in the op-
tical regime, a nearly constant flux was measured at flux levels
of ∼6 mJy (B band), 11 mJy (V), ∼16 mJy (R), and 24−29 mJy

5 http://james.as.arizona.edu/~psmith/Fermi
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Fig. 1. Light curves compiled based on pointing observations in various energy bands. The lowest two panels show measurements of the optical
polarization. The two vertical blue lines indicate the location of the two VHE γ-ray flares at MJD 54 952 and MJD 54 973 that are discussed in
Sects. 4.2 and 4.3.

(I/Ic). No correction for emission by the host galaxy was ap-
plied. At ultraviolet frequencies, a flux level of ∼2 mJy with flux
variations of about 25% over timescales of about 25 to 40 days
can be seen.

The average Swift/XRT measured fluxes during the entire
campaign are F0.3−2 keV = (9.2 ± 0.3) × 10−11 erg cm−2 s−1 in the
energy range between 0.3 and 2 keV and F2−10 keV = (7.2±0.3)×
10−11 erg cm−2 s−1 in the range 2−10 keV, while RXTE/PCA,
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due to a slightly different temporal coverage, measured an aver-
age 2−10 keV flux of F2−10 keV = (7.8±0.2)×e10−11 erg cm−2 s−1.

The Fermi-LAT measured a variable flux in the two probed
γ-ray bands, with an average flux of F0.2−2 GeV = (2.75± 0.14)×
10−8 ph cm−2 s−1 between 200 MeV and 2 GeV and F>2 GeV =
(5.3±0.4)×10−9 ph cm−2 s−1 at energies above 2 GeV (shown in
Fig. 2). The highest emission is seen in the 15-day time interval
between MJD 54 967 and MJD 54 982.

The VHE γ-ray light curves are shown in the upper panel
of Fig. 1. The average flux above 300 GeV of Mrk 501 dur-
ing the campaign, including the flaring activities, is about
5 × 10−11 ph cm−2 s−1 (∼0.4 C.U.)6. Flux variability is evident
throughout the VHE light curve, in addition to flaring episodes
of a few days occurring in MJD 54 952 (2009 May 1) and
MJD 54 973 (2009 May 22).

In the following paragraphs we review the first VHE flare
in a MWL context, and include additional details specifically
on the X-ray data. We then provide details on the second VHE
flare.

3.1.1. VHE γ-ray flaring event starting at MJD 54 952

On 2009 May 1, the Whipple 10 m telescope observed Mrk 501
for 2.3 h and detected a VHE flux (>300 GeV) increase
from ∼1.0−1.5 C.U. to ∼4.5 C.U. in the first 0.5 h (from
MJD 54 952.35 to MJD 54 952.37), which implies a flux in-
crease of about one order of magnitude with respect to the aver-
age VHE flux level recorded during the full campaign. Follow-
ing the alert by the Whipple 10 m, VERITAS started to observe
Mrk 501 after 1.4 h (at MJD 54 952.41) and detected the source
at a VHE flux of 1.5 C.U. without statistically significant flux
variations during the full observation (from MJD 54 952.41 to
MJD 54 952.48). This VHE flux level was also measured by the
Whipple 10 m telescope in approximately the same time window
(from MJD 54 952.41 to MJD 54 952.47), and corresponds to a
VHE flux ∼4 times larger than the typical flux level of 0.4 C.U.
measured during the full campaign. The peak of the flare (which
occurred at MJD 54 952.37) was caught only by the Whipple
10 m. Still, the Mrk 501 VHE γ-ray flux remained high for the
rest of the night and the following two nights (until MJD 54 955),
which was measured by VERITAS and the Whipple 10 m with
very good agreement. Further details about the VERITAS and
Whipple 10 m intra-night variability measured on 2009 May 1,
and about the enhanced activity during the first days of May, can
be found in Pichel & Paneque (2011) and Aliu et al. (2016).

During the period of the considered VHE γ-ray flare, no sub-
stantial increase in the X-ray regime can be claimed based on the
Swift/XRT observations: the 0.3−2 keV and the 2−10 keV fluxes
during this flaring episode are about ∼8×10−11 erg cm−2 s−1 and
∼1×10−10 erg cm−2s−1, which are about ∼10% lower and ∼30%
higher than the average X-ray flux values reported above. How-
ever, the Swift/XRT observations started seven hours after the
Whipple 10 m and VERITAS observations of this very high VHE
state on MJD 54 952. The reason is that the XRT observations
were taken within a ToO activated by the enhanced VHE activ-
ity measured by the Whipple 10 m and VERITAS unlike most of

6 The average fluxes measured with MAGIC, VERITAS, and Whipple
during the observing campaign are somewhat different because of the
distinct temporal coverage of these instruments. The average VHE flux
with MAGIC is F>300 GeV = (4.6± 0.4)× 10−11 ph cm−2 s−1, with VERI-
TAS is F>300 GeV = (5.3 ± 0.7) × 10−11 ph cm−2 s−1, and with Whipple is
F>300 GeV = (4.4 ± 0.5) × 10−11 ph cm−2 s−1.

the planned X-ray observations from the MWL campaign which
were coordinated with the VHE observations.

In the two lowest panels in Fig. 1, the evolution of the op-
tical polarization degree and orientation are shown. The degree
of polarization during the few days around the first VHE flar-
ing activity is measured at 5% compared to a 1% measurement
during several observations before and after this flaring activ-
ity. There is also a rotation of the EVPA by 15 degrees, which
comes to a halt at the time of the VHE outburst when the degree
of polarization drops from 5.4% to 4.5% (see further details in
Pichel & Paneque 2011; Aliu et al. 2016).

3.1.2. VHE γ-ray flaring event starting at MJD 54 973

The MAGIC telescope observed Mrk 501 for 1.7 h on 2009
May 22 (MJD 54 973) and measured a flux of 1.2 C.U., which
corresponds to ∼3 times the low flux level. At the next obser-
vation on May 24 (MJD 54 975.00 to MJD 54 975.12), the flux
had already decreased to a level of ∼0.5 C.U. The Whipple 10 m
observed Mrk 501 later on the same date (from MJD 54 975.25)
and measured a flux of ∼0.7 C.U., while the following day (from
MJD 54 976.23) it measured a flux increase to 1.1 C.U. No VER-
ITAS observations of Mrk 501 took place at this time, due to
scheduled telescope maintenance.

The MAGIC data of the flaring night were probed for
variations on timescales down to minutes, but no significant
intra-night variability was found. Moreover, tests for spectral
variability during the night in terms of hardness ratios vs. time
in different energy bands showed no significant variations either.

Unfortunately, there are no X-ray observations that
are strictly simultaneous with the MAGIC observations on
MJD 54 973. The closest RXTE/PCA observations took place
on MJD 56 969 and MJD 54 974, and the closest Swift/XRT ob-
servations are from MJD 54 970 and MJD 54 976, all of which
show a flux increase (up to a factor of ∼2) with respect to the
average X-ray flux measured during the campaign.

Under the assumption that no unobserved intra-day variabil-
ity occurred in the X-ray band, it can be inferred that Mrk 501
was in a state of increased X-ray and VHE activity over a period
of up to 5 days. During this period there were no flux changes
observed at optical or radio frequencies.

3.2. Spectral variability in individual energy bands

In this section we report on the spectral variability observed dur-
ing the two VHE flaring episodes around the peaks of the two
SED bumps, namely at X-ray and γ rays, where most of the en-
ergy is being emitted and where the flux variability is highest.

3.2.1. VHE γ rays

The VHE spectra measured with MAGIC and VERITAS, av-
eraged over the entire campaign between 2009 March 15
(MJD 54 905) and 2009 August 1 (MJD 55 044), were reported
in Abdo et al. (2011a). Only the time span MJD 54 952−54 955,
where VERITAS recorded VHE flaring activity, was excluded
for the average spectrum and was presented as a separate
high-state spectrum (see Fig. 8 of Abdo et al. 2011a). The
resulting average spectra relate to a VHE flux of about 0.3
C.U., which is the typical non-flaring VHE flux level of
Mrk 501. Additionally, two spectra were obtained with the Whip-
ple 10 m for that night: a very-high-state spectrum spanning
MJD 54 952.35−54 952.41, which seems to cover the peak of
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the flare, and a high-state spectrum derived from the time inter-
val MJD 54 952.41−54 955.00, which is simultaneous with the
observations performed with VERITAS. These spectra were re-
ported in Pichel & Paneque (2011) following the general Whip-
ple analysis technique described in Horan et al. (2007), and fur-
ther details from these spectra are reported in Aliu et al. (2016).

The reanalysis of the MAGIC data (see Sect. 2), which con-
tains some additional data compared to the analysis presented in
Abdo et al. (2011a), revealed a flaring state on MJD 54 973, for
which a dedicated spectrum was computed. An averaged spec-
trum was derived based on the remaining data set. The energy
distribution of the differential photon flux can be well described
by a PL function of the form

dN
dE

= F0 × (E/1 TeV)−Γ , (1)

yielding F0 = (9.3 ± 0.4) × 10−8 ph m−2 s−1 TeV−1 and Γ =
2.40 ± 0.05. This new MAGIC averaged spectrum was found
to be in agreement with the previously presented value where a
power-law fit gave F0 = (9.0 ± 0.5) × 10−8 ph m−2 s−1 TeV−1

and Γ = 2.51 ± 0.05 (Abdo et al. 2011a). Here we only quote
statistical uncertainties of the measurements. The systematic er-
rors affecting data taken by the MAGIC telescope at the time
of the presented campaign are discussed in Albert et al. (2008)
and are valid for both analyses. They are estimated as an energy
scale error of 16%, a systematic error on the flux normalization
of 11%, and an error on the obtained spectral slope of ±0.2. In
the following, the more recent analysis result are used.

All the VHE γ-ray spectra described above are presented in
Fig. 4. The spectra shown in the figure were corrected for ab-
sorption by the EBL using the model from Franceschini et al.
(2008). Given the proximity of Mrk 501, the impact of the EBL
on the spectrum is relatively weak: the attenuation of the flux
reaches 50% at an energy of 5 TeV. Many other EBL models (e.g.
Finke et al. 2010; Domínguez et al. 2011) provide compatible
results at energies below 5 TeV, hence the results do not depend
significantly on the EBL model used. The power-law fit parame-
ters (see Eq. (1)) of the measured spectra (i.e. the spectra not cor-
rected for EBL) can be found in Table 1. For spectra measured
with MAGIC, the presented fits also take into account the corre-
lation between the individual spectral points which is introduced
by the unfolding of the spectrum, while no explicit unfolding
has been applied for the other instruments. The average-state
spectra measured by the three instruments (after subtracting the
time intervals with strong flaring activity in the VHE) agree very
well, despite the somewhat different observing periods. This
suggests that these VHE spectra are a good representation of
the typical VHE spectrum of Mrk 501 during this MWL cam-
paign. The high-state spectra show a spectral slope that is harder
than that from the non-flaring state, hence indicating a “harder
when brighter” behavior, as has been reported previously (e.g.
Albert et al. 2007a).

3.2.2. GeV γ rays

The two short VHE flaring episodes discussed in this paper
occurred within the time interval MJD 54 952−54 982, which
is the 30-day time interval with the highest flux and hardest
GeV γ-ray spectrum reported in Abdo et al. (2011a). The flux
above 300 MeV F>300 MeV and photon index Γ for this 30-day
time interval computed using the ScienceTools software pack-
age version v9r15p6 and the P6_V3_DIFFUSE instrument re-
sponse functions are F>300 MeV = (3.6 ± 0.5) × 10−8 ph cm−2 s−1

and Γ = 1.64 ± 0.09, while values for the Fermi-LAT spec-
trum averaged for the entire MWL campaign are F>300 MeV =
(2.8 ± 0.2) × 10−8 ph cm−2 s−1 and Γ = 1.74 ± 0.05 (for fur-
ther details, see Abdo et al. 2011a). Performing the analysis
with the ScienceTools software package version v10r1p1 and
the Pass 8 data (which implies somewhat different photon can-
didate events), as described in Sect. 2, led to a photon flux
(above 300 MeV) of F>300 MeV = (4.2 ± 0.5) × 10−8 ph cm−2 s−1

and a PL index of Γ = 1.68 ± 0.07 for the time interval
MJD 54 952−54 982, and a flux (above 300 MeV) of F>300 MeV =
(3.0± 0.2)× 10−8 ph cm−2 s−1 and a PL index of Γ = 1.75± 0.04
for the entire campaign. The spectral results derived with Pass 6
and Pass 8 are compatible, and show a marginal increase in the
flux and the hardness of the spectra during the time interval
MJD 54 952−54 982 with respect to the full campaign period.

The Pass 8 Fermi-LAT data analysis is more sensitive than
the Pass 6 data analysis, and allows us to detect Mrk 501 signifi-
cantly (TS > 25)7 and to determine the spectra around these two
flares in time intervals as short as 2 days centered at MJD 54 952
and 54 973. Additionally, for comparison purposes, we also com-
puted the spectra for 7-day time intervals centered at MJD 54 952
and 54 9738. The Fermi-LAT spectral results for the various time
intervals in May 2009 are reported in Table 2. For the first flare,
for both the 2-day and 7-day time intervals, the LAT analysis
yields a signal with TS ∼ 40. This shows that increasing the time
interval from 2 days to 7 days did not increase the γ-ray sig-
nal, and hence indicates that the 2-day time interval centered at
MJD 54 952 dominates the γ-ray signal from the 7-day time in-
terval. The spectrum is marginally harder than the average spec-
trum from the time interval MJD 54 952−54 982. For the sec-
ond flare, the 7-day time interval yields a signal significance
(∼
√

TS ) 2.6 times larger than that of the 2-day time interval,
showing that, contrary to the first flare, increasing the time inter-
val from 2 days to 7 days enhanced the γ-ray signal considerably.
The Fermi-LAT spectrum around the second flare is very simi-
lar to the average spectrum obtained for the 30-day time interval
MJD 54 952−54 982.

For the MWL SEDs presented in Fig. 9, we show the Fermi-
LAT spectral results for these two flares performed on three and
five differential energy bins (starting from 300 MeV). Here, the
shape of the spectrum was fixed to that obtained for the full range
for each temporal bin. Upper limits at 95% confidence level were
computed whenever the TS value (for the γ-ray signal of the bin)
was below six and/or the uncertainty was equal to or larger than
the energy flux value.

3.2.3. X-rays

In the X-ray band, individual spectra could be derived for each
pointing of the two instruments Swift/XRT and RXTE/PCA.
Both indicated significant variability in flux and spectral index
during the course of the campaign. Figure 5 shows the XRT and
PCA spectra around the times of the first and second flux in-
crease in the VHE range. For the first flare, the variability in flux
and spectral shape is greater for XRT than for PCA, but mostly
because many of the XRT observations were performed within

7 “TS” stands for test statistic from the maximum likelihood fit. A TS
value of 25 corresponds to an estimated ∼4.6σ (Mattox et al. 1996).
8 A one-week period is a natural time interval that is also used, for
instance, in the LAT public light curves http://fermi.gsfc.nasa.
gov/ssc/data/access/lat/msl_lc/. The spectral results would
not change if we had used a 5-day or 10-day time interval.
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Table 1. Fit parameters and goodness of fit describing the power-law function for the measured VHE γ-ray spectra.

Instrument Flux state MJD F0 [10−7 ph m−2 s−1 TeV−1] Γ χ2/ndf
Whipple very high 54 952.35−54 952.41 16.1 ± 0.4 2.10 ± 0.05 13.5/8
Whipple high 54 952.41−54 955 5.6 ± 0.4 2.31 ± 0.11 3.1/8

VERITAS high 54 952.41−54 955 4.17 ± 0.24 2.26 ± 0.06 6.3/5
MAGIC high 54 973 3.1 ± 0.2 2.28 ± 0.06 1.9/6
Whipple low 54 936−54 951 1.16 ± 0.09 2.61 ± 0.11 3.4/8

VERITAS low 54 907−55 004 0.88 ± 0.06 2.48 ± 0.07 3.8/5
MAGIC low 54 913−55 038 0.93 ± 0.04 2.40 ± 0.05 8.4/6

Notes. For low-state spectra, the stated flaring time intervals have been excluded from the data. Spectral fits for the Whipple 10 m and VERITAS
are listed as presented in Pichel & Paneque (2011).

Table 2. Spectral parameters describing the measured power-law spectra with Fermi-LAT during several temporal intervals in May 2009.

Temporal interval MJD range F>300 MeV [10−8 ph m−2 s−1] Γ TS
May 2009, 30 days 54 952−54 982 4.2 ± 0.5 1.68 ± 0.07 595
First Flare, 2 days 54 951−54 953 2.5 ± 1.3 1.2 ± 0.3 43
First Flare, 7 days 54 948.5−54 955.5 1.7 ± 0.8 1.4 ± 0.2 41

Second Flare, 2 days 54 972−54 974 4.0 ± 1.7 1.8 ± 0.3 39
Second Flare, 7 days 54 969.5−54 976.5 5.3 ± 1.0 1.6 ± 0.1 263

a ToO program, and so they provide a better characterization of
the enhanced activity (see Sect. 2).

Around the first VHE flare, the XRT spectra tend to be much
harder and appear to show an upward curvature towards higher
energies. The hardening of the spectrum is confirmed by a spec-
tral analysis performed using a power-law spectral model with
the hydrogen density NH fixed to the Galactic value. Figure 6
shows the spectral index light curve (see also Table 3) and the
reduced χ2 of the individual fits. Based on the reduced χ2 values,

the representation by a simple power-law function is sufficient
for most spectra. Around MJD 54 952−54 953, which roughly
corresponds to the time of the first VHE flare, a peak in the hard-
ness of the spectrum can be seen.

Around the second flux increase in the VHE γ-ray band, vari-
ability was seen by both Swift/XRT and RXTE/PCA, with flux
changes of up to a factor of 2 with respect to the flux average of
∼(7−8) × 10−11 erg cm−2 s−1 in the 2−10 keV band (see Fig. 1).
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Fig. 5. X-ray spectra from single pointings. Left: Swift/XRT. Right: RXTE/PCA. Upper panels: spectra around the first flare (MJD 54 952); lower
panels: spectra around the second flare (MJD 54 973).
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Table 3. Spectral results from the power-law (PL) fit to the measured Swift/XRT spectra.

MJD Obs Mode PL Index χ2/#d.o.f.

54 913.1 WT −2.01+0.03
−0.03 246/214

54 914.2 WT −2.05+0.04
−0.03 246/206

54 915.2 WT −2.06+0.03
−0.03 200/168

54 918.2 WT −2.02+0.05
−0.04 130/133

54 923.1 WT −2.06+0.04
−0.04 160/166

54 929.1 WT −2.05+0.03
−0.03 179/189

54 935.0 WT −2.00+0.06
−0.06 88/75

54 941.1 WT −2.04+0.05
−0.05 111/113

54 946.1 WT −1.92+0.04
−0.04 139/159

54 951.0 WT −1.89+0.07
−0.07 62/64

54 952.8 PC −1.76+0.08
−0.08 56/58

54 953.4 PC −1.80+0.08
−0.09 57/56

54 953.7 PC −1.76+0.08
−0.08 66/59

54 954.4 WT −1.85+0.06
−0.06 84/78

54 954.7 WT −1.82+0.04
−0.04 165/166

54 955.4 WT −1.95+0.05
−0.05 100/126

54 957.1 WT −1.89+0.04
−0.03 163/167

54 962.0 WT −2.05+0.05
−0.04 125/108

54 963.4 WT −2.11+0.07
−0.07 79/75

54 963.9 WT −1.98+0.04
−0.04 140/129

54 964.4 WT −1.97+0.04
−0.04 141/155

54 965.1 WT −2.02+0.03
−0.03 269/241

MJD Obs Mode PL Index χ2/#d.o.f.

54 966.0 WT −2.07+0.04
−0.04 180/183

54 970.2 WT −1.97+0.03
−0.03 200/199

54 976.3 WT −1.97+0.03
−0.03 271/244

54 976.9 WT −2.07+0.04
−0.04 201/184

54 977.3 WT −2.13+0.04
−0.04 171/139

54 977.6 WT −2.16+0.04
−0.04 178/162

54 977.7 WT −2.13+0.04
−0.04 245/164

54 978.0 WT −2.16+0.02
−0.02 424/317

54 979.0 WT −2.16+0.02
−0.02 359/298

54 980.1 WT −2.13+0.02
−0.01 497/345

54 989.9 WT −2.05+0.02
−0.02 303/287

54 995.9 WT −1.97+0.03
−0.03 197/196

55 001.0 WT −2.04+0.10
−0.10 14/21

55 006.0 WT −1.99+0.04
−0.04 152/159

55 010.3 WT −2.02+0.02
−0.02 331/295

55 015.9 WT −2.02+0.04
−0.04 147/158

55 020.9 WT −2.07+0.04
−0.04 180/175

55 027.6 WT −2.16+0.02
−0.02 377/292

55 029.9 WT −2.21+0.04
−0.04 144/101

55 035.2 WT −2.12+0.08
−0.07 89/70

55 040.8 WT −2.03+0.05
−0.05 101/107

55 043.0 WT −2.10+0.05
−0.05 109/102

Notes. For all spectra where the PL fit does not deliver a satisfactory result (fit probability P < 0.3% (3σ)), additional results from a log-parabola fit
are quoted in the following: MJD 54 977.7: α = 2.01+0.05

−0.06, β = 0.4+0.1
−0.1, χ2/d.o.f. = 214/163; MJD 54978.0: α = 2.05+0.03

−0.03, β = 0.32+0.06
−0.06, χ2/d.o.f. =

335/316; MJD 54 980.1: α = 2.03+0.02
−0.02, β = 0.312+0.05

−0.05, χ2/d.o.f. = 373/344; MJD 55 027.6: α = 2.04+0.03
−0.03, β = 0.33+0.06

−0.06, χ2/d.o.f. = 293/291.

However, no particular hardening of the spectrum was found (see
Fig. 6), as was observed for the first flare.

3.3. Quantification of the multi-instrument variability

As a quantitative study of the underlying variability seen
at different wavelengths, the fractional variability Fvar was
determined for each instrument according to Eq. (10) in
Vaughan et al. (2003),

Fvar =

√
S 2 − 〈σ2

err〉

〈Fγ〉
2 , (2)

where S 2 represents the variance, 〈σ2
err〉 specifies the mean

square error stemming from measurement uncertainties, and
〈Fγ〉 is the arithmetic mean of the measured flux. The term under
the square root is also known as the normalized excess variance
σ2

NXS.
The uncertainty of Fvar is calculated following the pre-

scription in Poutanen et al. (2008), as described in Aleksić et al.
(2015a), so that they are also valid in the case when ∆Fvar ∼ Fvar,

∆Fvar =

√
F2

var + err(σ2
NXS) − Fvar, (3)

with the error of the normalized excess variance err(σ2
NXS) as

defined in Eq. (11) in Vaughan et al. (2003).

This method for quantifying the variability comes with the
caveat that the resulting Fvar and related uncertainty depend
very much on instrument sensitivity and the observing sampling,
which is different for the different energy bands. In other words,
a densely sampled light curve with small uncertainties in the flux
measurements may allow us to see flux variations that are hidden
otherwise, and hence may yield a larger Fvar and/or smaller un-
certainties in the calculated values of Fvar. Some practical issues
in the application of this methodology in the context of mul-
tiwavelength campaigns are elaborated in Aleksić et al. (2014,
2015b,a).

For Swift/XRT and RXTE/PCA in the X-ray band, and
MAGIC, VERITAS, and the Whipple 10 m in the VHE regime,
the fractional variability has been calculated for the full data set
and also after removal of the temporal intervals related to the two
flaring episodes (MJD 54 952−54 955, MJD 54 973−54 978).
The fractional variability specifically computed for the period
around the first flaring episode has been recently reported in
Aliu et al. (2016). For measurements in the optical R band, Fvar
has additionally been calculated for optical fluxes corrected for
the host galaxy emission as derived in Nilsson et al. (2007). For
data sets containing fewer than five data points, no Fvar was cal-
culated. The results are presented in Fig. 7.

A negative excess variance was obtained for data sets from
the following instruments: UMRAO (at 5 GHz and 8 GHz),
Noto (at 8 GHz and 43 GHz), Medicina (at 8 GHz), Effelsberg
(all bands), and the near-IR measurements within the GASP-
WEBT program (all bands). Such a negative excess variance is
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interpreted as an absence of flux variability within the sensitivity
range of the instrument. These data sets have not been included
in Fig. 7.

At low frequencies, from radio to optical, no substantial vari-
ability was detected, with Fvar ranging from ≈0.02−0.06 in radio
to 0.01−0.1 in optical. In the X-ray band, we find Fvar ≈ 0.3, in-
dicating substantial variation in the flux during the probed time
interval. After removal of the flaring times, variabilities of Fvar ≈

0.2−0.25 are still seen. The fractional variability in the γ-ray
band covered by Fermi-LAT is on the order of Fvar ≈ 0.3−0.4;
yet the Fermi-LAT Fvar values are not directly comparable to the
other instruments, as GeV variability on day timescales, which
could be higher than that computed (separately) for the 15-day
and the 30-day timescales, cannot be probed. Strong variability
can be noted at VHE with Fvar ≥ 0.4 for the data sets without
the flares and Fvar ≥ 0.6 (0.9 for Whipple 10 m) for observations
including the flaring episodes.

All in all, Mrk 501 showed a large increase in variability with
increasing energy, ranging from an almost steady behavior at the
lowest frequencies to the highest variability observed in the VHE
band.

3.4. Multi-instrument correlations

To study possible cross-correlations of flux changes between
the different wavelengths, we determined the discrete correlation
functions (DCF), following Edelson & Krolik (1988), based on
the light curves obtained by the various instruments. The DCF
allows a search for correlations with possible time lags, which
could result for example from a spatial separation of different
emission regions. We probed time lags in steps of 5 days up to
a maximum shift of 65 days. The step size corresponds to the
overall sampling of the light curve and thus to the objective of
the MWL campaign itself, which was to probe the source activ-
ity and spectral distribution every ≈5 days. The maximum time
span is governed by the duration of the campaign, as a good
fraction of the light curve should be available for the calcula-
tion of cross-correlations. We chose a maximum of 65 days,
which corresponds to roughly half the time span of the entire
campaign. Because of the uneven sampling and varying expo-
sure times, the significance of the correlations derived from the
prescription given in Edelson & Krolik (1988) might be overes-
timated (Uttley et al. 2003). We derived an independent assess-
ment of the significance of the correlation by means of dedicated
Monte Carlo simulations as described in Arévalo et al. (2009)
and Aleksić et al. (2015b,a).

In this study, possible cross-correlations between instru-
ments of different wavelengths were examined. As already sug-
gested by the low level of variability in the radio and optical band
throughout the campaign, no correlations with any other wave-
lengths were found for these instruments. A correlation with
flux changes in the MeV−GeV range could not be probed on
timescales of days due to the integration time of 15−30 days re-
quired by Fermi-LAT for a significant detection. A similar situa-
tion occurs in the X-ray bands from Swift/BAT and RXTE/ASM,
which also need integration times of the same order, and are thus
also neglected for day-scale correlation studies.

Therefore, the study focuses on the highly sensitive X-ray
and VHE γ-ray observations, namely the ones performed with
Swift/XRT, RXTE/PCA, MAGIC, VERITAS, and Whipple 10 m,
which are also the ones that report the highest variability (see
Fig. 7). In the VHE γ-ray band, the number of observations is rel-
atively small (in comparison to the number of X-ray observations
performed with Swift and RXTE), and hence we compile a single

light curve with a dense temporal sampling of Mrk 501, includ-
ing the measured flux points from all three participating VHE
γ-ray telescopes. This procedure is straightforward as VERI-
TAS and MAGIC both measured the flux above 300 GeV and the
Whipple 10 m measurements have been scaled to report a flux in
the same energy range (see Sect. 2). We also combined measure-
ments by Swift/XRT in the 2−10 keV band and data points from
RXTE/PCA to a single light curve, as the same energy range is
covered by the two instruments. The light curve in the 0.3−2 keV
band only consists of measurements performed by Swift/XRT.
The DCF vs. time-shift distributions for the two X-ray bands and
the VHE γ-ray measurements are shown on the left-hand side of
Fig. 8.

At a time lag ∆T =
(
TVHE − TX-ray

)
on the order of −20 to

−25 days, a hint of correlation at the level of 2σ between fluxes
in the soft X-ray band and the VHE γ-ray band is seen in the
top left panel of Fig. 8. This feature is dominated by the two
flaring events, as the dominant flare in VHE γ rays occurred
around MJD 54 952, while the largest flux increase in soft X-rays
was seen around MJD 54 977, with a separation of 24−25 days.
The right-hand side of Fig. 8 reports the evaluation of the cor-
relations after the flaring episodes have been excluded from the
X-ray and VHE γ-ray light curves. The above-mentioned feature
at 20−25 days is no longer present.

The large growth of the confidence intervals apparent at time
shifts of ∆T ≈ 40 days are caused by sparsely populated re-
gions in the VHE γ-ray light curve, mainly towards the end of
the campaign. When the light curves are shifted by ≈40 days
with respect to each other, these regions overlap with densely
populated regions in the X-ray light curves, which results in a
larger uncertainty of the determined DCF.

Overall, no significant correlation between X-ray and VHE
γ-ray fluxes is found for any of the combinations probed.

4. Evolution of the spectral energy distribution

The time-averaged broadband SED measured during this MWL
campaign (from MJD 54 905 to MJD 55 044) was reported and
modeled satisfactorily in the context of a one-zone synchrotron
self-Compton (SSC) scenario (Abdo et al. 2011a). In this model,
several properties of the emission region are defined, such as the
size of the region R, the local magnetic field B, and the Doppler
factor δ, which describes the relativistic beaming of the emission
towards the observer. Furthermore, the radiating electron popu-
lation is described by a local particle density ne and the spectral
shape. For the averaged data set of this campaign, the underly-
ing spectrum of the electron population was parameterized with
a power-law distribution from a minimum energy γmin to a max-
imum energy γmax, with two spectral breaks γbreak,1 and γbreak,2.
The two breaks in the electron energy distribution (EED) were
required in order to properly model the entire broadband SED.
Because of the relatively small multiband variability during the
4.5-month observing campaign (once the first VHE flare was re-
moved) and the large number of observations performed with
all the instruments, the average SED could be regarded as a
high-quality representation of the typical broadband emission of
Mrk 501 during the time interval covered by the campaign, and
hence the one-zone SSC model was constrained to describe all
the data points (including 230 GHz SMA and interferometric
43 GHz VLBA observations).

In this work, we focus on the characterization of the broad-
band SED during the two flaring episodes occurring in May
2009. As reported in Sect. 3.1, these two flaring episodes start on
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Fig. 7. Fractional variability at different frequencies. All the Fvar values are computed with the single observations shown in Fig. 1, with the
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and open circles, respectively. Open symbols for optical bands indicate the fractional variability after subtracting the host galaxy contribution, as
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Table 4. SSC model parameters that characterize the average emission over the entire MWL campaign.

Parameter γmin γmax γbreak,1 γbreak,2 α1 α2 α3 ne B/mG log
(

R
cm

)
δ

Av. state 600 1.5 × 107 4 × 104 9 × 105 2.2 2.7 3.65 635 15 17.11 12

Notes. The parameters apply to a one-zone model defined by Eq. (4) and are retrieved from the modeling presented in Abdo et al. (2011a).

MJD 54 952 and MJD 54 973, and last for approximately three
and five days, respectively. There is some flux and spectral vari-
ability throughout these two flaring episodes, but for the sake of
simplicity in this section we attempt to model only the SEDs re-
lated to the VHE flares on MJD 54 952 and 54 973, which are the
first days of these two flaring activities. We try to model these
two SEDs with the simplest leptonic scenarios, namely a one-
zone SSC and a two-independent-zone SSC model. In the lat-
ter we assume that the quiescent or slowly changing emission is
dominated by one region that is described by the SSC model pa-
rameters used for the average/typical broadband emission from
the campaign (see Abdo et al. 2011a), while the flaring emission
(essentially only visible in the X-ray and γ-ray bands) is domi-
nated by a second independent and spatially separated region.

The assumption of a theoretical scenario consisting of one
(or two) steady-state homogenous emission zone(s) could be an
oversimplification of the real situation. The blazar emission may
be produced in inhomogeneous regions, involving stratification
of the emitting plasma both along and across a relativistic
outflow, and the broadband SED may be the superposition

of the emission from all these different regions, character-
ized by different parameters and emission properties, as re-
ported by various authors (e.g. Ghisellini et al. 2005; Graff et al.
2008; Giannios et al. 2009; Chen et al. 2011; Zhang et al. 2014;
Chen et al. 2015). In this paper we decided to continue using the
same theoretical scenario used in Abdo et al. (2011a), which we
adopted as the reference paper for this data set. We also kept the
discussion of the model parameters at a basic level, and did not
attempt to perform a profound study of the implications of these
parameters.

In this work we used the SSC model code described in
Takami (2011), which is qualitatively the same as the one used
in Abdo et al. (2011a), with the difference that the EED is pa-
rameterized as

dN
dγ

=


ne · γ

−α1 , (γmin < γ < γbreak,1)
ne · γ

α2−α1
break,1 · γ

−α2 , (γbreak,1 < γ < γbreak,2)

ne · γ
α2−α1
break,1 · γ

α3−α2
break,2 · e

( γbreak,2
γmax

)
·γ−α3 · e

(
−

γ
γmax

)
(γbreak,2 < γ),
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Fig. 8. DCF derived for VHE γ rays (combined from MAGIC, VERITAS, and Whipple measurements) and two X-ray bands (Swift/XRT measure-
ments within the 0.3−2 keV band; Swift/XRT and RXTE/PCA combined within the 2−10 keV band). The blue (green) lines depict the 95% (99%)
confidence intervals derived from Monte Carlo generated light curves (see text for detailed explanation). Left: DCF of complete data sets. Right:
DCF derived with the data sets after subtracting the two flaring periods (excluded time windows as explained in the text).

(4)

where ne is the electron number density. For reasons of compa-
rability, only this definition is applied in all the SED modeling
results in this section, including that of the quiescent, averaged
SED obtained over the full MWL campaign. The correspond-
ing one-zone SSC model parameter values defining the averaged
SED from the full 2009 multi-instrument campaign are listed
in Table 4. The parameter values are identical to those from
the “Main SSC fit” reported in Table 2 of Abdo et al. (2011a),
with the only difference being the usage of the electron number
density ne, instead of the equipartition parameter. The contribu-
tion of starlight from the host galaxy can be approximately de-
scribed with the template from Silva et al. (1998), as was done
in Abdo et al. (2011a).

For the characterization of the SEDs collected during the two
flaring states, we allow for an EED with two spectral breaks in
the case of one-zone SSC models. For the second zone in the
two-zone SSC scenario, we keep the somewhat simpler descrip-
tion of the electron energy distribution as a power law with only
one spectral break (i.e. α2 ≡ α1 in Eq. (4)).

4.1. Grid-scan strategy for modeling the SED

In contrast to the commonly used method of adjusting the model
curve to the measured SED data points (e.g. Tavecchio et al.
1998, 2001b; Albert et al. 2007a, in this study we applied a novel
variation on the grid-scan approach in the space of model param-
eters. Given a particular theoretical scenario (e.g. the one-zone or
two-zone SSC model), we make a multi-dimensional grid with
the N model parameters that we want to sample. For each pa-
rameter, we define a range of allowed values and a step size for

the variation within this range. Theoretical (SSC) model curves
are calculated for each point on the grid, i.e. for each combina-
tion of the N parameter values. Subsequently, the goodness of
the resulting model curves in reconstructing the data points is
quantified by means of the χ2 between data and model, which
takes into account the statistical uncertainties of the individual
measurements. At the moment, systematic uncertainties are not
considered for the evaluation of the agreement. This would re-
quire performing the entire procedure for various shifts in the
flux and energy scale for each instrument, as well as for possible
distortions in the individual spectra. The net impact of including
systematic uncertainties in the single-instrument spectra would
be a larger tolerance for the agreement between the experimen-
tal data and the theoretical model curves, which would yield a
larger degeneracy in the parameter values that can model the
data. While this will be investigated in the future, it is beyond
the scope of this paper. Therefore, the data-model agreements
reported in this manuscript, which are based on the χ2 analy-
sis using only the statistical uncertainties, provide a lower limit
to the actual agreement between the presented experimental data
and the theoretical model curves being tested, and we mostly use
them to judge the relative agreement of the various theoretical
model curves.

Depending on the complexity of the model itself, the model
calculations for an entire grid can be very intensive in computing
power. For instance, one of the simplest SSC scenarios, involv-
ing only one emission zone with an electron energy distribution
with one spectral break, already leads to a grid spanning a nine-
dimensional parameter space. With the ranges and grid spacings
we are using in this work, the number of model curves to calcu-
late and evaluate amounts to tens of million. For this reason, the
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access to cluster computing becomes essential for this grid-scan
modeling approach. The model calculations in this work have
been performed using the computing farms at SLAC9 and TU
Dortmund10.

After the evaluation of all models regarding their level of
agreement with the data, individual models can be chosen for the
final set, according to the achieved probability of agreement (de-
rived from the χ2 and the number of degrees of freedom). These
sets of models can then be visualized both in the SED represen-
tation and in the space of parameter values defining the models,
which could populate non-continuous regions in the parameter
space.

One aim of the grid-scan strategy is to keep the range of
model parameters as wide as possible. By sampling a large pa-
rameter phase space we can reduce the bias which is usually
introduced into the model by adopting a set of assumptions or
educated choices. In addition to the obvious aim of finding pa-
rameter values which describe the data in the best way, another
advantage is that the “grid-scan” approach also offers the possi-
bility of investigating the degeneracy of the model-to-data agree-
ment regarding each individual model parameter. In order to do
this, sets of models within bands of achieved fit probabilities are
compiled and their distributions in each of the model parameters
are visualized. Based on such plots, interesting regions in the pa-
rameter space can be selected for a deeper search, which leads
to models with an even better agreement with the data and to
a more thorough study of the degeneracy of individual model
parameters. Finally, the grid-scan method can find multiple clus-
ters or regions in the model parameter phase space that could be
related to different physical scenarios, which can be equally ap-
plicable to the data set at hand, but might be missed by statistical
methods aiming at only “one best” solution.

The concept of grid-scan SED modeling has already been
presented in Cerruti et al. (2013), where model curves are com-
puted for each point on the parameter space grid, but the as-
sessment of the agreement between model and data is performed
in a different way: the authors evaluate the agreement based on
seven observables (i.e. the frequency and luminosity of the syn-
chrotron peak, the measured X-ray spectral slope and the GeV
and TeV spectral slopes and flux normalizations), which are de-
rived from the model curves and are compared to the data. They
also provide a family of solutions involving any uncertainties in
the observables. In the work presented here, the model-to-data
agreement criterion, which is used to select a set of models, is de-
rived directly from the χ2-distances between each data point and
each model curve without computing any secondary character-
istics of the SED which may introduce additional uncertainties.
Cerruti et al. (2013) also determine this distance for the models
picked by their algorithm, but apply it only as an a posteriori
check of their result. Furthermore, the authors have reduced the
dimensionality of the parameter space from nine to six, and used
only five steps for each parameter, which implies the creation of
a grid with 56 = 15 625 SED realizations. In the work presented
here, the smallest grid-scan implies the creation of more than
40 × 106 SED realizations. Additionally, after selecting interest-
ing regions in the various model parameters with the grid-scan,
we went one step further and performed a second (dense) grid-
scan focused only on those regions, and using a smaller step size.

The objective of finding uncertainty ranges of model pa-
rameters has also been addressed by Mankuzhiyil et al. (2011)

9 https://www.slac.stanford.edu/comp/unix/unix-hpc.
html
10 http://www.cs.tu-dortmund.de/nps/en/Home/

and Zabalza (2015). Here, a Markov chain Monte Carlo pro-
cedure is used to fit emission model curves (for a number of
different emission models) to the observational results. While
this approach delivers uncertainties or probability distribution
functions for the particle distribution parameters, this is done
only for one particular solution. Disjointed regions of equally
good model configurations, i.e. “holes” in the probability distri-
bution for the individual parameters, are not found following this
method.

A three-dimensional parameter grid with 9504 (48 × 22 × 9)
steps was used by Petry et al. (2000) to find the most suit-
able model parameter set to describe weekly averaged SEDs
of Mrk 501, where the “best” model was selected as the one
with the smallest data-model difference, quantified with a χ2

approach. Although a parameter grid was used, the goal and
merits of that work differ from those of the methodology pre-
sented here. While Petry et al. (2000) used the three-dimensional
parameter grid to find the best model (as in Mankuzhiyil et al.
2011, with a χ2 minimization procedure), in this work the nine-
dimensional grid is used to find the family (or families) of pa-
rameter values that give a good representation of the broadband
SED, and to show the large degeneracy of the model parameters
to describe the SED.

For the theoretical SED modeling of the two flaring states
of Mrk 501, following the grid-scan strategy outlined above,
the parameter ranges given in Tables 5 and 6 have been inves-
tigated for the one-zone and two-zone scenarios described at
the beginning of this section. Given that we aim to sample a
wide range of parameter values with a relatively coarse step (for
each parameter), we denote these scans as “coarse grid-scans”.
The general orientation for the choice of parameter ranges is
based on previous works on modeling of the SED of Mrk 501,
e.g. Albert et al. (2007a), Anderhub et al. (2009), Abdo et al.
(2011a), Mankuzhiyil et al. (2012). Based on these values11,
one-zone SSC models have been built and second zones for the
two-zone scenario as well. In the latter, the first zone is described
by the model reproducing the average emission seen over the
entire campaign (see Abdo et al. 2011a), while only the second
zone is varied as described by the model parameters from the
grid presented here. The phase space of the grid-scan could have
been reduced by imposing a relation between the locations of the
breaks (γbreak) and the size R and magnetic field B values, and by
forcing the change of index before and after the breaks to be one
(i.e. ∆α = 1). However, cooling breaks with a spectral change
two times larger than the canonical value of one were necessary
to describe the broadband SED of Mrk 421 within a SSC homo-
geneous model scenario (see Sect. 7.1 of Abdo et al. 2011b), and
the breaks needed by the SSC models are not always related to
the cooling of the electrons, but instead could be related to the
acceleration mechanism, as reported for Mrk 501 in Abdo et al.
(2011a). Internal breaks (related to the electron acceleration)
have been reported for various blazars (e.g. Abdo et al. 2009;
Abdo et al. 2010a). The origin of these internal breaks, as well as
large spectral changes at the EED breaks, may be related to vari-
ations in the global field orientation, turbulence levels sampled
by particles of different energy, or gradients in the physical quan-
tities describing the system. These characteristics are not taken

11 Many of the works in the literature use γmin = 1 (e.g. Tavecchio et al.
2001b; Albert et al. 2007a; Mankuzhiyil et al. 2012), but we decided to
follow here the approach used in Abdo et al. (2011a), where a γmin � 1
had to be used in order to properly describe the simultaneous GeV data
from Fermi-LAT and the high-frequency radio observations from SMA
and VLBA, which did not exist in the previous publications parameter-
izing the broadband SED of Mrk 501.
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Table 5. Grid of SSC model parameters that is probed for one-zone models within the coarse grid-scan.

Coarse grid
one-zone γmin γmax γbreak,1 γbreak,2 α1 α2 α3 ne B/mG log

(
R

cm

)
δ

min 1 × 102 1 × 106 1 × 104 1 × 105 1.7 2.1 3.6 1 × 103 5 14.0 1
max 1 × 104 1 × 108 1 × 105 3.2 × 106 2.3 3.3 4.8 1 × 106 250 16.0 60

# of steps 3 3 4 4 7 7 4 7 9 5 7
Spacing log log log log lin lin lin log log lin log

Notes. For each parameter the probed range is given by a minimum and a maximum value, and the number of tested values is given by the number
of steps between (and including) these limits. The number of SSC models required to realize this grid-scan amounts to 62 million.

Table 6. Grid of SSC model parameters that is probed for two-zone models within the coarse grid-scan.

Coarse grid
γmin γmax γbreak α1 α2 ne B/mG log

(
R

cm

)
δ

two-zone
min 1 × 102 1 × 105 1 × 104 1.7 2.0 100 5 14.0 1
max 1 × 106 1 × 108 1 × 107 2.3 4.8 1 × 106 250 18.0 60

# of steps 5 4 7 7 8 9 9 9 7
Spacing log log log lin lin log log lin log

Notes. In two-zone models only the second zone is defined by the parameters given here, while the first zone is given by the model derived in
Abdo et al. (2011a) and reported in Table 4. The number of SSC models required to realize this grid-scan amounts to 40 million.

into account in the relatively simple homogenous SSC models,
and argue for more sophisticated theoretical scenarios like the
ones mentioned above. In order to keep the range of allowed
model parameter values as broad as possible, in this exercise we
did not impose constraints on the location of the EED breaks or
in the index values before or after the breaks. The hardest index
we use in this study is 1.7, which is harder than the canonical in-
dex values >2 derived from shock acceleration mechanisms and
used very often to parameterize the broadband SEDs of blazars.
But this is actually not a problem as various authors have shown
that indices as hard as 1.5 can be produced through stochastic
acceleration (e.g. Virtanen & Vainio 2005) or through diffusive
acceleration in relativistic magnetohydrodynamic shocks, as re-
ported in Stecker et al. (2007), Summerlin & Baring (2012) and
Baring et al. (2016). We also use γmin values extending up to 106,
substantially higher than those used in conventional SSC models
(which typically go up to ∼103), but such high γmin values have
already been used by various authors (e.g. Katarzyński et al.
2006; Tavecchio et al. 2009; Lefa et al. 2011a,b).

In the evaluation of the models, we used two other con-
straints in addition to the requirement of presenting a good
agreement with the SED data points. Equipartition arguments
impose the condition that the energy densities held by the elec-
tron population (ue) and the magnetic field (uB) should be of
comparable order. Typically, the parameterization of the broad-
band SED of Mrk501 (and all TeV blazars in general) within
SSC theoretical scenarios require ue ∼ 102−3uB, which implies
higher energy in the particles than in the magnetic field, at least
locally, where the broadband blazar emission is produced (see
e.g. Tavecchio et al. 2001b; Abdo et al. 2011a; Aleksić et al.
2015b). There is no physical reason for any specific (somewhat
arbitrary) cut value in the quantity ue/uB; however, driven by
previous works in the literature, in this study we only consider
models fulfilling the requirement of ue/uB < 103. Secondly, the
observed variability timescales have to be taken into account.
Following causality arguments, the observed variability should
not happen on timescales that are shorter than the time needed

to distribute information throughout the emitting region. Based
on the given Doppler factor δ and the size of the emitting region
R, the implied minimum variability timescale quantity for each
model is derived according to

tvarmin '
(1 + z) R

δc
· (5)

For the first flare we observed large flux changes (up to factors
of ∼4) within 0.5 h (Pichel & Paneque 2011; Aliu et al. 2016);
instead, the second flare shows substantial flux changes (∼2)
on timescales of several days. Consequently, we consider only
models that yield a minimum variability timescale of tvarmin ≤

0.25 h and tvarmin ≤ 1 day for the first and second VHE flare,
respectively.

4.2. First VHE flare

All spectral points that were obtained at the time or close to the
time of the VHE flare measured by VERITAS and the Whipple
10 m telescope at MJD 54 952 are shown in the top panel of
Fig. 9 (see Sects. 3.1.1 and 3.1.1 for details on the individual
observation times).

The attempt to apply the grid-scan to the broadband SED
from this flaring episode is affected by the flux variability on
sub-hour timescales and the lack of strictly-simultaneous multi-
wavelength observations, as discussed in the previous sections.
Therefore, the SED reported in this section is not necessarily a
good representation of the true SED for this flaring episode, and
hence any modeling results have to be regarded as inconclusive.

In this SED modeling exercise, the data used are the mea-
surements from Swift (UV and X-rays), Fermi-LAT (two-day
spectrum), and Whipple 10 m very high state. The optical and
infrared, as well as the radio points, are not taken into account
for the evaluation of the agreement of the SSC model curves with
the data. The first two are strongly dominated by emission from
the host galaxy, and the last only serve as upper limits for the
SSC flux as the radio emission shows substantially lower vari-
ability timescales and is widely assumed to stem from a larger
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Fig. 9. Broadband SED of Mrk 501 during the two VHE high states observed within the campaign (upper panel: MJD 54 952, lower panel:
MJD 54 973). See text for details regarding the included spectral measurements. The data points have been corrected for EBL absorption according
to the model by Franceschini et al. (2008). The emission of the host galaxy parameterized according to Silva et al. (1998) is shown with a gray
dashed line, while the one-zone SSC model describing the average broadband SED over the entire campaign (see Abdo et al. 2011a) is depicted
with a gray solid line.

region than the emitting blob responsible for the few-day long
flaring activity.

Exploiting the entire parameter grid space, neither the one-
zone SSC model nor the two-zone SSC model can reconstruct
the measured broadband SED, with the data-model agreement
quantified with χ2/d.o.f. > 300/20, which would imply a prob-
ability of agreement P (or p-value)12 between the SSC model

12 The conversion between χ2/d.o.f. and probability values assumes
that the χ2 distribution (for the given degrees of freedom) is also valid
for χ2 values that are very far away from the central value, which is not

curves and the data points of P < 10−50. When removing the
tight constraint given by the cut in tvarmin , the best agreement ob-
tained with the one-zone SSC scenario from the grid-scan de-
fined by Table 5 is χ2/d.o.f. = 180/20 (P ∼ 10−27). The two-
zone scenario with the quiescent emission characterized by the

necessarily correct. In any case, when the model-to-data agreement is
very bad (i.e. the χ2 value is very high) the precise knowledge of the
P value is not relevant for the discussion, and hence the inaccuracy of
the conversion between χ2 values and probabilities does not critically
impact the results discussed in the paper.
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model parameters from the average SED reported in Table 4
and the (spatially independent) region responsible for the flar-
ing activity modeled based on the coarse grid parameter val-
ues shown in Table 6 provides at best an agreement given by
χ2/d.o.f. = 225/20 (P ∼ 10−36). Since the X-ray spectrum at
low energies is already accounted for with the “quiescent” zone,
the contribution from the “flaring” zone (which is needed to ex-
plain the increase in the flux at VHE) exceeds the measured flux
at X-ray energies, and hence yields a bad agreement with the
data points.

In addition to trying with the grid-scan defined in Table 5,
we also evaluated the model-to-data agreement when using
a one-zone scenario with the grid-scan defined in Table 6,
which provides a simpler theoretical scenario (only one break
in the EED instead of two), but with somewhat extended ranges
probed for the parameters γmin, γmax, γbreak, ne, and log( R

cm ).
We found a few models with data-model agreement given by
χ2/d.o.f. = 95/20 (P ∼ 10−11). But as soon as the requirement
for fast variability is applied, all these models (mostly featuring
large emission regions with R ≥ 1016.5) are no longer applicable,
and the agreement between the SSC model curves and the data
points become χ2/d.o.f. > 300/20.

One of the difficulties in modeling these data with a one-
zone scenario is that it is difficult to describe the emission in
the UV and the X-ray range with a synchrotron component.
These UV flux points cannot be modeled only with the host
galaxy template, and the one-zone models that could poten-
tially describe well the shape of the X-ray spectrum would pro-
duce a flux that is many times below the measured UV flux,
and hence would give a very bad data-model agreement. Con-
trary to the mentioned caveat of a time offset between the X-
ray and VHE γ-ray observations, the UV and the X-ray ob-
servations were performed simultaneously and thus should be
reconstructed consistently. The difficulty in modeling the UV
and X-ray measurements in a consistent way suggests that a
more complex scenario is needed to explain this emission. In
Aliu et al. (2016), the host galaxy was modeled using a different
template with respect to the one in Abdo et al. (2011a) that is
used in this paper. The host galaxy template used in Aliu et al.
(2016) describes approximately the measured UV flux level from
the three-day broadband SED considered in Aliu et al. (2016),
but it would not be consistent with the variability in the data set
presented here. Figure 1 shows the relative variations in the UV
flux of more than 50% (peak to peak), which cannot occur if this
UV emission is dominated by the steady emission from the host
galaxy.

4.3. Second VHE flare

The SED of Mrk 501 built from spectra around the time of the
second flux increase seen by MAGIC on May 22 (MJD 54 973)
is shown in the bottom panel of Fig. 9 (see Sects. 3.1.2 and 3.1.1
for details on the individual observation times). The data related
to the second flare were not taken strictly simultaneously. How-
ever, here the resulting caveat is not as strong as for the first flare.
On the one hand, the observed variability occurs on timescales of
days, rather than tens of minutes, and the RXTE/PCA measure-
ments were performed within a day of the VHE observations.
While this is not true for the Swift/XRT measurements, the over-
all flux changes are relatively small, and the derived Swift/XRT
spectrum is in very good agreement with the one derived from
RXTE/PCA, as can be seen in the bottom panel of Fig. 9.

The results obtained for the one-zone scenario following the
grid-scan from Table 5 gave a best probability of agreement

with the data points of Pbest ≈ 4 × 10−10 (χ2/d.o.f. ≈ 123/41).
We found that there are 14 additional SSC model curves with a
model-to-data probability higher than 0.1% of the best-matching
model (i.e. P > 10−3 × Pbest), which we set as a generous prob-
ability threshold to consider the model-to-data agreement com-
parable. Given that Pbest ≈ 4 × 10−10, even those models with a
best agreement of P > 10−3 × Pbest do not adequately describe
the measured broadband SED, yet this relatively bad model-to-
data agreement is not worse than some of the agreements be-
tween (simple) models and SED data shown in some studies (e.g.
Abdo et al. 2010b; Giommi et al. 2012; Domínguez et al. 2013;
Ahnen et al. 2016). This occurs because, in most studies involv-
ing broadband SEDs, the models are adjusted “by eye” to the
data without any rigorous mathematical procedure that quanti-
fies the model-to-data agreement. Differences on the order of
20−30% in a log-log plot spanning many orders of magnitude
do not “appear to be problematic”, although these differences
could be (statistically) significant owing to the small errors from
some of the data points (e.g. optical/UV and X-ray). If the differ-
ences between the data and model are not substantial (regardless
of the statistical agreement), the models are considered to ap-
proximately describe the data and can be used to extract some
physical properties of the source and its environment.

Figure 10 depicts the best SSC model curves from the one-
zone scenario, with the model featuring the best agreement to the
data shown with a red curve, and the other 14 SSC models with
comparable (down to 0.1%) model-to-data agreement shown
with dark gray curves. Given the very low number of SSC
model curves in this group, we decided to also depict those SSC
models with model-to-data probability of agreement higher than
10−6 × Pbest and 10−9 × Pbest with lighter gray shades (see leg-
end), which increased the number of SSC model curves depicted
to 34. The thresholds used of 10−6 × Pbest and 10−9 × Pbest are
somewhat arbitrary, and could be changed without any major
qualitative impact on the reported results. The inclusion of these
additional 20 models in the figure helps illustrate the behavior
of the SSC model curves that start being worse than the best-
matching model. To guide the eye, the SSC model describing the
average state is also shown (from Abdo et al. 2011a, dash-dotted
black line): the most significant deviations of the model curves
from the data points stem from the Swift region. Therefore, while
the hard X-ray and γ-ray bands can be satisfactorily modeled
with a one-zone SSC scenario, this model realization fails at re-
constructing both the soft X-ray data points and the UV emission
at the same time. Figure 11 displays how many model curves
produced for each point on the parameter grid yield a model-to-
data agreement probability P better than 10−3 × Pbest, which are
the models that are considered to be comparable. This is shown
for each of the parameters separately. Some parameters are more
constrained than others: e.g. γbreak,1, γbreak,2, and α2 show a nar-
rower distribution than, for instance, γmax or α3, which lead to
equally good models over essentially the entire range of val-
ues probed. Additionally, as done for Fig. 10, with lighter gray
shades we also report the parameter values for P > 10−6 × Pbest
and P > 10−9×Pbest. The SSC models that are not comparable to
the best-matching model (i.e. those with P < 10−3×Pbest) have a
similar distribution for those parameters that are not constrained,
like γmax or α3. On the other hand, of the parameters that can be
constrained, like γbreak,1 and α2, these additional models extend
the range of parameter values with respect to the distributions
for the models with P > 10−3 × Pbest. The parameter γbreak,2
seems to be quite well constrained, and even the models with
P < 10−3 × Pbest converge to the same value of 3.2×105. The
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Fig. 10. SED grid-scan modeling results for the flaring episode around MJD 54 973 in the scope of a one-zone SSC scenario. Shown are the
model curve (red solid line) with the highest probability of agreement with the data as well as model curves within different probability bands. For
comparison, the SSC one-zone model found to describe the average state (Abdo et al. 2011a) is also given (black dash-dotted line). Data points
have been corrected for EBL absorption according to the model by Franceschini et al. (2008).

implications of these distributions on the possibility to constrain
the different model parameters is discussed further in Sect. 5.

We also evaluated the model-to-data agreement for the one-
zone scenario that uses the more simple grid-scan defined by
Table 6, which is related to a grid of 9 parameters (instead of
11), but with a somewhat extended region for some of these pa-
rameters. We found that this grid-scan did not provide any addi-
tional SSC model with P > 10−3 × Pbest, and only five additional
SSC models with P > 10−9 × Pbest. Hence this grid-scan did
not bring any practical improvement with respect to that from
Table 5, which led to 14 SSC models with P > 10−3 × Pbest and
34 SSC models with P > 10−9 × Pbest.

When using the above-mentioned two-zone SSC scenario,
with the quiescent emission characterized by the model parame-
ters from the average SED reported in Table 4 and the spatially
independent region responsible for the flaring activity modeled
based on the coarse grid parameter values reported in Table 6,
we find a substantial improvement with respect to the one-zone
models in describing the measured broadband SED (includ-
ing the UV emission), with a best model-to-data probability of
Pbest ≈ 2.5×10−3 (χ2/d.o.f. ≈ 71/41). The two-zone model pro-
vides a better description of the SED than the one zone model,
but it still does not reproduce the data perfectly.

Figure 12 displays the 69 SSC model curves with model-
to-data agreement probability P better than 10−3 × Pbest, which
is the generous probability threshold that we adopted to con-
sider the probability of agreement comparable. Because of the
relatively large number of SSC model curves (in comparison to
those surviving the same selection criteria in the one-zone sce-
nario), we decided to split those models into three groups ac-
cording to their model-to-data probability P being better than
10−1 × Pbest, 10−2 × Pbest, and 10−3 × Pbest. Since Pbest ≈0.25%,
these models start providing an acceptable representation of the

data, with the different bands reporting slightly different levels
of success in the model-to-data agreement. The parameter values
for these models are depicted in Fig. 13. As occurred for the one-
zone scenario, some parameters are better constrained than oth-
ers; for example, γbreak shows a narrow distribution, while γmin
and γmax show a rather flat distribution. Although the parameter
γmin was probed up to 106, the highest γmin values used in the
SSC models that can adequately describe the broadband SED
only go up to 104, which for the highest B field values reported
in Fig. 13 (∼0.15 G) relate to a cooling time of 3.5 × 106 s. This
is one order of magnitude longer than the dynamical timescale
set by the highest R values reported in Fig. 13 (1016 cm), hence
ensuring the existence of a low-energy cutoff. See Sect. 5 for
further discussions of this topic.

In order to refine the adjustment of the different model pa-
rameters even further, a second iteration of the grid-scan mod-
eling, referred to as a dense grid-scan, is performed. The dense
grid-scan focuses on the parameter ranges that provide the best
model-to-data agreement in the coarse grid-scan, which are de-
picted in Fig. 13. Following this strategy, the chosen parameter
ranges can be narrowed in favor of a smaller step size in the in-
dividual parameters, while keeping the computing time at a rea-
sonable amount. The new dense grid ranges and number of steps
for each of the parameters are given in Table 7.

The model with the highest probability of model-to-data
agreement in the dense grid-scan yields Pbest ≈ 6.6 × 10−2

(χ2/d.o.f. ≈ 55.4/41), which implies an order of magnitude
improvement with respect to the best-matching model obtained
with the coarse grid-scan. If this model curve had been obtained
through a regular mathematical fit, and conservatively consid-
ering that the nine dimensions of the grid relate to nine inde-
pendent and free parameters in the fitting procedure, we would
have obtained a p-value ≈ 6.3× 10−3 (χ2/d.o.f. ≈ 55.4/32). The
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Fig. 11. Number of SSC model curves with a fit probability above the given limits vs. each probed value of each model parameter. Given are
the results for the coarse parameter grid within a one-zone scenario for MJD 54 973. The X-axis of each plot spans the probed range for each
parameter. The figure shows the model with the highest probability of agreement to the data (red) and all models within several probability bands
(gray shades, see legend).
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Fig. 12. SED grid-scan modeling results for the flaring episode around MJD 54 973 in the scope of a two-zone SSC scenario. The total emission
(solid lines) is assumed to stem from a first quiescent region (black dot-dashed lines) responsible for the average state (Abdo et al. 2011a) plus
a second emission region (dashed lines). The model with the highest probability of agreement with the data is highlighted in red. Model curves
underlaid in gray show the bands spanned by models with a fit probability better than 0.1 × Pbest, 0.01 × Pbest, and 0.001 × Pbest, respectively. Data
points have been corrected for EBL absorption according to the model by Franceschini et al. (2008).

dense grid-scan focused on relatively good regions of the pa-
rameter space, which yielded a large number of SSC curves with
a good model-to-data agreement although the parameter values
of this dense grid-scan still vary widely (implying very different
physical conditions in the source). Because of the large number
of model curves, we can be more demanding with the probability
threshold for considering the probability of agreement compara-
ble to that of the best-matching model: a probability threshold
of 0.1 × Pbest still keeps 1684 SSC models, which is a large in-
crease in statistics, in comparison to the results obtained with
the coarse scan. Given that Pbest ≈ 6.6%, all the models above
this probability threshold provide a decent representation of the
data. We split these models into three groups according to their
model-to-data agreement being P > 0.9 × Pbest, P > 0.5 × Pbest,
and P > 0.1×Pbest, hence reporting somewhat different levels of
success in describing the measured broadband SED.

Here too we investigate the spread – or degeneracy – of the
different models within the dense grid space of model param-
eters. Figure 14 shows again the distribution of the best model
(red) and the models with P > 0.9 × Pbest, P > 0.5 × Pbest, and
P > 0.1 × Pbest over the entire dense grid parameter space. In
comparison to Fig. 13, an apparent larger degree of degeneracy
can be seen; the distributions have entries in most of the probed
parameter ranges depicted in the figure. The wider spread in the
parameter values shown in Fig. 14 is caused by the selected pa-
rameter range, which is narrower and intentionally only covers
regions with an already reasonable agreement between model
and data, as derived from the coarse grid-scan. Despite the large
spread, one can see that there are regions with slightly better
model-to-data agreement, like the region around γbreak ∼ 5× 105

or the region around α1 ∼ 1.9. The results are discussed further
in Sect. 5.

The SED models that were picked as a result of the dense
grid-scan for two-zone SSC models are presented in Fig. 15.
The figure highlights three SSC model curves: the model that
gave the best agreement with the SED data points, a model fea-
turing a prominent high-energy component in the EED, and a
model that features a low Doppler factor of δ = 5. The parame-
ter values for these three specific SSC model curves are given in
Table 8, showing once more that three very distinct sets of SSC
model parameters can provide comparable agreement with the
experimental data.

5. Discussion

5.1. Variability and correlations

For Mrk 501, an increase in the fractional variability with energy
has been reported in the past within the X-ray and VHE band
(Gliozzi et al. 2006; Albert et al. 2007a; Aliu et al. 2016). In the
work presented here, we extend this trend throughout all wave-
lengths from radio to VHE γ rays, showing that the source is rel-
atively steady at radio/optical frequencies, but variable (Fvar ≥

0.2) and very variable (Fvar ≥ 0.4) in the X-ray and VHE γ-ray
bands, respectively, with a clear increase in the fractional vari-
ability with energy (observed in all the bands we can measure). A
similar variability pattern was reported in Aleksić et al. (2015b)
and, during the preparation of this study, also in Ansoldi et al.
(in prep.) in relation to the extensive campaigns on Mrk 501 per-
formed in 2008 and 2012, respectively. This suggests that this
variability vs. energy behavior is an intrinsic characteristic in
Mrk 501. On the other hand, Furniss et al. (2015) has recently
reported a different fractional variability vs. energy pattern based
on observations taken in 2013 where the observed variability at
X-rays is similar to that at VHE.
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Fig. 13. Number of SSC model curves which fulfill the given limits for the fit probability vs. each probed value of each model parameter. Shown
are results for the coarse parameter grid-scan within a two-zone scenario for MJD 54 973. The X-axis of each plot spans the probed range for each
parameter. Given are the model with the highest probability of agreement with the data and all models within the given probability bands (see
legend). The parameter ranges chosen for the dense scan are also shown in each plot.

Table 7. Grid parameter space probed for two-zone models within the dense grid-scan applied to the flare around MJD 54 973.

Dense grid
γmin γmax γbreak α1 α2 ne

B
mG log

(
R

cm

)
δ

two-zone
min 2.1 × 101 3.2 × 105 1.2 × 105 1.7 3.5 2 × 103 20 14.5 5
max 5 × 104 1 × 108 2 × 106 2.1 5.0 1 × 105 200 16.0 30

# of steps 5 4 12 21 7 10 10 10 6
Spacing log log log lin lin log log lin lin

Notes. The number of SSC models required to realize this grid-scan amounts to 212 million. See text for further details.

The multiband variability pattern that has been observed in
Mrk 501 is quite different from that observed in Mrk 421 dur-
ing the multi-instrument campaigns from 2009, 2010, and 2013,
as reported in Aleksić et al. (2015a, (2015c) Baloković et al.
(2016). In these works a double-bump structure in the fractional
variability plot was found (instead of a continuous increase with
energy) which relates to the two bumps in the broadband SED,
and where the highest variability occurs at X-rays and VHE at
comparable levels.

A clear correlation of the X-ray and VHE γ-ray emission
was observed during the large and long γ-ray activity from 1997
(e.g. Pian et al. 1998; Gliozzi et al. 2006), but this correlation
was only marginally detected during the γ-ray flare observed in
2005 (Albert et al. 2007a). The low significance in the X-ray-
to-VHE correlation during the flares in 2005 was ascribed to
the lack of sensitive X-ray measurements during this observing
campaign; only RXTE/ASM data, which has limited sensitiv-
ity to detect Mrk 501, was available for this study. A positive
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Fig. 14. Distributions of the investigated models in the individual model parameters for the dense parameter grid and a two-zone scenario for
MJD 54 973. The X-axis of each plot spans the probed range for each parameter. Shown are the model with the highest probability of agreement
with the data and all models that populate the given probability bands (see legend).

Table 8. Results of the dense grid-scan SED modelling of the flaring episode around MJD 54 973 in the scope of a two-zone SSC scenario.

Selected
γmin γmax γbreak α1 α2 ne

B
mG log

(
R

cm

)
δ χ2

d.o.f.
P

Pbest

ue
uB

tvarmin
hmodels

Best χ2 1 × 103 1.0 × 108 5.6 × 105 1.90 4.5 7.4 × 103 56 15.7 10 55.4/41 1.00 933 4
HE comp 1.0 × 103 1.5 × 107 4.3 × 105 1.86 3.5 4.8 × 103 56 15.7 10 57.5/41 0.68 919 4

Low δ 1.5 × 102 1.5 × 107 5.6 × 105 1.82 3.5 2.0 × 103 72 16.0 5 64.2/41 0.18 424 19

Notes. Quoted here are the three models highlighted in Fig. 15: the model with the best agreement to the data, a model with a prominent high-
energy electron component, and a model with a remarkably low Doppler factor (δ = 5). Besides the model parameters, the reduced χ2 values, the
fit probability compared to the best achieved fit probability, the departure from equipartition and the implied minimum variability timescale are
also reported.

correlation between X-ray and VHE γ rays was also reported
– for the first time – during very low X-ray and VHE activity,
but only at a 99% confidence level (Aleksić et al. 2015b). The
marginally significant correlation observed during this low activ-
ity, using data from the multi-instrument campaign in 2008, was
ascribed to the very low variability during that campaign, where
the measured Fvar values were about 0.1 for X-rays and 0.2 for

VHE. As reported above, during the multi-instrument campaign
in 2009, Mrk 501 was mostly in its low/typical state, but we
also measured two flaring activities in May 2009. The measured
Fvar is about 0.3 for X-rays and 0.8 for VHE, while if we ex-
clude the two flaring episodes we obtain Fvar values of about
0.2 for X-rays and 0.5 for VHE. However, despite the larger
variability observed in 2009 (with respect to 2008), we did not
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Fig. 15. Modelling of the SED of Mrk 501 compiled from measurements collected during the high state observed around MJD 54 973. Two-zone
SSC models have been inspected following the grid-scan strategy. The total emission (solid lines) is assumed to stem from a first quiescent region
(black dot-dashed lines) responsible for the average state (Abdo et al. 2011a) plus a second emission region (dashed lines). Highlighted are the
model with the highest probability of agreement with the data (red), a model featuring a prominent high-energy component in the EED (orange),
and a model with low Doppler factor (cyan, δ = 5). Model curves underlaid in grey show the bands spanned by models with a fit probability
better than 0.9 × Pbest, 0.5 × Pbest and 0.1 × Pbest, respectively. The data points have been corrected for EBL absorption according to the model by
Franceschini et al. (2008).

observe any significant correlation between the X-ray and the
VHE emission (including and excluding the flaring episodes).
This may appear to be a controversial result, but we would like to
stress that a very significant correlation with past data was only
observed during the very large and long flare in 1997. Recently,
Furniss et al. (2015) reported a significant X-ray-to-VHE corre-
lation using data from the multi-instrument campaign in 2013.
This correlation is dominated by the large X-ray and VHE activ-
ity observed over four consecutive days in July 2013, although
it still remains at 2 σ (for the 0.3−3 keV energy band) and 5σ
(for the 3−7 keV band) when removing the flaring activity. In
conclusion, some multi-instrument campaigns on Mrk 501 do
not show a clear X-ray-to-VHE correlation when the source is
not flaring strongly or persistently high. However, for the other
archetypal TeV blazar, Mrk 421, the X-ray-to-VHE correlation is
significantly detected during both low- (e.g. Aleksić et al. 2015a;
Baloković et al. 2016) and high-activity states (e.g. Fossati et al.
2008; Acciari et al. 2011a; Aleksić et al. 2015c).

The X-ray-to-VHE correlation and the fractional variability
vs. energy pattern observed in Mrk 421 suggests that the X-ray
and VHE emissions are produced by the same electrons within
the framework of SSC scenarios, and that the highest variability
is produced by the highest energy and most-variable electrons
that dominate the emission at the keV and the TeV bands, re-
spectively. Instead, in Mrk 501 we observe a continuous increase
in the variability with energy and absence of persistent correla-
tion between the keV and TeV emissions. This suggests that the
highest energy electrons, in the framework of SSC scenarios, are
not responsible for the keV emission, while they are responsi-
ble (at least partially) for the TeV emission. Alternatively, there

could be an additional (and very variable) component contribut-
ing to the γ-ray emission in addition to that coming from the
SSC scenario, like inverse-Compton of the high-energy electrons
off some external low-energy photon fields (Dermer et al. 1992;
Sikora et al. 1994; Finke 2016).

5.2. VHE flaring state SEDs

The first flaring event (MJD 54 952) is characterized by a fast and
large outburst in the VHE band, which was apparently not ac-
companied by a substantial increase in the X-ray flux, and hence
appeared to be like an “orphan flare” (see e.g. Krawczynski et al.
2004). In fact, based on these observations, this event was ten-
tatively categorized as an orphan flare event (Pichel & Paneque
2011; Neronov et al. 2012), which would substantially challenge
the currently favored SSC emission models (for HBLs). How-
ever, a detailed look at the SED of the flaring episode reveals a
hardening of the X-ray spectrum measured by Swift/XRT (see
Sect. 3), which more likely corresponds to a shift of the syn-
chrotron bump towards higher energies. During the outstanding
activity in 1997, the synchrotron peak was shifted to beyond
100 keV, as accurately measured by BeppoSax (Pian et al. 1998).
Such a large increase in the location of the synchrotron peak
position could have occurred in the MJD 54 952 flare discussed
here. Additionally, the peak of the high-energy γ-ray bump at the
time of this flare also appears to shift towards higher energies, as
occurred in 1997. This suggests a more general appearance of
such phenomena, and that – even though the measured keV and
TeV flux are not correlated during this flaring activity – the over-
all broadband X-ray and VHE emission may still be correlated,
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which could have been measured if X-ray observations at sev-
eral tens of keV had been available during this flaring episode.
Such a shift of the entire SED has been interpreted as a shift
in the energy distribution of the radiating electron population
(e.g. Pian et al. 1998; Albert et al. 2007a). In this context, the
small change in the inverse Compton peak position compared
to that of the synchrotron peak location could be ascribed to
Klein-Nishina effects. High-energy electrons can efficiently pro-
duce high-energy synchrotron photons; however, they are not
able to upscatter photons as effectively as the lower-energy elec-
trons because the Klein-Nishina cross-section is smaller than
the Thomson cross-section (Tavecchio et al. 1998; Acciari et al.
2011b).

We tried to parameterize the broadband SED during this first
flare (MJD 54 952) using a wide range of SSC emission scenar-
ios following the grid-scan strategy defined in Sect. 4.1, allow-
ing for models with one or two (independent) emission zones
and covering a wide range in the space of model parameters.
We found that none of the tested models could satisfactorily re-
produce the changes observed in the spectral distribution. This
broadband SED can be explained with more sophisticated the-
oretical models, like the inhomogeneous time-dependent mod-
els reported in Ghisellini et al. (2005), Graff et al. (2008), Chen
et al. (2011 2015, 2016), which provide a more elaborate phys-
ical scenario, at the expense of an increase in the number of
degrees of freedom of the model. However, a caveat has to be
taken into account when interpreting these results, which is the
lack of strict simultaneity of the different data sets, in partic-
ular the Swift/XRT and the VHE γ-ray data. The individual
exposure times are separated by seven hours, while we see
flux changes of a factor of ∼4 on sub-hour timescales, as re-
ported in Pichel & Paneque (2011) and Aliu et al. (2016). There-
fore, it is somewhat uncertain whether the measurements of
the synchrotron peak and the high-energy peak probe the same
source state. In the recent study reported in Aliu et al. (2016),
the broadband SED derived for the three-day time interval
MJD 54 952–55 could be satisfactorily parameterized with a
one-zone SSC scenario that differs from the one used here and
in Abdo et al. (2011a) in various aspects, including the template
used to describe the host galaxy contribution.

Compared to the first flaring event, the second flare
(≈MJD 54 973) occurs during VHE flux changes of factors of
∼2 on timescales of a few days, and hence the lack of strict
simultaneity in the X-ray/VHE observations is a much smaller
caveat than for the first flaring event. In this case, again fol-
lowing the grid-scan modeling approach, one-zone SSC models
were unable to describe the measured SED (reaching best prob-
abilities of agreement ∼10−10). The two-zone SSC models were
able to reproduce the experimental observations better (reaching
best probabilities of agreement ∼10−3). Therefore, the two-zone
scenario appears to be favored compared to the one-zone sce-
nario considered here. Building on the range of two-zone model
parameters providing decent data-model agreement, a fine grid-
scan was performed, yielding hundreds of two-zone SSC mod-
els with probabilities of agreement ∼10−2. The obtained set of
two-zone SSC models providing the best agreement comprises
several setups with quite different implications for the parame-
ters defining the EED and the surrounding region of the second
emission region (see Sect. 4.3).

Comparing the configurations obtained for the emission re-
gion responsible for the second flare with the parameter values
describing the emission region assumed to create the quiescent
emission, some general trends can be stated: while the param-
eters describing the EED and the Doppler factor are found to

populate roughly the same ranges of values, the electron density
ne is increased by 1−2 orders of magnitude, the magnetic field
is larger by ≈1 order of magnitude, and the size of the emission
region R is found to be smaller by 1−2 orders of magnitude. The
last result is affected by the requirement of a minimum variabil-
ity timescale of a day in order to account for the variability seen
in the data.

In addition to the general observations made above, some
interesting model configurations stand out from the set of ad-
equate scenarios: models that feature a prominent high-energy
component in the EED and models with Doppler factors as low
as δ = 5 can be used to adequately model the flaring SED. In the
paragraphs below we discuss the benefits of these two families
of models.

Synchrotron self-Compton models with a strong high-energy
component are interesting not only to explain the SED collected
during the presented campaign, but also in the context of other
observations of Mrk 501. During the extreme flare seen in 1997,
a strong increase in the regime of hard X-rays, around 100 keV,
was observed (Bradbury et al. 1997). This increase can be in-
terpreted as the emergence of a strong high-energy component
adding to the overall SED, which only sometimes becomes vis-
ible during extreme flaring states. Moreover, Cherenkov tele-
scope observations often give hints of an additional hard compo-
nent in the EED during flaring times: in Albert et al. (2007a) a
significant spectral hardening during flaring states was observed
and reported for the first time, and in the course of several more
observational campaigns this “harder when brighter” behavior
has been established as typical for Mrk 501. Ultimately, a ten-
dency for this behavior was also seen during the campaign pre-
sented in this paper. In this light, SSC models with such a high-
energy contribution to the EED could be favored as they can also
explain such mentioned observations. Naturally, with the data set
at hand and the lack of hard X-ray observations above ≈20 keV,
they can neither be confirmed nor discarded.

The finding that models with δ = 5 can also adequately
reconstruct the data is particularly interesting. Quite high val-
ues (above δ = 10, up to δ = 50 or more) are usu-
ally required to model the SEDs of blazars (Tavecchio et al.
1998; Krawczynski et al. 2001; Saugé & Henri 2004). These
high Doppler factors are in tension with regard to expecta-
tions from the small (typically less than 2c) apparent veloc-
ities observed in the 43 GHz radio emission of various high-
peaked BL Lac objects, and particularly with that measured
for Mrk 501 (Edwards & Piner 2002; Piner & Edwards 2004;
Piner et al. 2010). This has posed a common problem for TeV
sources, which has been dubbed the “bulk Lorentz factor crisis”
(Henri & Saugé 2006), and requires the radio and TeV emission
to be produced in regions with different bulk Lorentz factors.
Debates on this problem (see e.g. Georganopoulos & Kazanas
2003; Levinson 2007; Stern & Poutanen 2008) have led to a
series of sophisticated models, for example the “spine-sheath”
model from Ghisellini et al. (2005), in which the jet is structured
transverse to its axis into a fast “spine” that produces the high-
energy emission, and a slower “layer” which dominates the radio
emission. The modeling results presented in this paper show that
it is actually possible to model the SED of a flaring activity of
Mrk 501 using a relatively small Doppler factor to describe the
flaring emission, hence alleviating the tension with the radio in-
terferometric observations. Naturally, such low Doppler factors
cannot be used for broadband SEDs related to periods with fast
(sub-hour) variability, such as the one from MJD 54 952, but they
can be be used for broadband SEDs related to flaring activities
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with day timescales, such as the one from MJD 54 973, which
are more commonly observed in high-peaked BL Lac objects.

In addition to individual models which give a good repro-
duction of the data, the degree of degeneracy of well-fitting
models in the individual parameters has also been studied, re-
vealing a wide range of equally good models in the SSC pa-
rameter space, and showing that some model parameters can be
constrained much better than others. While this can be seen al-
ready for the one-zone SSC models, where γbreak,1 and γbreak,2
show a narrower distribution than γmax or α3, it is particularly
interesting to study this for the more applicable two-zone sce-
nario, which is the one that suitably describes the data. We find
that for both the coarse and the dense grid-scan, the distribution
of parameter values giving a good agreement with the data is
quite well constrained for some parameters, such as the Lorentz
factor at the break energy of the electrons γbreak, while other pa-
rameters show a rather broad distribution, like γmax or the index
of the EED after the break α2, which points to a real degen-
eracy in these parameters. To some extent this degeneracy can
be explained by the unequal sampling of the SED: the density
and accuracy of measurements at or around the positions of the
synchrotron and the IC peak is rather dense, which leads to a
good definition of the spectral break in the EED. However, mov-
ing from the peak positions up to higher energies, the uncertain-
ties of the measurements increase (especially for the synchrotron
peak) and parameters such as the spectral index after the break
α2 or the Lorentz factor where the EED is cut off γmax cannot be
constrained equally well.

This result has several implications for the modeling of SEDs
in general. On the one hand, it shows that an actual fitting proce-
dure, which moves along the direction of the steepest gradient in
the parameter space towards a minimum in the χ2 of the model-
to-data agreement, does not necessarily reveal the entire picture
of possible descriptions of the data in the context of the applied
model. Usually one best solution is quoted as the result, while
most of the time a wide range of models explain the data equally
well. We also see that in order to be able to put stronger con-
straints on the parameters defining SED models, we need data
sets that are characterized by a better coverage in energy and by
smaller uncertainties in flux. We see in Fig. 15 that especially
the hard X-ray regime, but also the HE and VHE γ-ray regime,
allow for a wide range of possible model curves.

Unfortunately, the exercise presented here indicates that the
SED modeling results that are performed for less constrained
data sets, e.g. for “weak sources” that are sampled with a smaller
energy coverage and with spectral measurements with larger sta-
tistical uncertainties, should be taken with caution because they
are likely to have substantial degeneracies in the model param-
eters. Such modeling exercises can demonstrate that a particular
scenario (e.g. one-zone or two-zone SSC) is capable of repro-
ducing the measured data, but they certainly cannot claim the
exclusiveness or even the prominence of the particular set of pa-
rameter values that has been chosen or found to be “best”.

5.3. Change in optical polarization during VHE γ-ray flare

The first VHE flare (MJD 54 952) was found to coincide with
an observed change in the optical polarization. While simula-
tions of turbulent processes in blazar jets show that a rotation of
this dimension can be ascribed to random behavior (Marscher
2014), the coinciding occurrence of the change in rotation and a
flare of the VHE γ-ray flux suggests a common origin of these
events. Such combined events have already been seen in low-
frequency peaked BL Lac-type sources (LBL) and flat spectrum

radio quasars (FSRQ), but it was observed for the first time for an
HBL in the course of the 2009 campaign, and already reported
in Pichel & Paneque (2011) and Aliu et al. (2016).

These observations show similarities to double or multiple
flaring events seen in the LBL BL Lacertae in 2005 and in
the FSRQ PKS 1510-089 in 2009, which were discussed by
Marscher et al. (2008) and Marscher et al. (2010), respectively.

Exhibiting different peak frequencies for the synchrotron and
the IC bump, the optical variability seen in BL Lac could be seen
as corresponding to the X-ray variability in Mrk 501. While a
strong flare in the VHE band was observed during the first flare
of Mrk 501, BL Lac gives hints for activity in that band during
the first optical outburst (Albert et al. 2007b). A coincidence of
a flaring event and a change in the optical polarization is seen
in all three data sets. The observed degree in optical polarization
in Mrk 501 of ≈5% appears smaller than that in BL Lacertae
(up to 18%). Still, the optical flux in Mrk 501 is strongly dom-
inated by the host galaxy, so that the jet contribution amounts
to only ∼1/3. Therefore, the measured degree of polarized light
in Mrk 501 corresponds to a fraction of ≈15−20% of polarized
emission from the jet, which is comparable to BL Lacertae. The
second episode of high activity in both Mrk 501 and BL Lac was
characterized by an increased flux at the synchrotron bump over
a longer time span.

In the case of BL Lac, Marscher et al. (2008) suggested
that the first flare and the change in polarization may have oc-
curred when a blob of highly energetic particles traveled along
the last spiral arm of a helical path within the acceleration and
collimation zone of the jet, and finally left this zone to enter a
more turbulent region. The second flare seen in BL Lac has been
identified with the passage of the feature through the shocked
region of the radio core. The observed behavior of Mrk 501
suggests that the discussed scenario could be applicable here.
Despite the lack of simultaneous interferometric radio observa-
tions during the two flares, an enhancement of the activity in the
VLBA 43 GHz core emission in May 2009 (with respect to the
previous months) was observed, supporting the interpretation of
the blob traversing a standing shock region during the second
flaring episode.

The polarization data collected during this campaign could
also hint at a different physical scenario. After the VHE flare on
MJD 54 952, not only did the EVPA rotation stop, but it also
started rotating in the reverse direction during the following two
days, and the polarization degree did not drop to the “typical
low-state values” of about 1−2%, but only decreased from 5.4%
to 4.5% (see the bottom two panels of Fig. 1). The characteris-
tics of the polarization data after the VHE flare may be better
explained as resulting from light-travel-time effects in a straight
shock-in-jet model with helical magnetic fields, as proposed by
Zhang et al. (2014, 2015). This shock-in-jet model, which uses a
full three-dimensional radiation transfer code and takes into ac-
count all light-travel-time and other geometric effects (for some
assumed geometries), may be more successful in explaining the
broadband SED (and variability patterns) observed during the
VHE flare from MJD 54 952, which could not be explained with
the relatively simple one-zone and two-zone SSC scenarios de-
scribed in Sect. 4. However, the lack of strictly simultaneous X-
ray/VHE data during the MJD 54 952 VHE flare, and the rela-
tively scarce polarization observations after the VHE flare would
be an important limitation in the full application of this theoreti-
cal scenario to the multi-instrument data set presented here.
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6. Summary and concluding remarks

We presented a detailed study of the MWL variability of the
HBL Mrk 501, based on a multi-instrument campaign that
was conducted over 4.5 months in 2009, with the participation
of MAGIC, VERITAS, the Whipple 10 m, Fermi-LAT, RXTE,
Swift, GASP-WEBT, and several optical and radio telescopes.
Mrk 501 shows an increase in the fractional variability with en-
ergy, from a steady flux at radio and optical frequencies to fast
and prominent flux changes in the VHE γ-ray band. Overall, no
significant correlation was found between any of the measured
energy bands, particularly no correlation was seen between X-
rays and VHE γ rays despite the relatively large variability mea-
sured in these two energy bands. This suggests that the high-
est energy (and most variable) electrons that are responsible for
the VHE γ rays measured by MAGIC, VERITAS, and Whipple
10 m do not have a dominant contribution to the ∼1 keV emis-
sion measured by Swift/XRT. These high-energy electrons may
have a dominant contribution to the hard X-ray emission above
10–50 keV where the instrumentation used in this campaign did
not provide sensitive data. Alternatively, there could be a com-
ponent contributing to the VHE γ-ray emission in addition to the
component coming from the SSC scenario (e.g. external Comp-
ton), which is highly variable and further increases the variability
of Mrk 501 at VHE γ rays with respect to that expected from the
pure SSC scenario.

This paper discusses two prominent flaring events at VHE
γ rays with different characteristics that were seen during the
campaign. The first flare is dominated by a fast outburst in the
VHE range, which does not appear to be accompanied by a large
flux increase in the X-ray band, but shows a hardening in the
X-ray spectrum that can be associated with a shift of the syn-
chrotron bump to higher energies. On the other hand, the second
flare is characterized by a flux increase in both the VHE and
the X-ray band. For the parameterization of the broadband SEDs
from these two VHE γ-ray flares, we applied a novel variation
of the grid-scan approach in the space of model parameters. For
the two theoretical scenarios investigated, the one-zone and two-
zone SSC models, we probed multi-dimensional grids with the
various model parameters, evaluating the model-to-data agree-
ment for tens of millions of SSC models. This strategy allowed
us to identify disjointed regions of equally good model config-
urations, and provided a quantification of the degeneracy in the
model parameters that describe the measured broadband SEDs.
The presented methodology provides a less biased interpretation
than the commonly used “single-curve model adjustment proce-
dure” typically reported in the literature.

A lack of strict simultaneity in the X-ray/VHE observa-
tions of the first flare, which is characterized by large VHE flux
changes in sub-hour timescales, does not permit us to draw final
conclusions on the underlying mechanism; but the SED model-
ing with the grid-scan suggests that a simple one-zone or two-
independent-zone SSC model is not sufficient to explain the
measured broadband emission. The broadband SED derived for
the second flare also lacks strictly simultaneous observations,
but the flux changes here are smaller and on longer timescales,
and hence substantially less problematic than for the first flare.
The overall SED from the second flare cannot be properly de-
scribed by a one-zone SSC model (with an EED with two spec-
tral breaks), while it can be reproduced satisfactorily within a
two-independent-zone SSC scenario. In the two-zone models
applied here, one zone is responsible for the quiescent emis-
sion from the averaged 4.5-month observing period, while the
other one, which is spatially separated from the first, dominates

the flaring emission occurring at X-rays and VHE γ rays. The
grid-scan shows that there is a large number of SSC model real-
izations that describe the broadband SED data equally well, and
hence that there is substantial degeneracy in the model param-
eters despite the relatively well-measured broadband SEDs. For
instance, regarding the features of the EED, the position of the
break(s) appear to be well constrained, while the highest Lorentz
factor and the high-energy spectral index vary more strongly
within the best-fitting model realizations. While the few mod-
els with the best relative agreement to the data feature Doppler
factors δ in the range 10−20, the data can also be reproduced
using substantially lower Doppler factors of δ = 5 while still
reaching fit probabilities higher than 10% Pbest. This shows that
it is possible to reproduce the observed SED from Mrk 501 as-
suming boost factors well below the usually required values of
δ ≈ 10−50, which may loosen a bit the tension posed between
large values of δ required for modeling and low values imposed
from radio velocity measurements, which has been dubbed the
“bulk Lorentz factor crisis”.

A change in the rotation of the EVPA was measured in tem-
poral coincidence with the first VHE flare, at MJD 54 952, as re-
ported in Pichel & Paneque (2011) and Aliu et al. (2016). Here
we also show that during the first VHE flare, the degree of po-
larization increased by a factor of ∼3 with respect to the polar-
ization measured before and after this flaring activity. This is the
first time that this behavior was observed in Mrk 501, or in any
other HBL object, and suggests a common origin of the VHE
flare and the optical polarized emission. With the coincidence
seen of a VHE flare and changes in the trend of the optical po-
larization, this two-flare event resembles prior events observed in
the LBL BL Lacertae and the FSRQ PKS 1510-089, which were
discussed in Marscher et al. (2008) and Marscher et al. (2010),
respectively. The common features suggest a similar interpreta-
tion of the flaring event of Mrk 501 as an emission region which
is traveling upstream of the radio core along a spiral path in
a helical magnetic field, entering a region of turbulent plasma
and crossing the standing shock region of the radio core. After
the VHE flare at MJD 54 952, the polarization degree decreased
from 5.4% to only 4.5% (instead of the typical low-state value of
1–2%), and there is also a small EVPA rotation in the reverse di-
rection during the following two days, which may be difficult
to explain with the typical helical pattern motions mentioned
above; they may be better explained as light-travel-time effects
in a shock-in-jet model in a straight, axisymmetric jet embed-
ded in a helical magnetic field, as reported in Zhang et al. (2014,
2015). Beyond the interpretation of the flaring event itself, the
observational results obtained in the course of this MWL cam-
paign reveal phenomena that have not been seen for any HBL
before, but have already been studied for LBLs and FSRQs. This
gives a strong indication of the intrinsic similarity of these blazar
subclasses, even though they show different jet characteristics in
general, such as apparent jet speed and the overall power out-
put. Observations of rapid variability in the LBL BL Lacertae
(Arlen et al. 2013) support this further, as such fast flux changes
had only been seen in HBL observations.

Additional multi-instrument observations of Mrk 501 will be
crucial to confirm and extend several of the observations pre-
sented here. First of all, the large degeneracy in the model pa-
rameter values providing an acceptable description of the broad-
band SED is largely dominated by the poor coverage at hard
X-rays, as well as the somewhat limited resolution at VHE γ
rays. Since mid-2012, NuSTAR13 provides excellent sensitivity

13 http://www.nustar.caltech.edu
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above 10 keV, which narrows the large gap in the SED between
soft X-rays and the Fermi-LAT regime for campaigns from 2012
onwards. In the coming years, observations with ASTROSAT14

will also be possible, hence facilitating a much more accurate
characterization of the evolution of the synchrotron bump of
Mrk 501, including the determination of hard components in the
EED whose synchrotron emission may peak at 50 or 100 keV.
Moreover, in the regime of VHE γ rays, data sets of much higher
quality are already being collected, yielding a better resolution
and an extended energy coverage. This is achieved on the one
hand by the operation of the MAGIC telescopes as a stereo sys-
tem, which gave a remarkable improvement in the overall perfor-
mance compared to the mono mode which was still operational
during the campaign reported in this paper (Aleksić et al. 2012).
On the other hand, both MAGIC and VERITAS underwent ma-
jor upgrades in the years 2011 and 2012, which gave a fur-
ther substantial push to the performance (Aleksić et al. 2016a,b;
Zitzer et al. 2013). In the future, the Cherenkov Telescope Ar-
ray (CTA) promises to deliver further substantial improvement
both in terms of the energy coverage and the resolution of the
flux measurement (Actis et al. 2011). Additionally, the tempo-
ral coverage extending over many years will permit variability
studies (including many flares) over large portions of the electro-
magnetic spectrum and with good sensitivity, which will permit
an evaluation of whether the association of EVPA rotations and
polarization degree changes with VHE γ-ray flares are rare or
regular events, whether these events occur together with a sec-
ond flaring activity with contemporaneous enhancement of the
VLBA radio core emission, and whether the measured multiband
variability and lack of 1 keV–1 TeV correlation is a typical char-
acteristic in Mrk 501 that is repeated over time.
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Abstract

We present optical and near-infrared stellar polarization observations toward the dark filamentary clouds associated
with IC5146. The data allow us to investigate the dust properties (this paper) and the magnetic field structure (Paper II).
A total of 2022 background stars were detected in the Rc, ¢i , H, and/or K bands to A 25V mag. The ratio of the
polarization percentage at different wavelengths provides an estimate of lmax, the wavelength of the peak polarization,
which is an indicator of the small-size cutoff of the grain size distribution. The grain size distribution seems to
significantly change at ~A 3V mag, where both the average and dispersion of P PR Hc decrease. In addition, we found
l ~ –0.6 0.9max μm for >A 2.5V mag, which is larger than the ∼0.55 μm in the general interstellar medium (ISM),
suggesting that grain growth has already started in low-AV regions. Our data also reveal that polarization efficiency
( º lP APE V ) decreases with AV as a power law in the Rc, ¢i , and K bands with indices of −0.71±0.10,
−1.23±0.10, and −0.53±0.09. However, H-band data show a power index change; the PE varies with AV steeply
(index of −0.95± 0.30) when < A 2.88 0.67V mag, but softly (index of −0.25± 0.06) for greater AV values. The
soft decay of PE in high-AV regions is consistent with the radiative alignment torque model, suggesting that our data
trace the magnetic field to ~A 20V mag. Furthermore, the breakpoint found in the H band is similar to that for AV,
where we found the P PR Hc dispersion significantly decreased. Therefore, the flat PE–AV in high-AV regions implies
that the power-index changes result from additional grain growth.

Key words: dust, extinction – ISM: clouds – ISM: individual objects (IC5146) – ISM: magnetic fields – ISM:
structure – polarization

Supporting material: machine-readable table

1. Introduction

The linearly polarized background starlight observed in early
studies (Hall 1949; Hiltner 1949a) was suggested to result from
dichroic absorption by nonspherical dust grains aligned to B fields
(Hiltner 1949b). Hence, polarized starlight is commonly used as a
tracer of the B-field structure in the plane of sky (e.g., Chapman
et al. 2011; Clemens et al. 2012c; Eswaraiah et al. 2012). The first
theory to explain dust alignment used a paramagnetic mechanism
(DG alignment; Davis & Greenstein 1951). However, later studies
revealed timescale and efficiency problems, so other alignment
mechanisms were offered, including superparamagnetic grains
(Jones & Spitzer 1967) and superthermal rotation rates
(Purcell 1979). Nevethless, most of these mechanisms are only
efficient for particular physical conditions, and fail to explain the
polarization observed across a wide variety of environments
(see review in Andersson et al. 2015).

The model of radiative alignment torques (RATs; Dolginov &
Mitrofanov 1976; Draine & Weingartner 1996, 1997; Lazarian &
Hoang 2007) can currently best explain how dust grains align
with B fields. The RATs theory assumes an anisotropic radiation
field impacting nonspherical dust grains. The radiation field can
generate net torque on the grains and induce both spin of the
grains and precession about the B field. For typical interstellar
radiation fields, the RATs alignment timescale is much faster than
DG alignment (Lazarian & Hoang 2007), and superthermal
rotation tends to enhance RATs alignment more than DG

alignment (Hoang & Lazarian 2009). In addition, RATs is
efficient across a variety of environments, and thus more likely
dominates the grain alignment process.
A key prediction of the RATs theory is the decreasing

polarization efficiency (PE, lP /AV) with increasing AV, because
the radiation field required to align the dust grains is decreased
through extinction (Lazarian et al. 1997). In order to examine
whether the RATs theory can explain observed polarizations,
Whittet et al. (2008) performed a numerical simulation based
on RATs theory and assuming a starless core with only an
external radiation field and a fixed dust grain size distribution
for all AV. Their simulation results matched their K-band
polarimetry data toward Taurus up to at least ~A 10V mag; the
K-band polarization degree varied with AV as a power law, with

t µl
-P AK V

0.52. In addition, their simulation predicted that the
RATs mechanism would cease as AV approached 10 mag, since
the radiation that can penetrate to such high column densities
has wavelengths too long to effectively align the grains.
However, the single power-law matched their data over the

= –A 0 30V mag range well, which was inconsistent with the
predicted cessation of alignment at ~A 10V mag. To explain
the inconsistency, Whittet et al. (2008) argued that the RAT
mechanism may still work in high-AV regions if (1) the dust
grains have undergone significant growth and so can couple to
longer wavelength radiation, or (2) embedded stars are present
to provide radiation at shorter wavelength to enhance the
alignment of small dust grains.
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To further test the RATs theory in dense clouds, Jones et al.
(2015) used both infrared and submillimeter polarimetry data to
trace the variation of polarization efficiency (PE) up to

~A 100V mag within starless cores. They found a change of
power-law index for PE versus extinction from −0.5 to −1 at

~A 20V mag, consistent with the cessation of alignment
predicted by Whittet et al. (2008). In addition, Jones et al.
(2016) found a deeper break point at ~AV hundreds mag and a
reversed trend such that the power-law index of PE versus AV

changed from −1 to −0.5 within the Class 0 YSO G034.43
+00.24 MM1. The opposite trends shown in these two cases
suggest that dust alignment in dense clouds could be strongly
affected by environmental effects.

In the RATs paradigm, the polarization degree is expected to
be wavelength dependent because the cloud extinction
penetration is wavelength dependent and because the highest
alignment efficiency occurs at wavelengths similar to the sizes
of the grains (Cho & Lazarian 2005; Lazarian & Hoang 2007).
Therefore, the polarization wavelength-dependence is deter-
mined by both the extinction and the size of dust grains,
resulting in a polarization spectrum exhibiting a single peak
(lmax). Kim & Martin (1995) showed that lmax is sensitive to
the small-size cutoff of the grain size distribution, since the dust
size distribution is a power law and the small-size cutoff will
effectively determine the mean size of the dust grains. Whittet
et al. (2008) calculated thelmax variation with AV using a RATs
model with a fixed grain size distribution over AV, and showed
that the RATs theory can explain their observed dependence of
lmax increasing with AV to ∼6 mag, but that RATs predicts that
lmax flattens for higher AV in the Taurus cloud.

Recent observational results are mostly consistent with the
RATs theory (Whittet et al. 2008; Alves et al. 2014; Cashman
& Clemens 2014), although the dust alignment efficiency
varies from source to source. As an extreme case, Goodman
et al. (1995) found a constant near-infrared polarization degree
toward L1755 for AV of 1–10 mag, and argued that near-
infrared polarization can only trace the B field on the surfaces
of dark clouds. In contrast, other observations mostly showed a
polarization degree increasing with AV, such as µP AV

0.48

toward Taurus (Whittet et al. 2008) and µP AV
0.26 toward the

L204 cloud 3 (Cashman & Clemens 2014), suggesting that the
constant polarization degree found in Goodman et al. (1995)
represented a special case and was not the norm.

It is still unclear why the P–AV relation found in L1755 is
different from the relation found for other clouds. Whittet et al.
(2008) reanalyzed the L1755 polarimetry data with a better
background star selection and extinction estimation, but still
found the same relation. They speculated that this unique
relation might result from a lack of the typical physical
conditions leading to grain alignment inside this cloud or a
reduction of observed polarization that is due to the complex
B-field structure within the L1755 filaments. To examine these
possibilities, more polarimetry observations covering both a
wider area and more wavebands could help to reveal the
alignment conditions for dust grains with different sizes and to
probe the detailed B-field structure. In addition, since the
Goodman et al. (1995) polarization detections only spanned a
small range of AV (2–8 mag), it would be of interest to perform
polarization observations with higher sensitivity to investigate
this relation to higher AV values.

An ideal target for a detailed testing of the RATs paradigm is
the system of dark cloud filaments associated with the

reflection and emission nebula IC5146, a nearby (∼460 pc)
star-forming region in Cygnus. The system consists of a young
cluster inside an H II region and a long main dark cloud
filament with several subfilaments branching out from the main
filament. The HerschelGould Belt Survey (Arzoumanian
et al. 2011) revealed a complex network of filaments within
the long dark cloud, highlighting the locations of young
forming stars. The Planck polarization map of IC5146 (Planck
Collaboration et al. 2016c) revealed that the B field is nearly
uniform, with the millimeter-wavelength-traced B field oriented
perpendicular to the elongation orientation of the main
filament. This apparently uniform B field gives the IC5146
dark cloud system an advantage for testing the RATs model
because the high angular resolution of stellar polarizations can
be used to test for, and quantify, complex B fields along the
multiple line of sights.
In a series of papers, we will report measurements and

analyses of the polarizations of stars behind the IC5146
filamentary cloud. The polarimetry of background starlight was
performed at both optical and infrared wavelengths to probe the
large-scale B field in the cloud. In this paper, we focus on the
dust properties and the dust alignment conditions revealed by
our data in order to identify where the B fields were accurately
probed by our observations. The observations and data
reduction are described in Section 2. In Section 3 we present
the polarization measurements toward IC5146. Section 4
presents an initial analysis of the data to show how the dust
grain alignment conditions vary with AV and regions. In
Section 5 we discuss the evolution of dust grains and how the
dust properties influence the PE. The consequences of these
results for the investigations of the role of B fields in cloud
evolution will be offered in the forthcoming Paper II.

2. Observations and Data Reduction

We measured the polarization of background stars toward
the IC5146 filamentary cloud system with several instruments:
the Aryabhatta Research Institute of Observational Sciences
(ARIES) Imaging Polarimeter (AIMPOL; Rautela et al. 2004)
and Triple-Range ( ¢g , ¢r , ¢i ) Imager and POLarimeter (TRIPOL;
S. Sato et al. 2017, in preparation) provided optical Rc- and
¢i -band polarimetry data, respectively. Mimir (Clemens et al.
2007) measured the H- and K-band polarizations at near-
infrared wavelengths. Figure 1 shows the target fields for each
instrument overlaid on the Herschelarchive 250 μm image
(Griffin et al. 2010; Arzoumanian et al. 2011). The dust
continuum map shows an east-west main filament connected to
the bright cluster complex, known as the Cocoon Nebula.
Numerous “subfilaments” are extended from the main filament,
with the largest subfilament located on the northwest side of the
main filament. Almost all parts of the cloud were observed with
Mimir, while the fields observed with AIMPOL were chosen to
be mainly in the edge of the cloud in order to cover as many
optically bright stars as possible. The TRIPOL observations
focused on the northwestern region, with longer exposure time,
where bright stars are rare at both optical and infrared
wavelengths. The detailed information of the observations
with the different instruments is described below.

2.1. AIMPOL Polarimetry

The Rc-band (0.67 μm, bandwidth=0.14 μm) polarimetric
observations were carried out toward the IC5146 filamentary
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cloud system using AIMPOL, which is mounted at the
Cassegrain focus of the 104 cm Sampurnanand telescope of
the ARIES, Nainital, India. AIMPOL consisted of a half-wave
plate (HWP) modulator and a Wollaston prism beam-splitter
illuminating a fraction (370×370 pixel2) of the Tektronics
1024×1024 pixel2 CCD camera. The pixel size of the CCD
was 1.73″and the typical seeing was ∼2″. The observations
spanned the nights of 2011 November 4–8 and 2012 November
8–15 and covered 37 fields (see Figure 1), with each field
having a useful diameter of ∼8′. In order to obtain Stokes Q
and U, we took images at four independent HWP orientations
(0°, 22°.5, 45°, and 67°.5; Schaefer et al. 2007). The Wollaston
prism analyzer produced offset, but simultaneous, ordinary and
extraordinary overlapping images for each HWP orientation.
Hence, each image resulted in one measurement of Stokes Q or
U. The integration time was set to 10 minutes for each HWP
orientation, so the total integration time for each field was 40
minutes.

The polarization measurements were calibrated for instru-
mental polarization and offset angle by observing standard
polarized and unpolarized stars drawn from Schmidt et al.
(1992). The data were reduced using standard IRAF proce-
dures.6 The fluxes in the ordinary and extraordinary beams for
each observed source were extracted using standard aperture
photometry. Sources with stellar overlap, fewer than 10% of
the total sources, were excluded. The polarization degree and
angle for each star were derived from the relative fluxes in the
ordinary and extraordinary beams. We removed the Ricean bias
with the asymptotic estimator

s= + -( ) ( )P U Q , 1P
2 2 2

where P is the debiased degree of polarization, Q and U are
normalized Stokes Q and U, and sP is the uncertainty in the

polarization percentage (Wardle & Kronberg 1974). The details
of the observing facility and procedures used to estimate the
polarization degree and polarization angles (P.A.) are described
in Eswaraiah et al. (2011, 2012).

2.2. TRIPOL Polarimetry

Polarimetric observations focused on the northwestern
region of IC5146 in the ¢i bands (0.77 μm, bandwidth
0.15 μm) on 2012 July 27–28 and 2014 July 6 with TRIPOL
installed on the Lulin-One-meter Telescope in Lulin Observa-
tory, Taiwan. Seven fields, each with a size of 4′×4′, were
observed (see Figure 1). TRIPOL consisted of dichroic mirrors
and three ST-9 512×512 pixel2 CCD cameras, which enabled
simultaneous observations in the ¢g , ¢r , and ¢i bands; however,
only the ¢i -band data were able to detect background stars
behind this dark cloud. The pixel sizes of the CCDs were 0.5
arcsec and the average seeing was ∼1 5. A rotatable
achromatic half-wave plate and a fixed wire-grid were used
to analyze the incoming light. Each field was measured at four
HWP orientations (0°, 22°.5, 45°, and 67°.5, with pairs of
images yielding stellar Stokes Q and U values.). The
integration time for each position angle was 22.5 minutes, so
each field required a total of 1.5 hours.
Standard reduction procedures were applied using IRAF, and

the photometry of each background star was obtained using
Source Extractor (Bertin & Arnouts 1996). The debiased
polarization degree and angle for each background star were
derived from the fluxes measured through each of the four
HWP orientation angles and calibrated against observations of
polarized and unpolarized standard stars from Schmidt
et al. (1992).

2.3. Mimir Polarimetry

We carried out H- (1.6 μm) and K-band (2.2 μm) polariza-
tion observations toward IC5146 on 2013 September 17–27,

Figure 1. IC5146 fields surveyed in our polarization observations overlaid on the Herschel250 μm image. The fields observed with TRIPOL and AIMPOL are
labeled with white boxes and green circles, respectively. The magenta boxes show the fields observed with Mimir using the H and K bands, and the cyan boxes show
the fields observed with Mimir using only the H band.

6 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National Science Foundation.
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using the Mimir instrument (Clemens et al. 2007), which is
mounted on the 1.8 m Perkins telescope located near Flagstaff,
AZ, and operated by Lowell Observatory. Fifty-seven fields
covering the IC5146 cloud were observed in the H band, and
12 fields were observed in the K band toward the dense regions
(see Figure 1). The pixel size of the InSb detector array was
0.58 arcsec and the average seeing was ∼1 5. The field of view
was 10′×10′ for Mimir, and we set 1′ overlap between
adjacent fields. Each field was observed in six sky-dither
positions where images were taken at 16 orientation angles of
the HWP. A total of 96 (16×6) images were taken for each
field with 10 sec of integration time for each image for both the
H and K bands, and thus the total integration time was 16
minutes for each field. We took an additional short integration
for fields with bright stars, which took 4 minutes per field.

In order to calibrate the nonlinearities of the InSb detector
array, a series of images were taken with an increasing
exposure time toward an illuminated flat-field screen, and the
response curve of each pixel was fitted with a polynomial
model to obtain a linearity correction. Flat fields for each HWP
position were taken using a lights-on/lights-off method toward
a flat-field screen inside the closed dome during the observation
run. The data were calibrated using the Mimir Software
Package Basic Data Processing (MSP-BDP), and the Photo
POLarimetry tool (MSP-PPOL) was used to extract Stokes Q
and U values for each observed source from the calibrated data.
The detailed processes used in the Mimir Software Package are
described in Clemens et al. (2012a, 2012b, 2012c).

3. Results

3.1. The Polarization Catalog

We matched the polarization data to the 2MASS catalog
(Skrutskie et al. 2006) to obtain positions accurate to 0.5 arcsec.
Table 1 lists all the observed polarization properties as well as
photometric magnitudes from 2MASS and WISE (Wright
et al. 2010). Column 1 lists the star number, and columns 2
and 3 list the R.A. and decl. The measured Stokes Q, U,
debiased P, and position angle P.A. in the Rc, ¢i , H, and K bands
with their uncertainties are listed in columns 4–35. The J-, H-,
K-, W1-, and W2-band magnitudes and uncertainties are listed in
columns 36–45. Column 46 presents the estimated visual
extinction described in Section 4.1. Column 47 present the
Usage Flag (UF; stars with UF=1 were selected for further
analyses, and stars with UF=0 were not used). The usage data
were selected with the polarization degree divided by its
uncertainty sP p�3 for the Rc and ¢i bands, and sP p�2
and sp < 5% for the H and K bands; the selection criteria were
relaxed for near-infrared data, since the number of 3σ near-
infrared detections was too small for adequate statistics.

In total, 2022 independent background stars have polariza-
tion detections in at least one of the four bands, 239 stars were
detected in two bands, 24 stars were detected in three bands,
and only 3 stars were detected in all four bands. About 71% of
the background stars were detected in the H band, 24% in the
Rc band, 10% in the ¢i band, and 8% in the K band.

Figure 2 shows all of the polarization measurements on the
HerschelSPIRE 250 μm image. The inferred B field is
seemingly perpendicular to the main filament on large scales
but parallel to the subfilaments. The bimodal perpendicular or
parallel alignment is similar to that seen in previous polarimetry
work toward filamentary clouds, and has been ascribed to

B-field confinement of sub-Alfvénic turbulence or gravitational
contraction channeled by strong B fields (Li et al. 2013). We
will discuss the B-field structure in detail and estimate the
B-field strengths with the Chandrasehkar-Fermi method to
determine the dynamical importance of the B fields in Paper II.

3.2. Consistency in P.A. between Multiple Wavelengths

To test whether the results from AIMPOL, TRIPOL, and
Mimir were consistent and thereby capable of revealing
wavelength-dependent effects in the probed dust columns, we
selected the stars that had detections at multiple wavelengths,
and we examine their P.A.s in the different wavelengths in
Figure 3. In total, 143, 31, and 65 stars were selected in Rc– ¢i ,
Rc–H, and H–K band pairs. The mean P.A. differences in these
three band pairs were −4°.6±0°.8, 6°.2±0°.8, and
−2°.9±1°.6, respectively. The standard deviation of the
measured P.A. differences were 8°.7, 16°.3, and 26°.6 for the
Rc– ¢i , Rc–H, and H–K band pairwise samples. The average
expected uncertainties of P.A. difference, propagated from

observational uncertainties (s s s= +l l l l-P A P A P A. . . .
2

. .
2

1 2 1 2
),

were 4°.2, 9°.3, and 12°.3 for the Rc– ¢i , Rc–H, and H–K band
pairwise samples. The P.A. difference standard deviations
obtained from these sets are 1–2 times to the propagated
instrumental uncertainties, which are acceptable values since
the P.A.s may be intrinsically different at different wavelengths
because they may trace the polarizations to different depths.

3.3. Negligible Foreground Contamination

We attempted to identify and exclude foreground stars
whose polarizations do not trace the B field of the IC5146
cloud system. To obtain enough star samples to represent the
foreground polarization near IC5146, we selected stars with
known distances and V-band polarization measurements from
van Leeuwen (2007) and Heiles (2000), within a 10° radius sky
area near IC5146. Figure 4 shows the V-band polarization
degree (PV) versus distance for these 41 stars. The distance of

-
+460 60

40 pc to the IC5146 cloud system (Lada et al. 1999) was
used to separate these stars into foreground and background
groups. The polarization degree rises significantly at a distance
of ∼400 pc, which is possibly due to nearby clouds in the
Gould Belt. For most of the stars with distances smaller than
400 pc, the polarization degrees are below 0.3%. This value
was chosen as the upper limit of the foreground V-band
polarization for the sky area near IC5146.
In the interstellar medium (ISM), the polarization in the V

band is greater than that in the Rc, H, or K bands (Serkowski
1973). Hence, based on the foreground star values in Figure 4,
the foreground polarization in the Rc, H, and K bands is
expected to be lower than ∼0.3%. This foreground polarization
upper limit is similar to the instrumental uncertainties of our
data (~ –0.2% 0.5%). Hence, any foreground stars were likely to
have been already excluded by our selection criteria ( s >P 3p

for the Rc and ¢i bands and s >P 2p for the H and K bands).
Thus, we concluded that contamination by foreground stars
was negligible in our sample set, and furthermore, that no
foreground polarization correction to the remaining data was
necessary.
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4. Analysis

4.1. NICER Extinction

Visual extinction provides an estimate of how many dust
grains are responsible for the observed starlight polarization,
and thus is required for estimating dust alignment efficiency
and testing the RATs theory. We used the technique called

near-infrared color excess revisited (NICER; Lombardi &
Alves 2001)7 to calculate the visual extinction over the IC5146
cloud system. The NICER technique uses multiband colors to
obtain extinction for a target field, using extinction coefficients
derived from Indebetouw et al. (2005). We selected a total of

Table 1
Measured Polarization Properties of Stars Probing the IC5146 Dark Cloud Complex

Rc-band Polarimetry ¢i -band Polarimetry

ID R.A. Decl. QRc sQRc URc sURc PRc sPRc PARc sPARc ¢Qi s ¢Qi ¢Ui s ¢Ui ¢Pi
(deg) (deg) (%) (%) (%) (%) (%) (%) (deg) (deg) (%) (%) (%) (%) (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

8327 326.3935 47.6311 1.68 0.32 1.94 0.33 2.54 0.34 24.51 3.44 1.59 0.07 2.18 0.07 2.70
12997 326.6920 47.4848 0.98 0.24 0.90 0.24 1.31 0.25 21.34 4.86 0.54 0.05 1.40 0.05 1.50
13793 326.7371 47.4965 2.11 0.18 1.40 0.18 2.53 0.18 16.75 1.97 2.16 0.05 1.75 0.05 2.78

H-band Polarimetry K-band Polarimetry

s ¢i ¢PAi s ¢PAi QH sQH UH sUH
PH sH PAH sPAH

QK sQK UK sUK
PK sPK

PAK

(%) (deg) (deg) (%) (%) (%) (%) (%) (%) (deg) (deg) (%) (%) (%) (%) (%) (%) (deg)
(17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34)

0.07 26.90 0.70 0.41 0.11 0.65 0.11 0.76 0.11 28.62 4.28 0.03 0.22 0.53 0.20 0.49 0.20 43.34
0.05 34.46 0.97 0.47 0.23 0.47 0.22 0.62 0.23 22.28 10.49 0.31 0.25 0.44 0.16 0.51 0.20 27.36
0.05 19.55 0.50 0.98 0.21 0.70 0.23 1.19 0.22 17.82 5.33 0.37 0.24 0.36 0.13 0.48 0.19 21.98

2MASS Catalog WISE Catalog

sPAK
J sJ H sH K sK W1 sW1 W2 sW2 AV

a UF
(deg) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
(35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47)

11.76 10.861 0.019 9.727 0.028 9.352 0.017 9.163 0.023 9.314 0.019 5.00 1
11.20 11.483 0.025 10.745 0.03 10.462 0.023 10.257 0.022 10.35 0.021 3.03 1
11.66 11.205 0.023 10.333 0.028 10.075 0.022 9.894 0.022 9.961 0.021 3.16 1

Note.
a The uncertainties of AV are 0.93 mag, estimated in Section 3.1.

(This table is available in its entirety in machine-readable form.)

Figure 2. Map of IC5146 stellar polarizations overlaid on the Herschel250 μm image, with an FWHM beamsize of 17 6. The detections in the TRIPOL ¢i band,
AIMPOL Rc band, and Mimir H and K band are labeled in white, green, cyan, and magenta.

7 Using the PNICER python package developed by Meingast et al. (2017).
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186,319 stars from the 2MASS catalog and 46,100 stars from
the WISE catalog that cover the IC5146 cloud system. To
estimate the stellar intrinsic colors, a square control field,
centered at R.A.=330°.153, decl.=+47°.794 with a side
length of 15′, was compared to the target field.

To examine the quality of the estimated extinctions, the
NICER extinction map shown in Figure 5 was created and
compared with the Herschelmap. The extinction map was
created from the variance-weighted mean of NICER extinction
of each individual star within a pixel grid with a pixel size of
30″. The pixel grid was smoothed using a Gaussian weighting
kernel with an FWHM of 90″. The black contours in Figure 5

show the Herschel250 μm data. The morphology of the
extinction map is almost identical to that of the 250 μm map.
Figure 6 shows the histogram of AV values derived from the

NICER analysis. The uncertainties in AV arise both from the
uncertainties of the spectral types and from the propagated
photometric uncertainties. In order to estimate the overall
uncertainty of AV, we selected all the stars that NICER assigned
with negative AV, and assumed that the negative AV values were
only due to AV uncertainties. This negative AV portion of the
full distribution was duplicated and reflected about AV=0 to
generate a new pseudo-AV distribution. Fitting this with a
Gaussian centered at AV=0, we derived a standard deviation

Figure 3. Examination of the P.A. consistency of the data for stars with polarization detections in multiple bands. The differences of P.A.s detected in different band pairs are
shown in the histograms with the mean, standard deviation, and averaged instrumental uncertainty (sobs) of the P.A.s for each band pair, listed in degrees. The comparisons
between the Rc- and ¢i -band number of stars, R- and H-band number of stars, and H- and K-band number of stars are shown in panels (a), (b), and (c), respectively. Although
small offsets and larger dispersions are shown in these band pairs compared to the instrumental uncertainties, about 90% of the stars are distributed within s3 ins.

Figure 4. Polarization degree vs. distance for stars within 10°of IC5146 with distance measurements in the Hipparcos catalog (van Leeuwen 2007) and polarization
measurements in Heiles (2000). The black vertical dashed lines represent the 1σ upper and lower boundary of the distance of the IC5146 dark cloud estimated by Lada
et al. (1999). The blue, black, and red dots identify the stars as classfied by distance zone. The blue dot stars were used to estimate the foreground polarization to the
IC5146 cloud system. The horizontal dotted lines show the estimated foreground polarization of 0%–0.3%.
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of 0.93 mag. Because this includes uncertainties from both
spectral typing and observations, we adopted this value as our
AV uncertainty.

4.2. Polarization Efficiency

To test whether the polarization measurements trace the
magnetic field structure inside the IC5146 cloud system, we
examined whether embedded dust grains align with the B fields
via estimating how the degree of polarization varied with
extinction. PE is defined as polarization percentage divided by
AV. It describes how much polarization is contributed by dust
grains in the line of sight. We used PE versus AV to test whether
the dust grains are better aligned in the diffuse region, as
predicted by the RATs model.

Figure 7 shows PE versus AV for the Rc-band data. The data
probability density over the PE–AV space, represented by the
contours, was calculated using the kernel density estimation
(Rosenblatt 1956; Parzen 1962); for each source, the
probability distribution function was described by a Gaussian
kernel, and the width of the Gaussian kernel was determined by
the uncertainties of PE and AV. The probability density for the
entire data set was represented by the summation of the
Gaussian kernels.
To reduce the uncertainty from AV and also avoid the bias

due to uneven sampling over AV, the variance-weighted
means of PE and AV were calculated in bins of width
log(AV)=0.1. The uncertainties of the weighted mean of PE
and AV for each bin were propagated from the instrumental
uncertainty and AV uncertainty for each sample. Stars that

Figure 5. NICER extinction map across the IC5146 dark cloud. Visual extinction, in magnitudes of AV, is displayed in color, and the black contour lines represent
Herschel250 μm intensities with levels of 0.1, 0.5, and 1.5 mJy/beam. The FWHM of the Gaussian smoothing kernel used to create the extinction map was 90″, and
the FWHM beam size of Herschel250 μm image is 18 1. The extinction morphology and 250 μm intensity distribution are in close agreement.

Figure 6. Histogram of AV for the stars near IC5146 from the NICER analysis. In order to estimate the AV uncertainty, the negative portion of the AV distribution was
duplicated and reflected about AV=0 to generate the pseudo-distribution shown in green. The best-fitting Gaussian, plotted in black, indicates a 1σ uncertainty of
0.93 mag.
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NICER assigned with negative AV were not used for PE
determination, since their extinctions were negligible.

Similarly, PE versus AV plots for the ¢i , H, and K bands are
shown in Figures 8, 9, and 10, respectively. In the ¢i band, the
last bin (AV=5 mag) was found to have significantly higher
PE and the bin only contained two stars. This bin was judged to
be an outlier, and was excluded from further analysis. In the
four bands, PE always decreased with AV, but with different
slopes. In addition, the PE at ~A 20V mag is still half of the
PE at ~A 4V mag, suggesting that the dust grains in high-AV

regions are still being aligned with some degree of efficiency.

The power-law behavior of PE–AV has been shown in
previous studies (e.g., Whittet et al. 2008; Chapman et al. 2011;
Cashman & Clemens 2014) and apears to match the prediction
of the RATs theory well. However, recent studies have also
discovered changes in the index of the power law for high-
extinction regions (Alves et al. 2014; Andersson et al. 2015).
To test whether in the IC5146 dark cloud system the power-law
index changes with AV, we fit lP /AV versus AV with both a
single power law (hereafter, Model 1),

a=l
b ( )P A A , 2V V

Figure 7. Polarization efficiency (PE) vs. AV for Rc-band data. Black contours are drawn at 1%, 10%, 30%, 50%, and 70% of the peak data density. The purple points
show the weighted mean PE in bins of width log (AV)=0.1. The uncertainties of PE for each bin are propagated from instrumental uncertainties, and the uncertainties
of AV are propagated from 0.93 mag for each source. Bins with <A 0.5V mag were merged to further reduce the uncertainties. The red and cyan lines plots the best-fit
single power-law and broken power-law models to the binned data, respectively.

Figure 8. Same as Figure 7, but for ¢i -band data. The bin with the highest AV, plotted in blue, contains only two stars that seem to have uncommonly high PE, and thus
the bin was excluded from fitting.
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and with a broken power law (hereafter, Model 2),

a
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>
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b

b
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1

2

where a2 = a b b-BP1 1 2. The four parameters a1, b1, and b2, and
BP were all taken as free parameters in the fit to Model 2.

The goodness-of-fit on the binned data to the two models
was examined using the F-test and the bias-corrected Akaike
information criterion (AICc, Akaike 1974; Sugiura 1978). The
two different model comparison methods may exhibit different
preferences. For example, Ludden et al. (1994) used Monte
Carlo simulations to examine the performance of these
methods, finding that the F-test tends to choose the simpler
model more often than does the AICc, even when the more
complex model is correct. To avoid possible bias, we used both

methods to compare the model fits, and the preferred model
was chosen to be the one for which (1) the F-test probability
was below 0.05 (95% confidence level) and (2) had the lower
AICc value. The results of the fitting and model comparisons
are listed in Table 2. Both the F-test and AICc show consistent
results; the broken power law is the better model for H bands,
and the single power law is the better model for the Rc, ¢i , and K
bands.
The PE–AV relations were empirically found to be insensitive

to observing wavelengths (e.g., Andersson et al. 2015, and
references therein), although our observed PE–AV relations
might be expected to show some differences among the
observing bands, since each data set covered different AV and
spatial ranges. The Rc- and ¢i -band data mostly probed the
regions with A 4V mag, and thus the derived PE indices
mainly characterize the low-AV regions. The power index of
−0.71±0.10 for the Rc band is very different from the index

Figure 9. Same as Figure 7, but for H-band data.

Figure 10. Same as Figure 7, but for K-band data. Bins with <A 1.0V mag were merged to further reduce the uncertainties.
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for the ¢i band, namely −1.23±0.10. In addition, the power
index of −0.95±0.30 for the H band for low-AV values is in
between the indices for the Rc band and the ¢i band. For
high-AV regions, the index of −0.25±0.06 for the H band is
softer than the index for the K band (−0.53± 0.09), and both
are flatter than all of the indices characterizing low-AV regions.
This finding may indicate that the physical properties of grains,
as well as their alignment efficiencies, change significantly
beyond ~ –A 3 4V mag (see Section 5.4).

The Rc, ¢i -, and H-band data all covered the A 4V mag
regime; however, the power-law indices for these three bands
were all different. One major difference between the Rc-, ¢i -,
and H-band data was that the H-band observations covered
almost all of the IC5146 cloud system, while the Rc-band
observations mostly covered the main filament, and the ¢i -band
observations only probed the northwest filament (see Figure 1).

To test whether the indices characterizing low-AV regions
differ from region to region, the stars with H-band detections
and <A 3V mag were assigned to one of the five zones
delineated in Figure 11. Within each zone, single power-law
indices were derived, and they are shown in Figure 11. Power-
law indices ranging from −0.81±0.13 to −1.80±0.38 were
fit to the assigned H-band data within the different zones. The
indices were significantly softer in the eastern part of the cloud
than in the western and northern part. In addition, the index

derived within the northern zone was −1.18±0.14, nearly
identical to the index for the ¢i band, namely −1.23±0.06,
covering a substantially similar region. Hence, the PE–AV

relation varies by region in the low-extinction regions. The
different indices derived for the different wavelengths for the
whole cloud could then merely arise from the combination of a
variety of PE–AV relations. The possible origin of the diverse
PE relation is discussed further in Section 5.3.

4.3. Wavelength Dependence of Polarization using the
Serkowski Relation

The polarization of starlight is known to be wavelength
dependent, resulting in a polarization spectrum. Since this
wavelength dependence originates from dust properties and
alignment conditions, the polarization spectrum can be used to
investigate the evolution of dust grains. The polarization
spectrum is well-fit by the empirical “Serkowski relation,”

l l l= -( ) · { · ( )} ( )P P Kexp ln , 4max
2

max

where Pmax is the peak polarization degree at wavelength lmax

(Serkowski 1973). In later studies, the parameter K was shown
to follow the relation = - +K 0.1 lc max (Wilking et al. 1982),
where c was found to depend on dust properties, such as

Table 2
Fitting Results for PE vs. AV

Band F-value p-value AICc AICc Preferred Model
(model 1  model 2) (model 1) (model 2)

Rc 0.30 0.75 22.30 30.00 =  - ( ) ( )APE 0.86 0.12 V
0.71 0.10

i′ 0.40 0.68 −5.64 5.74 =  - ( ) ( )APE 1.66 0.17 V
1.23 0.10

H 3.95 0.04 40.68 39.92
=

 < 

 > 

- 

- ⎪

⎪⎧⎨
⎩

( )
( )

( )

( )

A A

A A
PE

0.60 0.13 : 2.88 0.67

0.29 0.07 : 2.88 0.67
V V

V V

0.95 0.30

0.25 0.06

K 1.13 0.36 8.90 14.57 =  - ( ) ( )APE 0.36 0.06 V
0.53 0.09

Note. The preferred model is determined by (1) a p value from the F-test below 0.05 (95% confidence level) or (2) a lower AICc value.

Figure 11. PE–AV relations for the <A 3V mag stars in particular regions. The green crosses represent the stars with H-band polarization detections and <A 3V mag.
These stars were separated into five zones, defined by the yellow lines, and the PE power-law β index was calculated for each zone by fitting a single power law. The β
values vary with region from −0.81±0.13 to −1.80±0.38.
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geometric shape (e.g., Voshchinnikov et al. 2013; Voshchinnikov
& Hirashita 2014).
To fit the Serkowski relation for its three parameters,

detections in at least four bands are required to obtain
uncertainties in the parameters. However, it is difficult to do
so in the presence of high extinction. Thus, most of the
previous studies have been limited to low-extinction regions.
Even in our data, only three stars were detected in all four
wavebands. The Serkowski relation fit results for these stars are
shown in Figure 12. The range of fittedlmax is ∼0.72–0.83 μm,
significantly greater than the typical value ∼0.55 μm char-
acterizing the general diffuse interstellar medium (Serkowski
et al. 1975).

4.4. “Polarization Color” as a Constraint on lmax

It is difficult to obtain the necessary multiple wavelength
polarization detections needed to fit Serkowski relations in the
presence of strong extinction. In order to have more samples to
constrain lmax, we examined the “polarization color” (the ratio
of polarization degrees at two bands) as a partial descriptor of
the polarization spectrum. Polarization color can be easily
obtained from a limited set of wavebands without presumption
of the spectrum shape. The Serkowski relation has been
suggested to be only valid for a limited wavelength range,
mostly UV through optical. Martin (1989) found that the
polarization spectrum between 1.6 and 5 μm wavelength
behaved more like a power law than like the Serkowski
relation, and Clayton et al. (1992) found that the polarization
spectrum in the ultraviolet showed an excess with respect to the
Serkowski relation.

In the wavelengths where the Serkowski relation is valid,
polarization color can constrain lmax. Following the Serkowski
relation, the ratio of the polarization degree of a star at two

wavelengths can be written as

l
l

l l
l l

=
-
-

( )
( )

{ · ( ( ))}
{ · ( ( ))}

( )P

P

K

K

exp ln

exp ln
. 51

2

2
max 1

2
max 2

To reduce the free parameters, we also assumed the relation
K=−0.1+ lc max, where c is expected to be a constant over
AV. Via Equation (5) and the assumptions regarding K, the
polarization color (ratio) is determined by only one free
parameter, lmax. Thus, only one polarization color is required
to constrain lmax, although for wavebands right near lmax, the
uncertainties will be large. Clemens et al. (2016) used this
approach with Mimir H- and K-band data to identify grain
growth in the moderate- to high-extinction regions of L1544,
finding lmax in the 1.0–1.2 μm range.
The polarization color P PR Hc versus AV values shown in

Figure 13 reveal how the polarization spectrum varies with AV.
The observed P PR Hc distribution seems diverse and can hardly
be described with a simple function. To try to find some order,
we separated the stars into four AV groups by eye, based on the
similarities in the distribution. They span AV ranges of <1,
1.0–2.5, 2.5–4.0, and >4.0 mag, labeled as regions A, B, C,
and D, respectively. The blue horizontal lines show the
unweighted average±standard deviation (STD) of P PR Hc

for each group. The intrinsic dispersions of P PR Hc were

derived using s s= -STDintrinsic
2

obs
2 , where sobs was the

average observational uncertainty. The statistical properties of
P PR Hc for each group are presented in Table 3.
Group A had significantly lower mean P PR Hc than the other

regions. Since the AV of this region was comparable to the
expected foreground extinction <0.3 mag (Lada et al. 1994),
the depolarization due to any foreground medium might
significantly affect the polarization spectrum. Thus, the
polarization color in this group might not accurately trace the
dust properties. The average P PR Hc values for groups B, C,

Figure 12. Polarization spectra for the three stars with polarization detections in four bands. Colored curves overplot the best-fit Serkowski relation. Wavelengths of
the data points and error bars for stars 8327 and 13793 were slightly shifted to avoid overlapping. The black dashed spectrum represents the typical ISM average with
lmax of 0.55 μm. All three stars have higher lmax values than the ISM average.
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and D were similar to each other, although significant intrinsic
dispersion was found for group B.

The value of P PR Hc directly determines the value of lmax if
the parameter c in Equation (5) is known. The variance-
weighted mean c of 2.3 was derived from the four-band fitting
to the three stars shown in Figure 12. This c value was higher
than the value of 1.66 found in Wilking et al. (1982) and the
value of 1.86 found in Whittet et al. (1992). Figure 14 shows
how P PR Hc maps to lmax for different value of c. The black
horizontal dashed lines delimit the span of the distribution of
P PR Hc values found in Figure 13. The curves in Figure 14
characterized by c  2.1 cannot cover the full range of the
distribution of observed P PR Hc values, suggesting that the
parameter c value in the IC5146 cloud system is likely higher
than it is in other clouds. Hence, we assumed c=2.3 to
estimate the lmax from observed P PR Hc .

The range of lmax versus AV, for c=2.3, is shown in
Figure 15. The mean lmax for the mean P PR Hc in each of the

four AV groups is listed in Table 3. For each P PR Hc , two
possible lmax solutions from the Serkowski relation are
possible, as can been seen in Figure 14. These two solution
regions were colored in gray for the lower lmax values and in
red for the greater lmax values. If we assume that lmax across
the cloud system does not dramatically change within a few
magnitudes of extinction, then only one set of solutions is
likely to be true. Since the values oflmax derived from the four-
band fitting to the three stars shown in Figure 12 were all in the
range of 0.72–0.83 μm, l > 0.4max μm selects the better
solutions.
Hence, the average P PR Hc values correspond to lmax of

0.75, 0.78, and 0.73 μm for groups B, C, and D, respectively.
These lmax are all greater than the average value for the ISM of
0.55 μm (Serkowski et al. 1975), suggesting that the dust grains
across most of the IC5146 cloud system have grown
significantly with respect to dust grains in the diffuse ISM. In
addition, the large dispersion of lmax in group B implies that

Figure 13. PRc/PH vs. AV from the stars with Rc- and H-band polarization detections. These stars were separated into four groups, based on their AV values as defined
by the black dashed lines. The blue horizontal lines show the s1 excursions above and below the average of PRc/PH for each group. The distribution of PRc/PH is
narrowest when AV=2.5–4 mag. The stars with negative AV values have negligible extinction: these values result from uncertainties in the NICER extinction
estimation.

Table 3
Variation of P PR Hc with AV

P PR Hc

Group AV Range Mean STD sobs Intrinsic lá ñmax
a

(mag) Dispersionb (μm)

A −2.0–1.0 1.54±0.09 0.72±0.11 0.53 0.54±0.15 0.92±0.02
B 1.0–2.5 2.69±0.20 1.22±0.30 0.97 0.73±0.50 0.75±0.03
C 2.5–4.0 2.48±0.12 0.79±0.17 0.80 L 0.78±0.02
D >4.0 2.81±0.22 0.90±0.29 0.78 0.44±0.59 0.73±0.03

Notes.
a The lmax calculated from the mean P PR Hc . Uncertainties were calculated from the means and the propagated uncertainties of the means, assuming c=2.3.
b The intrinsic dispersions and the uncertainties of the dispersions. The intrinsic dispersion cannot be defined if the observed dispersion is lower than the instrumental
uncertainty.
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the dust grain size distributions are more diverse in this AV

range than in the other extinction regions.
Similarly, we plot P PH K versus AV in Figure 16 to trace the

variation in polarization spectrum in the infrared. The data were
separated into five groups, in a fashion similar to Figure 13
( <A 1V , 1.0–2.5, 2.5–4.0, 4.0–10.0, and >10.0 mag, labeled

as A, B, C, D, and E, respectively). The statistical properties of
P PH K for these groups are listed in Table 4. The average
P PH K changes significantly with AV, with the greatest value
found in group B.
The values of lmax converted from P PH K were listed in

Table 4. The range of lmax derived from the group averaged

Figure 14. Relations between PRc/PH and lmax predicted by the Serkowski relation assuming l= ˙K c max. The horizontal dashed lines represent the range of observed
PRc/PH, seen as the range spanned by the blue horizontal lines shown in Figure 13. Only the relation characterized by c 2.2 can cover the range of observed PRc/PH.
The yellow curve shows the relation for =c 2.3, which was used to convert PRc/PH into lmax.

Figure 15. Ranges of lmax with AV group. The colored regions represent the ranges of the distributions of lmax values in each AV group, estimated from the observed
PRc/PH values, the Serkowski relation, and the c=2.3 curve from Figure 14. The red and gray sets of zones identify the two degenerate sets of solutions to the
Serkowski relation. The three stars whose four-band polarimetry data were fitted to the Serkowski relation (see Figure 12) are plotted as filled colored circles with error
bars and are consistent with the set of red zone solutions corresponding to greater values of lmax.

13

The Astrophysical Journal, 849:157 (18pp), 2017 November 10 Wang et al.

<46>



P PH K was 1.46–1.93 μm, significantly higher than the
0.73–0.78 μm range derived from P PR Hc . The inconsistency
implies that the Serkowski relation may not describe the
polarization spectrum at near-infrared wavelengths well. Martin
(1989) suggested that the near-infrared polarization spectrum
can be better described by a power law

l lµ b-( ) ( )P , 6

where b  –1.6 2.0. In the infrared, polarization color can still
constrain the power-law index by

= b- ( )P

P
0.74 . 7H

K

The β derived from our data are listed in Table 4. These
indices probably vary with AV and have a peak at

» –A 2.5 4V mag, as shown by Figure 16. Kim & Martin
(1995) showed that the index could depend on the amount of
micron-sized dust grains. Our results indicate that the

population of micron-sized dust grains might evolve with AV,
and a significant change occurs at AV of 2.5–4 mag.

5. Discussion

5.1. Evolution of Dust Grains

The derived lmax values obtained in previous studies (e.g.,
Whittet & van Breda 1978; Wilking et al. 1982) are expected to
be related to the small-size cutoff of the grain size distribution.
Whittet & van Breda (1978) found that lmax is related to the
ratio of total to selective extinction ( = -( )R A EV V B V ) by an
empirical relation l= ( )R 5.6 0.3V max, tracing the reddening
changes with grain size distribution changes. However, with
more observations, Andersson & Potter (2007) found no
correlation between lmax and RV for individual clouds; the
empirical relation could only be recovered by combining the
data for all of their observed clouds. They further argued that
lmax may depend on both grain size distributions and dust
alignment conditions.

Figure 16. Same as Figure 13, but for PH/PK vs. AV. The dispersions of PH/PK are almost the same over the different AV groups, while the PH/PK means appear to
change with AV.

Table 4
Variation of P PH K with AV

P PH K

Group AV Range Mean STD sobs Intrinsic lá ñmax
a Power-law Index

(mag) Dispersionb (μm)

A −2.0–1.0 0.66±0.12 0.39±0.21 0.31 0.27±0.30 -
+2.20 0.12

0.13 −1.38±0.60

B 1.0–2.5 0.96±0.20 0.42±0.31 0.52 L -
+1.93 0.15

0.17 −0.14±0.69

C 2.5–4.0 1.71±0.21 0.57±0.24 0.72 L -
+1.40 0.13

0.14 1.78±0.41

D 4.0–10.0 1.31±0.13 0.54±0.20 0.54 L -
+1.67 0.08

0.09 0.90±0.33

E >10.0 1.63±0.16 0.51±0.19 0.58 L -
+1.46 0.11

0.11 1.62±0.33

Notes.
a The lmax calculated from the mean P PR Hc . Uncertainties were calculated from the means and the propagated uncertainties of the means, assuming c=2.3.
b The intrinsic dispersions and the uncertainties of the dispersions. The intrinsic dispersion cannot be defined if the observed dispersion is lower than instrumental
uncertainty.
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Whittet et al. (2008) showed in their RATs simulations with
constant grain size distribution that lmax increases with AV

because small dust grains become less well aligned as a result
of the decaying and reddening of the external radiation field by
extinction. Their model predicts a smooth increase oflmax from
0.45 to 0.75 μm as AV increases from 0 to 6 mag. However, our
derived lmax values, 0.73–0.78 μm, do not significantly change
with AV. In addition, our data show a significant decrease of
the intrinsic dispersion of lmax from 0.11±0.08 ( =AV

–1.0 2.5 mag) to <0.07 ( = –A 2.5 4.0V mag), possibly due to
changes of the grain size distribution.

The change in the dispersion of lmax implies that the grain
size distribution in the dense regions could be more uniform
than in the diffuse regions. We speculate that the difference is
due to the evolution of the dust grain size. In grain-grain
collision models (Jones et al. 1996; Hirashita & Yan 2009;
Ormel et al. 2009), the grain size distributions are expected to
be modified by the competing effects of fragmentation and
coagulation. Steady-state grain size distributions are eventually
reached when these two effects achieve equilibrium. As a
result, the apparent uniform grain size distribution in the dense
regions may indicate the existence of stabilized grain-grain
collision processes. Together with the increase of lmax, this
non-evolution of grains in the dense regions favors the notion
that grain growth has already taken place before AV reaches
2.5–4.0 mag.

In Figure 17 we show that the lmax derived from a
Serkowski relation based on an analysis of P PH K yielded an
average lmax of 1.46–1.93 μm. This was inconsistent with lmax
derived from P PR Hc , which yielded an average lmax of
0.73–0.78 μm. To reach a lmax of 0.73–0.78 μm, P PH K would
need to be >2.3, which is much higher than the observed range
of mean values from 0.96±0.28 to 1.71±0.21. This
indicates that at least the measured K-band infrared polarization
exceeds the predictions of the Serkowski relation. This excess

infrared polarization was also found in early studies (e.g., Jones
1990; Martin & Whittet 1990; Nagata 1990) and is better fit by
a power law (Equation (7)). We found that a power law with β
ranging from −0.14±0.69 to 1.78±0.41 can explain our
data for different AV. The β index appears to vary with AV and
has its highest value for = –A 2.5 4.0V mag. Our β are similar
to, or smaller than, the value of 1.6±0.2 measured toward
ScO-Oph and CyG OB2 (Martin et al. 1992), and 1.76±0.25
measured toward the Galactic center (Hatano et al. 2013).
Two models have tried to explain the physical origin of the

excess infrared polarization over the Serkowski relation. Kim
& Martin (1995) showed that a model with a dust grain mixture
with sizes of 0.3 μm and 0.6–1 μm can reproduce the
observational Serkowski relation while also exhibiting a
power-law excess infrared polarization. Li & Greenberg
(1997) showed that an organic refractory-mantled dust grain
model with a Gaussian grain size distribution could reproduce
the observed excess infrared polarization without requiring a
high abundance of micron-sized dust grains. Our results show
that the observed power-law index might vary with AV,
providing new constraints for future models.

5.2. How Deep Into a Cloud Can Polarization Be Used to
Reveal B fields?

PE has been used to indicate how deep into a cloud, in AV,
the dust grains remain aligned. Goodman et al. (1995) found a
PE–AV power-law index of −1 in L1755 in the JHK bands.
This constancy of P with AV was used to argue that near-
infrared polarization does not trace the B field within dense
clouds. In contrast, Whittet et al. (2008) found an index of
−0.52 in Taurus at the K band, showing that polarization can
trace the B field, at least up to ~A 10V mag.
The power-law PE versus AV indices characterizing these two

cases can be found in our data, but for different AV ranges.
The power index of −0.95±0.30 measured for the H band in

Figure 17. (a) Same as Figure 15, but the lmax range was estimated from PH/PK using the Serkowski relation with c=2.3. The lmax values derived from PH/PK are
much greater than the lmax values derived from PRc/PH shown in Figure 15. In addition, the distribution of lmax is inconsistent with the best-fit Serkowski relations to
the three stars with four-band polarimetry data shown in Figure 12, suggesting that the Serkowski relation may not be valid, at least in the K band.
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low-AV regions is similar to the results found in L1755 at the R
band (Goodman et al. 1995) for < –A 8 10V mag. Our index of
−0.53±0.09 for the K band is close to the value found in
Taurus at the K band (−0.52± 0.07) by Whittet et al. (2008) and
the value found in numerous starless cores at the K band (∼−0.5)
for <A 20V mag by Jones et al. (2015). In addition, the
intermediate index −0.71±0.10 found in the Rc band is similar
to the results found in Pipe-109 using the R band (−0.76± 0.14,
Alves et al. 2014) and in L204 using the H band (−0.74± 0.07,
Cashman & Clemens 2014). We found our steepest index,
of −1.23±0.10, in the ¢i band and our softest index, of
−0.25±0.06, in the H band in high-AV regions.

The softer indices of −0.25 to −0.53 are only found in
high-AV regions in the H and K bands, while a variety of
steeper indices are found in low-AV regions. The ∼−0.5 indices
match predictions of RATs models with constant grain size
distributions (Whittet et al. 2008). The same models predicts a
steepening of PE as AV approaches 10 mag, caused by the
strong extinction of external radiation. Here, however, the
indices we measure for high-AV regions show that the dust with
AV up to ∼20 mag still contributes to the measured
polarization: the PE at AV=20 mag is only a factor of ∼2
lower than that at AV=4 mag. Thus, the notion that only the
dust on the surfaces of clouds is aligned, as concluded by
Goodman et al. (1995), is not supported here.

5.3. The Diverse PE in Low-AV Regions

It is interesting that a variety of PE versus AV power-law
behaviors are seen across the IC5146 cloud system. We
showed that the indices derived using the H band varied with
region location in Figure 11. The diverse PE–AV relations likely
depend more on AV and region choice and less on wavelength,
as the indices derived from ¢i and H bands in the same region
are almost the same. If all the stellar values from all of the
low-AV regions are combined into a single plot and fitted, the
location dependence of the PE–AV relation would be mixed and
thereby lost. The index of −0.95 derived from the H band
using all data with low-AV is merely the average from the
mixed PE–AV relation shown in Figure 11. This is different
from the suggestion by Goodman et al. (1995) that a power-law
index of ∼−1 indicates that starlight polarization only traces
the dust grains on the surfaces of clouds.

Three possibilities could explain the origin of the wide
variation of the PE–AV relation.

(i) The grain size distributions could be diverse and vary
greatly from region to region for low AV. In Section 4.3 we
showed that the dispersion of lmax, estimated from P PR Hc , is
significantly larger for <A 2.5V mag, suggesting that grain
size distributions are diverse. This diversity is likely region-
dependent, since the different lmax values were derived from
different sightlines. The grain size distribution is a key element
of the RATs theory; radiation can efficiently align dust grains
with sizes comparable to its wavelength, and wavelength
determines radiation penetration ability.

(ii) Depolarization effects may occur if multiple polarizing
layers exist. In Figure 11 we showed that the PE versus AV

indices derived in the western part of the IC5146 cloud were
steeper than −1, hence the polarization percentage must
decrease with AV. This may be a result of depolarization. If a
multiple layer structure, in which the layers have different
B-field orientations, exists along a line of sight, the net
transferred polarization from the different layers would be

reduced. Arzoumanian et al. (2011) found rich and hierarchical
filamentary structure in the IC5146 cloud system. These
filaments can naturally produce a multiple layer structure if
the projections of such structures overlap along the line of
sight. In addition, they further found that most of the filaments
in the western part of the IC5146 cloud system were
supercritical, which might twist to cause complex B fields.
This could explain the steeper indices found in the western part
of the cloud.
(iii) The degree of dust alignment may be affected by one or

more bright illuminators, such as the stars in the Cocoon
Nebula. Cashman & Clemens (2014) found a possible
dependence of PE–AV index for regions in the L204 cloud 3
with distance from a nearby illuminator. Brighter stellar
radiation can boost alignment of the dust, and the alignment
efficiency will mainly depend on the optical depth to the
illuminator. In IC5146, the Cocoon Nebula stellar cluster could
be a strong illuminator that is able to affect grain alignment.
However, the radiation from the Cocoon Nebula is also highly
shadowed by the main filament structure, making the optical
depth from the Cocoon Nebula to the other regions difficult to
estimate.

5.4. The Breakpoint in PE–AV Relations

In Section 4.2 we showed that PE decays with AV and a
breakpoint (BP) of = A 2.88 0.67V mag separates two
different power-law slopes of AV in the H band. Breakpoints
of PE near ~ –A 2 3V mag are rarely seen. Pipe-109 shows a
breakpoint at 9.5 mag with power index changing from −1.00
to −0.34 (Alves et al. 2014). LDN 183 shows a breakpoint at

~A 20V mag with power index changing from −0.6 to −1
(Crutcher 2004; Clemens 2012; Andersson et al. 2015). Jones
et al. (2015) also found a break point at ~A 20V mag with
power index changing from −0.5 to −1 toward several starless
cores. Jones et al. (2016) found an break point at very high AV,
∼hundreds mag in the Class 0 YSO G034.43+00.24 MM1
with a change of power index from −1 to −0.5.
Three mechanisms could change the power-law indices with

AV, although in opposite directions. Radiation into the deepest
regions could be too faint to align the dust grains, so the power-
law index for high-AV regions should steepen (Whittet et al.
2008). If grains grow at higher AV, however, the alignment
efficiency will be higher for dust with sizes comparable to the
wavelength (Lazarian & Hoang 2007), hence the power-law
index will become flatter in the dense regions where only
radiation with longer wavelengths can penetrate and the dust
grains are believed to grow. In addition to the change of dust
properties, internal radiation fields from embedded sources
within dense clouds could also enhance dust alignment and
flatten the power-law index.
Andersson et al. (2015) suggested that the origin of the

breakpoint found in LDN 183 is likely due to the extinction of
external radiation because their power-law index in low-AV

regions, of −0.6, is consistent with prediction of the RATs
model assuming constant grain size (Whittet et al. 2008).
Similar trends were also found within several starless cores by
Jones et al. (2015), and they further showed that the RATs
theory can explain the break point of ∼20 mag, where the dust
optical depth, for the wavelength comparable to the maximum
grain size, becomes optically thick.
Our results showed an opposite trend as compared to the

case of LDN183: steeper indices ranging from −0.71 to −1.23
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were found in low-AV regions, while flatter indices ranging
from −0.25 to −0.53, consistent with the Whittet et al. (2008)
model, were found in high-AV regions for all observed
wavebands. The results from Alves et al. (2014) toward Pipe-
109 and Jones et al. (2016) in G034.43+00.24 MM1 show
similar trends as ours, but with different breakpoints. The
flattened slopes in high-AV regions more likely originate from
efficient grain alignment due to either grain growth or internal
radiation fields. Because Pipe-109 is a starless object but
G034.43+00.24 MM1 is a Class 0 YSO, the change of slope
for the former likely results mainly from grain growth, while
internal radiation might play an important role in the latter.
Since the breakpoint of AV∼ 2.8 mag shown in our data is
consistent with the AV of the regions where the intrinsic
dispersion of lmax drops significantly (AV=2.5–4.0 mag), our
observed trend is more likely caused by grain growth.

An open question is why the breakpoint we measure is so
different from the 9.5 mag value in Alves et al. (2014),
although both breakpoints likely result from grain growth. The
difference could originate from two possible reasons. First,
Alves et al. (2014) lacked samples in low-AV regions, and thus
a broken power law with breakpoint at ~A 3V mag would be
difficult to identify. Second, the difference may come from
different grain growth conditions. Ormel et al. (2009) simulated
the evolution of dust grain size, based on grain-grain collisions.
They found that dust grains with ice-coatings are more likely to
aggregate and grow than are grains without ice-coatings, due to
the increased surface stickiness. Chiar et al. (2011) found that
H O2 -ice in IC5146 only exists in regions exhibiting extinctions
exceeding AV∼ 4 mag, a value quite similar to the breakpoint
we found. Thus, H2O-ice mantling could induce a breakpoint
via enhanced grain growth. Similarly, Whittet et al. (2001)
found that the observed RV in Taurus changed from RV∼ 3 to 4
around =A 3.2V mag, coincident with the extinction threshold
for H2O-ice mantling in Taurus, and suggested that mantle
growth is an important process in initial grain growth. We
conclude that such mantling also enables greater efficiency of
dust grain alignment, permitting magnetic field to be traced
deeper into clouds than if such mantling is not present.

6. Conclusions

We performed optical and infrared polarimetry observations
toward background stars seen through the IC5146 dark cloud
system using AIMPOL at the ARIES Observatory, TRIPOL at
the Lulin Observatory, and Mimir at the Lowell Observatory
Perkins Telescope. A total of 2022 stars showed significant
polarization detection in at least one of the four wavebands
observed. From the analysis of these data, we found the
following results.

1. The polarization efficiency ( º lP APE V ) decreases
with AV as a power law or broken power law. The values
of the power-law indices likely depend more on the
choice of targeted regions and local extinction, and less
on observing wavelength.

2. A cloud-averaged power-law index of −0.95 for PE
versus AV was found in the H band for low AV, the same
as the index found in L1755 by Goodman et al. (1995).
However, we showed that the index of −0.95 resulted
from the admixture of a variety of PE–AV relations,
whose local-regional indices varied from −0.8 to −1.8,
different from the suggestion by Goodman et al. (1995)

that the index of ∼−1 indicates that background starlight
polarization only traces the dust grains on the surface of
clouds.

3. A broken power law relation for PE versus AV in the H
band exhibits a breakpoint at about AV∼ 2–3 mag.
The power-law index in high-AV regions is shallow and
consistent with predictions from RATs models (Whittet
et al. 2008), while the indices in low-AV regions are
steeper and vary with region. The shallow index in
high-AV regions is likely due to grain growth.

4. Excess infrared polarization, over that predicted by the
Serkowski relation, was observed in P PH K , possibly
resulting from abundance enhancements of large micron-
sized dust grains. The average P PH K varies with AV from
0.96±0.20 to 1.71±0.21, and exhibits its highest
value of 1.71±0.21 for AV in the 2.5–4.0 mag range.
This implies that the abundance of such micron-sized
dust grains might change with AV.

5. The polarization color (P PR Hc ) is a useful tool to
constrain lmax, the peak of the Serkowski relation, which
may trace the small-size cutoff of the grain size
distribution. We found that both the average and
dispersion of P PR Hc decreased from the < <A1.0 V
2.5 mag range to the < <A2.5 4.0V mag range. These
variations suggest that the small-size cutoffs of grain size
distributions are most likely due to efficient grain-grain
collisions, and thus indicate that grain growth could
already take place by ~ –A 2.5 4.0V mag, possibly
enhanced at this relatively low-AV range by the presence
of ice mantles on the grains.

In conclusion, this study revealed that dust grains in the
diffuse molecular regions ( <A 2.5V mag) of the IC5146 dark
cloud system have diverse size distributions. As AV approaches
∼3 mag, submicron dust grains grow significantly due to grain-
grain collisions. The size distributions may also become more
uniform as AV increases as a balance is reached between
fragmentation and coagulation. In addition, the larger micron-
sized grains likely already exist in the diffuse regions, and their
abundances and sizes likely change with AV. In the next paper
of this series, we will use these polarization data to characterize
the magnetic field morphology and strength across this system
of filamentary dark molecular clouds associated with IC5146.
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Facilities: ARIES:ST, LO:1m, Perkins.
Software: IRAF, Source Extractor (Bertin & Arnouts 1996),

Mimir Software Package (Clemens et al. 2012c), PNICER
(Meingast et al. 2017), Astropy (Astropy Collaboration
et al. 2013), NumPy (van der Walt et al. 2011), SciPy (Jones
et al. 2001), Aplpy (Robitaille & Bressert 2012).
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Abstract

(144977) 2005EC127 is a V-/A-type inner-main-belt asteroid with a diameter of 0.6±0.1km. Asteroids of this
size are believed to have rubble-pile structure, and therefore cannot have a rotation period shorter than 2.2 hr.
However, our measurements show that asteroid 2005EC127 completes one rotation in 1.65±0.01hr with a peak-
to-peak light-curve variation of ∼0.5mag. Therefore, this asteroid is identified as a large super-fast rotator. Either a
rubble-pile asteroid with a bulk density of 6r ~ gcm−3 or an asteroid with an internal cohesion of 47±30Pa
can explain 2005EC127. However, the scenario of high bulk density is very unlikely for asteroids. To date, only six
large super-fast rotators, including 2005EC127, have been reported, and this number is very small when compared
with the much more numerous fast rotators. We also note that none of the six reporting large SFRs are classified as
C-type asteroids.

Key words: minor planets, asteroids: individual (144977) 2005 EC127

1. Introduction

The large (i.e., a diameter of a few hundreds of meters)
super-fast rotators (SFRs) are of interest for understanding
asteroid interior structure. Because asteroids of sub-kilometer
size are believed to have rubble-pile structure (i.e., gravita-
tionally bounded aggregations) and cannot have super-fast
rotation, defined as a rotation period shorter than 2.2 hr(Harris
1996).7 However, the first large SFR, 2001OE84, a near-Earth
asteroid of ∼0.7km in size and completing one rotation in
29.19 minutes (Pravec et al. 2002), cannot be explained by
rubble-pile structure, and consequently, internal cohesion was
proposed to be a possible solution (Holsapple 2007). Although
several attempts were made to discover large SFRs with
extensive-sky surveys (Masiero et al. 2009; Dermawan
et al. 2011), this asteroid group was not confirmed until
another large SFR, 2005UW163, was found by Chang et al.
(2014b). Up to now, five large SFRs have been reported,
additionally including 1950DA (Rozitis et al. 2014),
2000GD65 (Polishook et al. 2016), and 1999RE88 (Chang
et al. 2016). However, the population size of large SFRs is still
not clear. Compared with the 738 large fast rotators (i.e.,
diameters between 0.5 and 10 km and rotation periods between
2–3 hr) in the up-to-date Asteroid Light Curve Database
(LCDB8; Warner et al. 2009), large SFRs are rare. Either the
difficulty of discovering them due to their sub-kilometer sizes
(i.e., relatively faint) or the intrinsically small population size
of this group could lead to this rarity in detection. Therefore, a
more comprehensive survey of asteroid rotation period with a
wider sky coverage and a deeper limiting magnitude, such as
the ZTF,9 could help in finding more large SFRs. With more

SFR samples, a thorough study of their physical properties
could be conducted, and therefore further insights about
asteroid interior structure are possible. To this objective, the
TANGO project10 has been conducting asteroid rotation-period
surveys since 2013 using the iPTF11 (for details, see Chang
et al. 2014a, 2015, 2016). From these surveys, 2 large SFRs
and 27 candidates were discovered. Here, we report the
confirmation of asteroid (144977) 2005EC127 as a new large
SFR. The super-fast rotation of (144977) 2005EC127 was
initially and tentatively identified in the asteroid rotation-period
survey using the iPTF in 2015 February (Chang et al. 2016),
and then later confirmed in this work by follow-up observations
using the Lulin One-meter Telescope in Taiwan (LOT;
Kinoshita et al. 2005).
This Letter is organized as follows. The observations and

measurements are given in Section 2, the rotation period
analysis is described in Section 3, the results and discussion are
presented in Section 4, and a summary and conclusions can be
found in Section 5.

2. Observations

The iPTF, LOT, and spectroscopic observations that support
the findings in this work are described in this section. The
details of each of these observation runs are summarized in
Table 1.

2.1. iPTF Observations

The iPTF is a follow-up project of the PTF, a project whose
aim is to explore the transient and variable sky synoptically.
The iPTF/PTF employ the Palomar 48 inch Oschin Schmidt
Telescope and an 11-chip mosaic CCD camera with a field of
view of ∼7.26deg2 (Law et al. 2009; Rau et al. 2009). This
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7 The 2.2hr spin barrier was calculated for an asteroid with a bulk density of
3r = gcm−3.

8 http://www.minorplanet.info/lightcurvedatabase.html
9 Zwicky Transient Facility; http://ptf.caltech.edu/ztf.

10 Taiwan New Generation OIR Astronomy.
11 Intermediate Palomar Transient Factory; http://ptf.caltech.edu/iptf.
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wide field of view is extremely useful in collecting a large
number of asteroid light curves within a short period of time.
Four filters are currently available, including a Mould-R, Gunn-
g’, and two different Ha bands. The exposure time of the PTF
is fixed at 60 s, which routinely reaches a limiting magnitude of
R 21~ mag at the 5s level (Law et al. 2010). All iPTF
exposures are processed by the IPAC-PTF photometric pipeline
(Grillmair et al. 2010; Laher et al. 2014), and the Sloan Digital
Sky Survey fields (York et al. 2000) are used in the magnitude
calibration. Typically, an accuracy of ∼0.02mag can be
reached for photometric nights (Ofek et al. 2012a, 2012b).
Since the magnitude calibration is done on a per-night, per-
filter, per-chip basis, small photometric zero-point variations
are present in PTF catalogs for different nights, fields, filters,
and chips.

In the asteroid rotation-period survey conducted on 2015
February 25–26, we repeatedly observed six consecutive PTF
fields near the ecliptic plane, in the R-band with a cadence of
∼10minutes. Asteroid 2005EC127 was observed in the PTF
field centered at R.A. 154 .04=  and decl. 10 .12=  when it was
approaching its opposition at a low phase angle of 1 .3a ~  .
After all stationary sources were removed from the source
catalogs, the light curves for known asteroids were extracted
using a radius of 2″ to match with the ephemerides obtained
from the JPL/HORIZONS system. The light curve of
2005EC127 contains 42 clean detections from this observation
run (i.e., the detections flagged as defective by the IPAC-PTF
photometric pipeline were not included in the light curve).

2.2. LOT Observations

The follow-up observations to confirm the rotation period of
2005EC127 were carried out on 2016 September 24, using the
LOT when 2005EC127 had a magnitude of r 19.2¢ ~ at its low
phase angle of 2 .6a ~  . The average seeing during the
observations was ∼1 3. All images were taken in the r¢-band
with a fixed exposure time of 300 s using the Apogee U42
camera, a 2K×2K charge-coupled device with a pixel scale of
0 35. We acquired a total of 84exposures over a time span of
∼440minutes, and the time difference between consecutive
exposures was ∼5minutes. The image processing and
reduction included standard procedures of bias and flat-field
corrections, astrometric calibration using astrometry net. ,12 and
aperture photometry using SExtractor (Bertin & Arnouts 1996).
The photometric calibration was done against Pan-STARRS1
point sources of r¢ ~ 14–22 mag (Magnier et al. 2016) using
linear least-squares fitting, which typically achieved a fitting
residual of ∼0.01mag. We improved the photometric accuracy
by employing the trail-fitting method (Vereš et al. 2012; Lin
et al. 2015) to accommodate the streaked image of 2005EC127

as a result of asteroid motion over the 300 s exposure time.

2.3. Spectroscopic Observations

To determine the taxonomic type for 2005EC127, its
optical spectra were obtained using the Palomar 200 inch
Hale Telescope (hereafter P200) and the Double-beam
Spectrograph (Oke & Gunn 1982) in low-resolution mode
(R 1500~ ). Three consecutive exposures were taken on 2016
October 4, with an exposure time of 300 s each. An average
bias frame was made out of 10 individual bias frames
and a normalized flat-field frame was constructed out of 10
individual lamp flat-field exposures. For the blue and red arms,
respectively, FeAr and HeNeAr arc exposures were taken at the
beginning of the night. Both arms of the spectrograph were
reduced using a custom PyRAF-based pipeline13 (Bellm &
Sesar 2016). The pipeline performs standard image processing
and spectral reduction procedures, including bias subtraction,
flat-field correction, wavelength calibration, optimal spectral
extraction, and flux calibration. The average spectrum of
2005EC127 was constructed by combining all individual
exposures, and then it was divided by the solar spectrum14 to
obtain the reflectance spectrum of 2005EC127 (Figure 1). The
trend of the reflectance spectrum suggests a V-/A-type asteroid
for 2005EC127, according to the Bus-DeMeo classification
scheme(DeMeo et al. 2009).

Table 1
Observational Details

Telescope Date Filter R.A. (°) Decl. (°) Nexp tD (hr) α (°) r (au) Δ (au) m (mag) H (mag)

PTF 2015 Feb 25–26 R¢ 154.04 10.12 43 28.3 1.3 2.45 1.46 20.3 17.3
LOT 2016 Sept 24 r¢ 23.81 2.81 84 7.3 2.5 2.03 1.03 19.2 17.3
P200 2016 Oct 4 Spec.: 0.4 0.9 mm- 23.65 2.21 3 0.5 7.7 2.05 1.07 19.5

Note. tD is observation time span and Nexp is the total number of exposures.

Figure 1. Reflectance spectrum of 2005EC127 taken by the P200. The gray
line is the original reflectance spectrum and the red line is the running average
using locally weighted scatter-plot smoothing (LOWESS; Cleveland 1979).
The colored dashed lines are the reference spectra of A-type (green), V-type
(orange), S-type (magenta), D-type (blue), X-type (yellow), and C-type (cyan)
asteroids obtained from DeMeo et al. (2009). All spectra are normalized at
wavelength 500nm.

12 http://astrometry.net

13 https://github.com/ebellm/pyraf-dbsp
14 The solar spectrum was obtained from Kurucz et al. (1984) and was then
convolved with a Gaussian function to match the resolution of the spectrum of
2005EC127.
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3. Rotation-period Analysis

Before measuring the synodic rotation period for 2005
EC127, the light-curve data points were corrected for
light-travel time and were reduced to both heliocentric (r)
and geocentric (Δ) distances at 1 au by M m r5 log= + D( ),
where M and m are reduced and apparent magnitudes,
respectively. A second-order Fourier series (Harris et al.
1989) was then applied to search for the rotation periods:
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where Mi j, is the reduced magnitude measured at the light-
travel-time-corrected epoch, tj; Bk and Ck are the Fourier
coefficients; P is the rotation period; t0 is an arbitrary epoch;
and Zi is the zero point. For the PTF light curve, the fitting of Zi
also includes a correction for the small photometric zero-point
variations mentioned in Section 2.1 (for details, see Polishook
et al. 2012). To obtain the other free parameters for a given P,
we used least-squares minimization to solve Equation (1). The
frequency range was explored between 0.25 and 50
rev day−1with a step of 0.001 rev day−1. To estimate the

uncertainty of the derived rotation periods, we calculated the
range of periods with 2c smaller than best

2 2c c+ , where best
2c

is the chi-squared value of the picked-out period and 2c is
obtained from the inverse chi-squared distribution, assuming

N N1 2 k i+ + degrees of freedom.
The rotation period of 1.64±0.01hr (i.e., 14.6 rev day−1) of

2005EC127 was first identified using the PTF light curve (Chang
et al. 2016). Although the derived frequency of 14.6 rev day−1 is
significant in the periodogram calculated from the PTF light
curve, the corresponding folded light curve is relatively scattered
(see the upper panels of Figure 2). Therefore, we triggered the
follow-up observations using the LOT. The rotation periods of
2005EC127 derived from the LOT light curve is 1.65±0.01hr
(i.e., 14.52 rev day−1), which is in good agreement with the PTF
result (see the lower panels of Figure 1). Both folded light curves
show a clear double-peak/valley feature for asteroid rotation
(i.e., two periodic cycles). The peak-to-peak variations of the
PTF and LOT light curves are ∼0.6 and ∼0.5mag, respectively.
This indicates that 2005EC127 is a moderately elongated
asteroid and rules out the possibility of an octahedronal shape
for 2005EC127, which would lead to a light curve with four
peaks and an amplitude of m 0.4D < mag (Harris et al. 2014).
Moreover, we cannot morphologically distinguish between the
even and odd cycles in the LOT light curve. Therefore, we
believe that 1.65 hr is the true rotation period for 2005EC127.

Figure 2. Periodograms (left) and folded light curves (right) for 2005EC127 obtained from iPTF (upper) and LOT (lower) observations. The blue dotted lines in the
periodograms indicate the uncertainties in the derived rotation periods. The gray lines in the light curves are the fitted results. The green and red filled circles in the
PTF light curve are data points obtained from 2015 February 25 and 26, respectively. The black and blue filled circles in the LOT light curve are data points of the
even and odd rotation cycles, respectively.
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4. Results and Discussion

To estimate the diameter, D, of 2005EC127, we use

D
p

1329
10 2

v

H 5= - ( )

(see Harris & Lagerros 2002, and references therein). Since the
phase angle of the asteroid had a small change during our
relatively short observation time span, the absolute magnitude
of 2005EC127 is simply calculated using a fixed G slope of
0.15 in the H–G system (Bowell et al. 1989). We obtain
H 17.27 0.22R = ¢ and H 17.30 0.02r ¢ mag from the PTF
and LOT observations, respectively.15 Because the absolute
magnitude derived from the LOT observation has a smaller
dispersion, we finally adopt H 17.30r =¢ mag for 2005EC127.
We use V R 0.516- =( ) in the conversion of Hr¢ to HV

(DeMeo et al. 2009; Pravec et al. 2012) and then obtain
HV=17.82 for 2005EC127. Assuming an albedo value of
p 0.36 0.10v =  for V-type and p 0.19 0.03v =  for A-type
asteroids (Masiero et al. 2011; DeMeo & Carry 2013),
diameters of D 0.6 0.1~  and 0.8 0.1~  km, respectively,
are estimated for 2005EC127, where the uncertainty includes
the residuals in light-curve fitting and the range of assumed
albedos. Even when an extreme albedo value of pv=1.0 is
applied, a diameter of 0.4 km is still obtained for 2005EC127.
Since A-type asteroids are relatively uncommon in the inner
main belt, we therefore assume an V-type asteroid for
2005EC127 in the following discussion. As shown in Figure 4,
2005EC127 lies in the rubble-pile asteroid region and has a
rotation period shorter than 2 hr. Therefore, we conclude that
2005EC127 is a large SFR.

If 2005EC127 is a rubble-pile asteroid, a bulk density of
6r ~ gcm−3 would be required to withstand its super-fast

rotation (see Figure 3). This would suggest that 2005EC127 is a
very compact object, i.e., composed mostly of metal. However,
such high bulk density is very unusual among asteroids.
Moreover, 2005EC127 is probably a V-type asteroid. There-
fore, this is a very unlikely scenario indeed.

Another possible explanation for the super-fast rotation
of 2005EC127 is that it has substantial internal cohesion
(Holsapple 2007; Sánchez & Scheeres 2014). Using the
Drucker–Prager yield criterion,16 we can estimate the internal
cohesion for asteroids. Assuming an average 1.93r = g cm−3

for V-type asteroids (Carry 2012), a cohesion of 47±20Pa
results for 2005EC127.

17 This modest value is comparable
with that of the other large SFRs (see Table 2) and is
also nearly in the cohesion range of lunar regolith, i.e.,
100–1000Pa(Mitchell et al. 1974).

As shown by Holsapple (2007), the size-dependent cohesion
would allow large SFRs to be present in the transition zone
between monolithic and rubble-pile asteroids. However, only
six large SFRs have been reported to date (including this work).
This number is very small when compared with the number of

large fast rotators (i.e., 738 objects in the LCDB). The reason for
the rarity in detecting large SFRs from previous studies (i.e., the
sparse number of large SFRs in the transition zone in Figure 4)
could be that (a) the rotation periods are difficult to obtain for
large SFRs due to their small diameters (i.e., faint brightness) or
(b) the population size of large SFRs is intrinsically small.
Therefore, a survey of asteroid rotation period with a larger sky
coverage and deeper limiting magnitude can help to resolve the
aforementioned question. If it is the latter case, these large SFRs
might be monoliths, which have relatively large diameters and
unusual collision histories.
We also note that none of the six reported large SFRs is

classified as C-type asteroids. Therefore, any discovery of a large
C-type SFR would fill out this taxonomic vacancy and help to
understand the formation of large SFRs. In addition, the
determination of the upper limit of the SFR diameter is also
important for understanding asteroid interior structure since this
can constrain the upper limit of the internal cohesion of asteroids.

5. Summary and Conclusions

(144977) 2005EC127 is consistent with a V-/A-type inner-
main-belt asteroid, based on our follow-up spectroscopic
observations, with a diameter estimated to be 0.6±0.1km
from the standard brightness/albedo relation. Its rotation period
was first determined to be 1.64±0.01hr from our iPTF asteroid
rotation-period survey and then was confirmed as 1.65±0.01hr
by the follow-up observations reported here using the LOT. We
categorize 2005EC127 as a large SFR, given its size and since its
rotation period is less than the 2.2 hr spin barrier.
Considering its 0.6 km diameter, 2005EC127 is most likely a

rubble-pile asteroid. For 2005EC127 to survive under its super-
fast rotation, either an internal cohesion of 47±20Pa or an
unusually high bulk density of 6r ~ g cm−3 is required.
However, the latter case is very unlikely for large asteroids, and
more so for V-/A-type asteroids, as 2005EC127 has been
classified. Only six large SFRs have been reported in the

Figure 3. Asteroid light-curve amplitude vs. spin rate. The gray dots are LCDB
objects with reliable rotation periods. The blue symbols denote the six reported
large SFRs, where the filled symbols were discovered by the iPTF. The dashed
and dotted lines represent the estimated spin rate limits for rubble-pile asteroids
of bulk densities of 6r = and 3gcm−3, respectively, using
P m3.3 1 r~ + D( ) hr, where mD is the light-curve amplitude (Harris
1996). Assuming a rubble-pile structure, the estimated bulk density of
2005EC127 (blue hexagon) would be ∼6gcm−3.

15 A G slope of 0.24 for S-type asteroids (Pravec et al. 2012) would make the
Hmagnitude ∼0.03mag fainter, which is equivalent to a ∼0.01km diameter
difference, and within the uncertainty of our estimation.
16 The detailed calculation is given in Chang et al. (2016). This method has
been widely used, e.g., in Holsapple (2007), Rozitis et al. (2014), and
Polishook et al. (2016).
17 For an A-type asteroid with average density 3.73r = g cm−3 (Carry 2012),
the cohesion would be 52Pa.
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Table 2
Confirmed Large SFRs to Date

Asteroid Tax. Per. mD Dia. H Coh. a e i Ω ω Reference
(hr) (mag) (km) (mag) (Pa) (au) (°) (°) (°)

(144977) 2005EC127 V/A 1.65±0.01 0.5 0.6±0.1 17.8±0.1 47±30 2.21 0.17 4.75 336.9 312.8 This work
(455213) 2001OE84 S 0.49±0.00 0.5 0.7±0.1 18.3±0.2 ∼1500a 2.28 0.47 9.34 32.2 2.8 Pravec et al. (2002)
(335433) 2005UW163 V 1.29±0.01 0.8 0.6±0.3 17.7±0.3 ∼200a 2.39 0.15 1.62 224.6 183.6 Chang et al. (2014b)
(29075) 1950DA M 2.12±0.00 0.2b 1.3±0.1 16.8±0.2 64±20 1.70 0.51 12.17 356.7 312.8 Rozitis et al. (2014)
(60716) 2000GD65 S 1.95±0.00 0.3 2.0±0.6 15.6±0.5 150–450 2.42 0.10 3.17 42.1 162.4 Polishook et al. (2016)
(40511) 1999RE88 S 1.96±0.01 1.0 1.9±0.3 16.4±0.3 780±500 2.38 0.17 2.04 341.6 279.8 Chang et al. (2016)

Notes. The orbital elements were obtained from the MPC website, http://www.minorplanetcenter.net/iau/mpc.html.
a The cohesion is adopted from Chang et al. (2016).
b mD is adopted from Busch et al. (2007).
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literature, including 2005EC127, the subject of this work. This
number is very small compared with the number of existing
large fast rotators. Therefore, future surveys will help to reveal
whether this rarity in detection is due to the intrinsically small
population size of large SFRs. Moreover, none of the known
SFRs have been classified as C-type asteroids, and the
discovery of a large SFR of this type in future work would
be an interesting development to further our understanding of
the formation of large super-fast rotators.
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ABSTRACT
We report on long-term multiwavelength monitoring of blazar Mrk 421 by the GLAST-AGILE
Support Program of the Whole Earth Blazar Telescope (GASP-WEBT) collaboration and
Steward Observatory, and by the Swift and Fermi satellites. We study the source behaviour in
the period 2007–2015, characterized by several extreme flares. The ratio between the optical,
X-ray and γ -ray fluxes is very variable. The γ -ray flux variations show a fair correlation with
the optical ones starting from 2012. We analyse spectropolarimetric data and find wavelength-
dependence of the polarization degree (P), which is compatible with the presence of the
host galaxy, and no wavelength dependence of the electric vector polarization angle (EVPA).
Optical polarimetry shows a lack of simple correlation between P and flux and wide rotations of
the EVPA. We build broad-band spectral energy distributions with simultaneous near-infrared
and optical data from the GASP-WEBT and ultraviolet and X-ray data from the Swift satellite.
They show strong variability in both flux and X-ray spectral shape and suggest a shift of
the synchrotron peak up to a factor of ∼50 in frequency. The interpretation of the flux and
spectral variability is compatible with jet models including at least two emitting regions that
can change their orientation with respect to the line of sight.

Key words: galaxies: active – BL Lacertae objects: general – BL Lacertae objects: individual:
Mrk 421 – galaxies: jets.

� E-mail: maribel@oato.inaf.it

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

The active galactic nuclei (AGNs) known as ‘blazars are the ideal
sources to study extragalactic jets, since in these objects one of the
two jets coming out from the central black hole points towards us and
its emission is thus enhanced by Doppler beaming. The low-energy
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radiation that we observe from the radio to the optical–X-ray fre-
quencies is ascribed to synchrotron radiation from relativistic elec-
trons, while the highest energy radiation is most likely produced by
inverse-Compton scattering on the same relativistic electrons. The
photon seeds for the latter process can come either from the jet itself
[synchrotron self-Compton (SSC) models] or from the disc, broad
line region or torus [external Compton (EC) models]. High-energy
radiation can also be produced by hadronic processes (Böttcher
et al. 2013). At low frequencies, we can measure the degree and an-
gle of polarization of blazar emission. The study of their variability
and possible wavelength dependence is important to infer the jet
properties because the polarization is tied to the jet magnetic field
structure (e.g. Smith 1996; Visvanathan & Wills 1998).

Mrk 421 at z = 0.031 (Ulrich et al. 1975) is one of the best
monitored blazar over the entire electromagnetic spectrum. It is
classified as a high-energy-peaked BL Lac (HBL), which means that
the synchrotron peak (and usually also the inverse-Compton peak)
in its spectral energy distribution (SED) is positioned at relatively
high frequencies.

It was the first blazar that was detected at energies E > 500 GeV
(Punch et al. 1992), and many observing campaigns have re-
cently been organized to analyse the source behaviour at TeV fre-
quencies, usually including multiwavelength data (e.g. Aharonian
et al. 2005; Albert et al. 2007; Donnarumma et al. 2009; Abdo
et al. 2011; Aleksić et al. 2012, 2015a,b; Ahnen et al. 2016b;
Baloković et al. 2016). It was observed by the Energetic Gamma
Ray Experiment Telescope onboard the Compton Gamma-Ray Ob-
servatory with an average flux at E > 100 MeV of (13.9 ± 1.8) ×
10−8 photons cm−2 s−1 and a photon index � = 1.57 ± 0.15
(Hartman et al. 1999). The Fermi Large Area Telescope (LAT)
Third Source Catalog (Acero et al. 2015) reports a γ -ray flux of
∼18 × 10−8 photons cm−2 s−1 between 100 MeV and 100 GeV,
and a photon index � = 1.77 ± 0.08. The source is very bright and
variable at X-rays. In particular, a strong X-ray flare was observed
in 2013 (Pian et al. 2014; Paliya et al. 2015; Sinha et al. 2015;
Kapanadze et al. 2016). Optical observations have been available
since 1899 (Miller 1975) and show that large-amplitude, rapid vari-
ability is a distinctive feature also in the optical band. The radio
morphology reveals a bright nucleus and a one-sided jet with sta-
tionary or subluminal components (Piner, Pant & Edwards 2010;
Blasi et al. 2013). An extreme radio flare was observed in 2012, pos-
sibly connected with preceding γ -ray flares (Hovatta et al. 2015).
Possible radio–γ correlation was also found in 2011 by Lico et al.
(2014).

In this paper, we analyse the Mrk 421 long-term flux and polariza-
tion behaviour. Very preliminary results were reported in Carnerero
et al. (2016). We present the optical and near-infrared (near-IR) data
obtained by the GLAST-AGILE Support Program (GASP) of the
Whole Earth Blazar Telescope (WEBT) collaboration.1 We com-
pare the optical and near-IR flux variations with the X-ray and
ultraviolet (UV) light curves obtained by the Swift satellite and
with the γ -ray light curve from the Fermi satellite, by means of a
cross-correlation analysis on the full data set available from 2007 to
2015. Moreover, we analyse the photopolarimetric behaviour and
the spectropolarimetric data acquired at the Steward Observatory in
the framework of the monitoring programme in support to the Fermi
mission.2 Finally, broad-band SEDs are built from the near-IR to

1 http://www.oato.inaf.it/blazars/webt/
2 http://james.as.arizona.edu/∼psmith/Fermi/

the X-ray energies to investigate the source spectral variability in
the synchrotron part of the spectrum.

2 O P T I C A L P H OTO M E T RY

Optical observations in R band for the GASP-WEBT were per-
formed with 34 telescopes in 26 observatories around the world:
Abastumani (Georgia), AstroCamp (Spain), Belogradchik (Bul-
garia), Calar Alto3 (Spain), Castelgrande (Italy), Crimean (Russia),
L’Ampolla (Spain), Lowell (Perkins, USA), Lulin (Taiwan), New
Mexico Skies (USA), Pulkovo (Russia), ROVOR (USA), Roque de
los Muchachos (KVA and Liverpool, Spain), Rozhen (Bulgaria),
SAI Crimean (Russia), Sabadell (Spain), Sirio (Italy), Skinakas
(Greece), St. Petersburg (Russia), Talmassons (Italy), Teide (BRT,
IAC80 and STELLA-I, Spain), Tijarafe (Spain), Torino (Italy),
Tuorla (Finland), Astronomical Station Vidojevica - ASV (Serbia)
and West Mountain (USA). Further R-band data were provided by
the Steward Observatory (USA). Calibration of the source magni-
tude was obtained with respect to the reference stars 1, 2 and 3 by
Villata et al. (1998).

The light curve in R band was built by carefully assembling the
data sets coming from the different telescopes. Moreover, binning
was used to reduce the noise of data acquired close in time by the
same telescope. Offsets among different GASP data sets caused by
partial inclusion of the host galaxy were minimized by adopting
the same prescriptions for the photometry, i.e. an aperture radius of
7.5 arcsec. The Steward photometry was obtained with an extraction
aperture of 7.6 × 10 arcsec2, so that we had to add 2 mJy to the
source flux density to make the Steward data match the GASP data.

The final light curve is shown in Fig. 1, where different sym-
bols and colours highlight data from the various telescopes. It
includes 5591 data points in the period from 2007 Novem-
ber 8 (JD = 2454412.7) to 2015 July 23 (JD = 2457227.4).
They represent observed magnitudes, with no correction for the
Galactic extinction and host-galaxy contribution. Strong vari-
ability characterizes the entire period on a large variety of
time-scales.

3 N E A R - I N F R A R E D P H OTO M E T RY

The near-IR light curves of Mrk 421 in the period 2011–2015 are
shown in Fig. 2 in J, H and K bands. The GASP-WEBT obser-
vations were performed by the 1.5-m TCS telescope in the Teide
observatory.

The source calibration was obtained with respect to stars in
the source field of view (FOV), whose magnitudes were adopted
from the Two Micron All-Sky Data Release4 (2MASS; Skrutskie
et al. 2006). Because of the small FOV (4 × 4 arcsec2) and con-
sequent small number of reliable reference stars, we found a sys-
tematic offset between the zero-points of the Mrk 421 images with
respect to the zero-points derived from the other fields images. We
corrected for this difference and further checked that the inferred
colour indices of the source were consistent with those reported in
the 2MASS-point source catalogue.

As in the case of the optical data, the near-IR light curves
were carefully checked and cleaned by reducing the data scattering
through the binning of data close in time. These light curves are

3 Calar Alto data was acquired as part of the MAPCAT project:
http://www.iaa.es/∼iagudo/_iagudo/MAPCAT.html.
4 http://www.ipac.caltech.edu/2mass/
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Figure 1. Optical light curve of Mrk 421 built with data from the GASP-WEBT collaboration and Steward Observatory in R band. Different colours and
symbols highlight data from different telescopes. No correction for the host-galaxy contribution and Galactic extinction has been applied.

Figure 2. Near-IR light curves of Mrk 421 built with data from the GASP-
WEBT collaboration in J, H and K bands. No correction for the host-galaxy
contribution and Galactic extinction has been applied.

generally undersampled for a detailed comparison with the optical
data, but where sufficient sampling has been achieved, they indicate
that a close correspondence exists, as expected if the near-IR and
optical emissions are produced by the same mechanism in the same

jet region. We note that the amount of variability is nearly the same
in the three near-IR bands.

4 R E M OVA L O F T H E H O S T G A L A X Y
C O N T R I BU T I O N

The Mrk 421 host galaxy is relatively bright in optical bands, very
strong in the near-IR, while its flux is small in UV bands. To remove
the host-galaxy contribution, we used a de Vaucouleurs profile, as
done by Raiteri et al. (2010) for BL Lacertae:

I (r) = Ie e−7.67[(r/re)0.25−1],

where re is the effective radius, i.e. the radius of the isophote con-
taining half of the total luminosity, and Ie is the surface bright-
ness at the effective radius. We used re = 8.2 ± 0.2 arcsec and
Rhost = 13.18 mag (Nilsson et al. 2007) to estimate that the host
galaxy contribution to the observed fluxes is p = 48 per cent of
the whole galaxy flux with an aperture radius ra = 7.5 arcsec, as
used by the WEBT observers. We also estimated p = 37 per cent
for ra = 5.0 arcsec, the value that we will use in Section 6.1 for
analysing the UV data (see Table 1).

In the R band, we found that 7.86 mJy must be subtracted from
the observed photometric flux densities to isolate the non-thermal
continuum of the active nucleus. We then calculated the host-galaxy
contribution in the other bands by applying the colour indices de-
termined by Mannucci et al. (2001) for elliptical galaxies to the
de-reddened R-band magnitude. We adopted a Galactic extinction
value of AR = 0.041 mag from Schlegel, Finkbeiner & Davis (1998)
and derived extinction in the other bands through the Cardelli,
Clayton & Mathis (1989) laws, setting RV = AV/E(B − V) = 3.1,
the mean value for the interstellar medium.

The optical and near-IR host magnitudes were converted into
flux densities using the zero-mag fluxes given by Bessell, Castelli
& Plez (1998). The whole galaxy flux densities were multiplied by
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Table 1. UV, optical and near-IR observing bands with the corresponding
Galactic extinction values Aλ, photometry aperture radius ra, percentage of
the host-galaxy flux included in the given aperture p(ra), host-galaxy flux
density contribution to the source photometry Fgal, and median observed
flux density 〈F obs

ν 〉, including both Mrk 421 and the host galaxy.

Filters Aλ ra p(ra) Fgal 〈F obs
ν 〉

(mag) (arcsec) (per cent) (mJy) (mJy)

w2 0.112 5.0 37 0.039 12.011
m2 0.118 5.0 37 0.067 14.305
w1 0.095 5.0 37 0.122 13.922
U 0.083 5.0 37 0.497 –
R 0.041 7.5 48 7.862 31.615
J 0.014 7.5 48 22.613 54.241
H 0.009 7.5 48 26.786 46.071
K 0.006 7.5 48 20.409 56.102

the p(ra) values to derive the contribution to the source photometry
within the aperture radius. The results are shown in Table 1.

In the UV case, we used the template of a 13 Gyr elliptical galaxy
that is available from the SWIRE project5 (Polletta et al. 2007). We
scaled the template in order to have the host-galaxy flux expected
in the U filter. Galactic extinction in the UV bands was estimated
by convolving the Cardelli et al. (1989) laws with the filter effective
area and source spectrum. The results are in Table 1. As can be seen,
the host galaxy contribution is relevant in the near-IR, whereas it is
negligible in the UV.

We checked that using the SWIRE Template method to calculate
the host galaxy contribution at lower frequencies gives the same
results obtained by the colour indices method within a few mJy.

5 C O L O U R A NA LY S I S

Analysis of colour variations is an important tool to investigate
the spectral behaviour of the source and, in turn, the nature of its
emission.

In Fig. 3, we show the J-band light curve (top panel) together with
the corresponding J − K colour indices as a function of time (middle
panel) and brightness level (bottom panel). The colour indices were
calculated by selecting J- and K-data points with small errors and
taken within at most 15 min. We obtained that the average J − K
value is 1.12, with a standard deviation of 0.05. The data were
corrected for the host galaxy contribution as explained in Section 4.

It can be seen that, in general, the values of J − K decrease with
increasing flux, which is more evident in the bottom panel, where
the behaviour of the colour index with brightness is displayed.
We observe a bluer-when-brighter trend, as expected for a BL Lac
object (e.g. Ikejiri et al. 2011), with a linear Pearson’s correlation
coefficient of 0.79 and Spearman’s rank correlation coefficient of
0.77.

6 OBSERVATIONS BY SWIFT

In this section, we analyse the Swift satellite data on Mrk 421 ob-
tained with the UV/Optical Telescope (UVOT; Roming et al. 2005)
and X-ray Telescope (XRT; Burrows et al. 2005) instruments. Dur-
ing the 2007–2015 period, the source was observed by Swift in 727
epochs.

5 http://www.iasf-milano.inaf.it/polletta/templates/swire_templates.html

Figure 3. The J-band light curve in the 2011–2015 period (top panel); the
corresponding J − K colour index as a function of time (middle panel)
and brightness level (bottom panel). In the bottom panel, the solid line
represents a linear fit to the data. The data have been corrected for the host
galaxy contribution.

6.1 UVOT

The UVOT instrument on board Swift observed Mrk 421 mostly in
the UV bands w1, m2 and w2, and sometimes also in the optical
bands v, b, u. We downloaded these data from the NASA’s High En-
ergy Astrophysics Science Archive Research Center (HEASARC)6

and reduced them with the HEASOFT package version 6.17 and
the calibration release 20150717 of the CALDB data base avail-
able at HEASARC. For each epoch, multiple images in the same
filter were first summed with the task uvotimsum and then aper-
ture photometry was performed with uvotsource. We extracted
source counts from a circular region with 5 arcsec radius centred
on the source and background counts from a circle with 15 arcsec
radius in a source-free field region.

The UVOT light curves are shown in Fig. 4. They confirm the
general behaviour shown by the ground-based optical and near-IR
curves in Figs 1 and 2.

6.2 XRT

We processed the XRT data with the HEASOFT package version
6.17 and the CALDB calibration files updated 20150721. The task
XRTPIPELINE was executed with standard screening criteria. Only
observations performed in pointing mode and with more than 50
counts were selected for further analysis. In the 2007–2015 period,
we were left with 710 observations in windowed timing (WT) mode

6 http://heasarc.nasa.gov
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Figure 4. UV light curves of Mrk 421 built with Swift-UVOT data.

Figure 5. X-ray light curve of Mrk 421 obtained from data collected by the
XRT instrument onboard the Swift satellite in the period 2007–2015.

and only 16 in photon counting mode, so that we concentrated on
the former.

We selected event grades 0–2 and used a circular region with
70-arcsec radius centred on the source to extract the source counts,
and a similar region shifted away from the source along the window
to extract the background counts. We verified that the background is
negligible, as background counts are in average 1.5 per cent and at
maximum 5 per cent of the source counts, so we did not correct for
it. Only three observations in WT mode have a mean rate greater
than 100 counts s−1, implying pile-up. To correct for pile-up, we
discarded the inner 3-pixel radius circle in the source extraction
region.

We used the XRTMKARF task to generate ancillary response files
(ARF), which account for different extraction regions, vignetting

Figure 6. Reduced χ2 versus the ndof for the different models applied
to the XRT spectra of Mrk 421. Blue triangles represent the results of the
power-law model with NH fixed to the Galactic value, red diamonds those
of the power-law model with NH free and the cyan circles those of the
log-parabola model with Galactic NH.

Figure 7. The XRT spectrum of Mrk 421 on 2008 February 13. The best fit
was obtained with a log-parabola model. The bottom panel shows the ratio
of the data to the folded model.

and PSF corrections. The X-ray light curve is shown in Fig. 5 and
is discussed in the next Section.

By means of the task grppha, we associated the source spectra
with the ARF and CALDB redistribution matrix function files, and
binned the source spectra in order to have a minimum of 20 counts
in each bin for the χ2 statistics. These grouped spectra were then
analysed with the XSPEC package, using the energy channels greater
than 0.35 keV to improve the goodness of the fit.

We applied three different models for the spectral fitting: (1) an
absorbed power-law model, where absorption is modelled according
to Wilms, Allen & McCray (2000) and the hydrogen column is fixed
to the Galactic value NH = 1.61 × 1020cm−2, as derived from the
21-cm measure by Lockman & Savage (1995); (2) an absorbed
power-law model with NH free; and (3) an absorbed log-parabola
model with NH fixed to the Galactic value. We favoured the third
model, whose χ2 is usually smaller than that of the other models,
and that produces results with smaller errors. In Fig. 6, we show the
χ2 versus the number of degrees of freedom (ndof). The χ2 is more
stable when the log-parabola model is applied, but it increases with
ndof. This is possibly due to a pronounced curvature. Fig. 7 shows
an example of XRT spectrum. It was best fitted with a log parabola.
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Figure 8. The X-ray photon index � as a function of the unabsorbed flux
density at 1 keV. Data with error less than 30 per cent of the flux are shown.
Red squares refer to the best-fitted cases, where the reduced χ2 is in the
range 0.8–1.2 and the ndof is >10. The solid line represents a linear fit to
the data.

Figure 9. The Galactic hydrogen column NH as a function of time when
a power-law model with free absorption is applied to the XRT spectra. The
cyan line marks the average value.

In the case of a power-law model with fixed NH, the photon index
� ranges from 1.66 to 2.99, indicating a spectrum that oscillates
from hard to soft. The average value is 2.34, with standard deviation
of 0.26. To understand whether these spectral changes correspond
to real variations or are due to noise, we recall the definition of the
mean fractional variation Fvar = √

σ 2 − δ2/〈f 〉 (Peterson 2001),
which is commonly used to characterize variability. Here, 〈 f〉 is the
mean value of the variable we are analysing, σ 2 its variance and

δ2 the mean square uncertainly. In our case, Fvar = 0.11, so we
conclude that the variations reflect genuine source variability rather
than noise. Fig. 8 displays the photon index � as a function of the
flux density at 1 keV. We note that the lowest � values correspond to
the highest fluxes, in agreement with the harder-when-brighter trend
often observed in blazars. However, this model produces statistically
unacceptable fits (see Fig. 6).

On the other hand, the power-law model with NH free implies
a large spread of NH values, which very unlikely corresponds to a
physical scenario (see Fig. 9). We note that in this case the mean
value of NH exceeds the Galactic value by a factor of ∼3, suggesting
that the spectrum is curved.

The log-parabola model has largely been used to fit the X-ray
spectrum of this source (e.g. Massaro et al. 2004; Sinha et al. 2015).
It offers a statistically better fit to the data in case of a curved
spectrum. In this model, the photon index � is replaced by two
parameters: α, the photon index, and β, the spectral curvature. We
obtained α values in the range from 1.58 to 2.99, similar to that found
for � in the power-law case. The average value is 2.27, with standard
deviation of 0.28. The mean fractional variation is Fvar = 0.12. The
β parameter goes from −0.09 to 0.66, with an average value of 0.24
and standard deviation of 0.10. The mean fractional variation is
Fvar = 0.29. The large range of β values indicates strong curvature
changes. However, large uncertainties affect the most extreme β

values, demanding caution.
In Fig. 10, we show the trend of the α and β parameters of

the log-parabola model applied to the X-ray spectra of Mrk 421
as a function of the source flux. While α behaves similarly to �

(Fig. 8), confirming the harder-when-brighter spectral property, no
clear correlation between β and flux is recognizable. We obtained a
linear Pearson’s correlation coefficient of 0.86/0.20 and Spearman’s
rank correlation coefficient of 0.88/0.16 for the α/β cases.

7 OBSERVATI ONS BY FERMI

The LAT (Atwood et al. 2009) instrument onboard the Fermi satel-
lite observes in the 20 MeV–300 GeV energy range. In this paper,
we considered data between 2008 August 4 (JD = 2454683.15)
and 2015 September 10 (JD = 2457275.50). We used Pass 8 data
(Atwood et al. 2013), based on a complete revision of the entire
LAT event-level analysis. We adopted the SCIENCETOOLS software
package version v10r0p5 and followed the standard reduction pro-
cedure, as done in Carnerero et al. (2015). We considered a re-
gion of interest of radius 30◦, a maximum zenith angle of 90◦ and
only ‘Source’ class events (evclass=128, evtype=3). The spectral

Figure 10. The behaviour of the α (left-hand panel) and β (right-hand panel) parameters of the log-parabola model applied to the XRT spectra of Mrk 421 as
a function of the unabsorbed flux density at 1 keV. The solid lines represent linear fits to the data.
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Figure 11. The Fermi-LAT 0.1–300 GeV fluxes (10−7 photons cm−2 s−1)
derived with different time bins in the 2008–2015 period (red symbols refer
to weekly binned data and blue symbols to daily binned data).

analysis was performed with the science tool gtlike and the re-
sponse function P8R2_SOURCE_V6. Background was modelled
with isotropic (iso_source_v06.txt) and Galactic diffuse emission
(gll_iem_v06.fit) components.

As in the 3FGL catalogue, we used a power-law model for the Mrk
421 spectrum. A first maximum likelihood analysis was performed
over the whole period to remove from the model the sources having
Test Statistics7 less than 10. A second maximum likelihood was run
on the updated source model.

Integrating over the whole period, the fit gives TS = 111714
in the 0.1–300 GeV energy range, with an integrated average
flux of (2.18 ± 0.02) × 10−7 photons cm−2 s−1 and a photon in-
dex � = 1.77 ± 0.01. The high statistical significance allowed us to
obtain weekly binned and even daily binned light curves, which are
displayed in Fig. 11. The spectral indices of Mrk 421 and all sources
within 10◦ were frozen to the values resulting from the likelihood
analysis over the entire period.

8 M U LT I WAV E L E N G T H B E H AV I O U R

Fig. 12 compares the time evolution of the Mrk 421 flux at different
frequencies in the 2007–2015 period. The 2013 outburst was ob-
served at all frequencies, while the X-ray outbursts in 2008 and 2010
lack a major optical counterpart (and the latter also a γ counterpart)
and are difficult to identify in UV because of sparse sampling. In
contrast, in 2011, we notice a flare in UV, optical and near-IR, but
not in X-rays and γ -rays. In γ -rays, a major outburst is observed in
2012, at the same time of the strongest optical event. Other notice-
able γ -ray flares were detected in 2013 and 2014. In general, the
source behaviour at γ energies appears similar to that observed in
the optical band, while the X-ray light curve seems quite different
(see also Donnarumma et al. 2009).

In Fig. 13, we compare the source behaviour in X-ray and R band.
The long-term trend is traced by means of cubic spline interpolations
through the 15-d binned light curves. The ratio between the X-ray
and optical splines is displayed in the bottom panel and highlights
that the X-ray emission strongly dominates from 2007 June to 2009
June, its importance decreases from 2009 June to 2010 July, and

7 This is defined as: TS = 2(log L1 − log L0), where L1 and L0 are the
likelihood of the data when the model includes or excludes the source,
respectively (Mattox et al. 1996).

Figure 12. Multiwavelength emission behaviour of Mrk 421 as a function
of time. From the top to bottom: the γ -ray fluxes in the 100 MeV–300 GeV
energy range from Fermi, red diamonds/blue plus signs refer to weekly/daily
binned data; the X-ray count rate from Swift-XRT; the Swift-UVOT observed
flux densities in the m2 band (mJy); the R-band observed flux densities
(mJy); and the K-band observed flux densities (mJy). Data in the m2, R and
K filters were cleaned from the host-galaxy light contamination.

reaches a minimum in 2010 October–2012 June, when the source is
very active in the optical band. Starting from 2013, the ratio appears
to moderately increase again.

In HBLs, the optical and X-ray emissions are thought to be both
produced by synchrotron process. The variability of the X-ray-to-
optical flux ratio in Mrk 421 then may indicate that the jet zones from
where the X-ray and optical radiations are emitted do not coincide
and are characterized by their own short-term variability. Moreover,
the fact that periods of X-ray flux dominance alternate with periods
of optical flux dominance suggests that the corresponding emitting
regions belong to a curved jet whose orientation changes may alter-
natively favour the Doppler enhancement of one region with respect
to the other (e.g. Villata et al. 2009a,b). An alternative explanation
would be that of a one-zone model where the jet parameters change
so that the synchrotron peak frequency shifts, modifying the ratio
between the X-ray and optical fluxes. However, this kind of model
met some difficulties in explaining the behaviour of Mrk 421 during
the 2008 active state (e.g. Aleksić et al. 2012).

9 VA R I A B I L I T Y O F T H E O P T I C A L
P O L A R I Z AT I O N

As mentioned in the Introduction, the polarized blazar emission
shows a variable degree of linear polarization (P) and electric
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Figure 13. Top panel: the X-ray count rate from Swift-XRT. Middle panel:
the R-band flux densities (mJy). In both panels cubic spline interpolations
through the 15-d binned light curves are shown. Bottom panel: the ratio
between the X-ray and the optical spline fits.

vector polarization angle (EVPA; e.g. Smith 1996). We analyse
the polarimetric behaviour of Mrk 421 by means of 1430 optical
data acquired as R-band photo-polarimetry by the Lowell (Perkins),
Crimean, Calar Alto observatories, and as spectropolarimetry by the
Steward Observatory. In the latter case, the values of P and EVPA
are derived from the median of the normalized Stokes’ parameters
q = Q/I and u = U/I in the 5000–7000 Å bandpass, whose effective
wavelength is close to the Cousins’ R band. A description of the
data acquisition and reduction procedures is given in Jorstad et al.
(2010), Larionov et al. (2008) and Smith et al. (2003).

The time evolution of the observed P and EVPA is shown in
Fig. 14. A cubic spline interpolation through the 15-day binned
percentage polarization curve is drawn to highlight the long-term
behaviour.

In order to determine the degree of polarization intrinsic to the jet,
the unpolarized contribution of the galaxy must be subtracted. The
intrinsic polarization is computed using the following expression:

Pjet = Fpol

Fjet
= Pobs × Fobs

Fobs − Fgal
. (1)

This is compared to the γ -ray and R-band light curves in Fig. 15.8

The ±180◦n (where n is an integer number) ambiguity in EVPA
was treated by choosing at each epoch that angle among EVPA,

8 The number of P data points in Fig. 15 is smaller than in Fig. 14 because to
calculate Pjet we need Fobs (see equation 1), which was not always available.

Figure 14. Top panel: the observed degree of polarization as a function of
time; the black line represents a cubic spline interpolation through the 15-d
binned data. Bottom panel: the observed EVPAs in the −90◦ and +90◦ range.
Data are from the Calar Alto (green squares), Crimean (red diamonds),
Lowell (cyan triangles) and Steward (blue circles) Observatories.

Figure 15. From the top to bottom: the γ -ray fluxes between 100 MeV
and 300 GeV; the R-band flux densities cleaned from the host-galaxy light
contamination; the degree of polarization of the jet emission; the EVPA after
fixing the ±180◦n ambiguity. Symbols and colours as in Fig. 14.
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Figure 16. The distribution of the optical EVPAs; the inset displays those
of the radio EVPAs at 43 GHz (green line) and at 15 GHz (red histogram).

EVPA+180◦ and EVPA−180◦ that leads to a minimum angle dif-
ference with respect to the previous epoch. In this choice, we also
considered the errors on the EVPAs.

The polarization degree ranges between 0.07 and 14.6 per cent,
with a mean value of about 4 per cent. The fractional variability Fvar

(see Section 6.2) for P is ∼0.56, significantly larger than that of
both optical and γ -ray fluxes, which is ∼0.40. This suggests that
polarization is likely to be dominated by shorter time-scale effects
than the optical and γ -ray flux variability. In any case, the figure
shows that there are periods where a high flux corresponds to a high
polarization degree, but this is not a general rule.

The EVPA values cluster around a mean value of ∼4◦ (see
Fig. 16), but wide rotations appear after arranging the angles to
fix the ±180◦n ambiguity. Fig. 16 also shows the distribution of
radio EVPAs at 43 and 15 GHz from the Boston University Blazar
Group9 and MOJAVE Project10 (Lister et al. 2009), respectively.
The number of radio data is small, but they suggest that the di-
rection of the 43 GHz polarization is aligned with the optical one,
while the 15 GHz emission, likely coming from an outer jet region,
has a transverse polarization angle. A flip by 90◦ in EVPA usually
means that there is a change from optically thin to optically thick
properties of the region that most likely has happened between 43
and 15 GHz. In Fig. 17, we plot enlargements of Fig. 15 in different
periods to better distinguish the variability properties. We warn that
in some cases wide rotations may derive from EVPA shifts per-
formed when the angle difference between subsequent points was
around 90◦. Though we have considered the angle uncertainties,
it is clear that an underestimate of the error in these cases could
lead to an apparent wider rotation. This happens in the following
dates: JD = 2455234, 2455340 and 2455974. In contrast, there are
cases where the rotation appears quite robust. In particular, around
JD = 2456040, we observe a counter-clockwise rotation of ∼250◦

in about 10 d. This happens when P reaches a local maximum of
∼10 per cent and the flux is rising towards the peak of 2012 July
and August. Another noticeable episode occurred in the last ob-
serving season. The EVPA remained stable for several months, and
then rotated by ∼180◦ in a counter-clockwise direction in about
one month around JD = 2457180. We note that P experienced a
local minimum at about half-way of the rotation and two symmetric

9 https://www.bu.edu/blazars/research.html
10 http://www.physics.purdue.edu/MOJAVE/

maxima at the beginning and at the end of the rotation. This be-
haviour has already been observed in 3C 279 and was interpreted by
Nalewajko (2010) in terms of an emitting blob encountering a major
bending while travelling in the jet. If we apply that model to our
case, assuming a Lorentz factor �jet = �blob = 10, we find a mini-
mum angle between the blob velocity vector and the line of sight of
3.4◦, a curvature radius of the trajectory of about 6.6 × 1014 cm,
and a distance covered by the blob between the minimum and max-
imum of P of about 5.3 × 1013 cm. As in the case of 3C 279, the
lack of a simultaneous optical flare at the time of the minimum P
would mean that the blob gives only a very small contribution to
the total observed flux.

In Fig. 18, we show both Pobs versus Fobs and Pjet versus Fjet.
It can be noticed that in both cases no apparent correlation exists
between the two quantities.

Fig. 19 shows the distribution of the Stokes’ parameters of Mrk
421 in the u versus q plot, highlighting the EVPA rotation that
occurred in 2015 May and June. To this aim, subsequent points
have been connected with a cubic spline interpolation. The distance
of the spline from the origin, together with the wideness of the
spline and the persistence of the direction of rotation, confirms the
genuine nature of the rotation.

1 0 S P E C T RO P O L A R I M E T R I C O B S E RVAT I O N S

We analysed 603 spectra from the Steward Observatory data base
to investigate the optical spectropolarimetric variability properties
of Mrk 421. Fig. 20 shows the source spectra corresponding to the
brightest and faintest states. They lack emission lines and point out
a bluer-when-brighter behaviour. In the fainter spectrum, we can
recognize the Mg I and Na I absorption lines from the host galaxy.

Fig. 21 shows the optical colour of Mrk 421 as a function of the
R-band flux density. The colour is determined as the ratio between
the median flux in the range 4000–5000 Å (‘blue’) and that in the
5800–6800 Å range (‘red’).11 Here, again we note a bluer-when-
brighter trend.

We then investigated the wavelength dependence of the optical
polarization. We did not find correlation between the degree of
optical linear polarization P and the ratio between the blue and the
red fluxes (see Fig. 22).

Fig. 23 shows flux densities and polarization percentages for
the two wavelength ranges. The blue side is characterized by higher
flux variability and polarization degree than the red one, consistently
with the larger contribution of the host galaxy light in the red range.

Fig. 24 shows the flux ratio between the blue and the red bins plot-
ted against the ratio of the observed polarization in the same bins.
As the blazar becomes fainter (redder), the polarization in the blue
tends to be higher than in the red because of the increasing contribu-
tion from the red and unpolarized host galaxy light. However, in the
faint states, the low levels of polarization result in relatively large
uncertainties in Pblue/Pred. Fig. 24 also shows the difference between
the polarization position angles determined in the two continuum
bins. The plot suggests that there is no wavelength dependence in
EVPA.

11 We could not use the reddest part of the spectra (from 6800 to 7550 Å)
because it includes terrestrial oxygen and water absorption features.
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Figure 17. Enlargements of Fig. 15 to appreciate short-term variability.

Figure 18. Left-hand panel: The observed degree of polarization as a function of the observed R-band flux density. Right-hand panel: The same plot after
correcting for the host contribution.
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Figure 19. Distribution of the Stokes’ parameters in the u versus q plot.
The red line highlights the EVPA rotation that occurred in 2015 May and
June and was obtained by connecting subsequent points with a cubic spline
interpolation. The arrows indicate the time evolution.

1 1 D I S C R E T E C O R R E L AT I O N F U N C T I O N

We apply the discrete correlation function (DCF) analysis to the data
shown in Fig. 12 in order to investigate the existence of characteris-
tic time-scales of variability and the correlation between the γ -ray,
X-ray and optical fluxes. This method is suitable to treat unevenly
sampled data sets (Edelson & Krolik 1988; Hufnagel & Breg-
man 1992). Correlation/anticorrelation produces a positive/negative
peak of the DCF. The correlation is strong if the peak value ap-
proaches or even exceeds one.

The DCF between the X-ray and R-band light curves over the
whole 2007–2015 period is shown in Fig. 25. The lack of a strong
signal suggests that the X-ray and optical variations are, in general,
not correlated. The two low peaks at about −130 and −260 d in-
dicate optical events preceding X-ray ones and likely refer to the
major flares in 2012–2015.

In the same figure, we show the DCF between the daily binned
γ -ray and the X-ray light curves. The central low peak is likely
produced by the match of the major X-ray flare of 2013 with a
contemporaneous γ -ray flare. Another low peak at a time lag of
∼250 d comes from the correspondence between the major 2012
optical and 2013 X-ray flares. However, the value of the DCF always
maintains low, implying that the correlation is weak.

Finally, Fig. 25 displays the DCF between the daily binned
γ -ray and the optical fluxes over the whole data trains. The value
of the DCF at the central maximum is 0.48 and indicates fair cor-

Figure 21. The Mrk 421 optical colour (‘blue’ to ‘red’ flux ratio) as a
function of the source brightness (observed R-band flux density in mJy).

Figure 22. The observed degree of polarization plotted against the opti-
cal colour of Mrk 421. The polarization and flux ratio measurements are
simultaneous.

relation between the flux variations in the γ -ray and optical bands.
The central maximum is broad, possibly because of the superpo-
sition of different signatures. To check this, we divided the con-
sidered period in three subperiods: the time interval before the big
2012 γ -optical outburst (JD < 2456000), the time interval after

Figure 20. Left-hand panel: the brightest and faintest spectra in the Steward Observatory data base. Their flux density ratio is ∼5. Right-hand panel: the same
spectra in the log (νFν ) versus log ν representation used for the SED.
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Figure 23. The observed optical flux density (top panel) and polarization
percentage (bottom panel) as a function of time in the blue and red bins
defined in the text.

the outburst (JD > 2456200) and the time interval including the
outburst (2456000 < JD < 2456200). We then calculated the γ -
optical cross-correlation for the three periods separately. Before
the big outburst, the DCF value is always very low, indicating a
poor correlation; after the outburst, the strength of the correlation
increases and the central peak (DCF = 0.46) suggests a fair cor-
relation with essentially no time delay. Around the outburst, the
correlation is strong, as expected, but the timing is badly defined,
with γ variations that can either precede or follow the optical ones.
This ambiguity is essentially due to the lack of optical data during
the 2012 solar conjunction, when the γ -ray outburst was still at its
highest levels.

The optical, X-ray and γ -ray auto correlation functions (ACFs)
are plotted in Fig. 26. The peaks are low and their lags reflect the
time separation between flares in the corresponding light curves.
None of these time-scales can be considered as a periodicity.
A recent detailed periodicity analysis on the γ and optical light
curves of Mrk 421 by Sandrinelli et al. (2017) found no periodic
signals.

1 2 B ROA D - BA N D S P E C T R A L VA R I A B I L I T Y

We built IR-to-X-ray SEDs to investigate the spectral variability
of Mrk 421 around the synchrotron peak. In order to be able to
reliably characterize and model the region of the SED around the
synchrotron peak, we considered all the observing epochs where
strictly simultaneous data in the K, H, J, R bands from the WEBT
Collaboration and at UV and X-ray frequencies from the Swift

Figure 24. Left-hand panel: the relationship between the ratio of observed polarization in the blue and red bins and the colour defined as in Fig. 21. Right-hand
panel: colour versus the difference between the polarization position angles in the blue and red bins.

Figure 25. DCF between the X-ray and R-band light curves (left-hand panel); the daily binned γ -ray and X-ray light curves (middle panel); the daily binned
γ -ray and R-band light curves (right-hand panel, empty black circles) over the whole 2007–2015 period. In the last panel, we also show the results of the DCF
run on the three subperiods corresponding to the time intervals before the 2012 outburst (green triangles), after the outburst (blue diamonds) and around the
outburst (red squares).
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Figure 26. ACF for the galaxy-subtracted optical flux densities (left-hand panel), X-ray count rates (middle panel) and γ -ray fluxes (right-hand panel).

Figure 27. Left-hand panel: broad-band SEDs of Mrk 421 at eight different epochs (identified on the right with their JD − 2450000) where simultaneous
near-IR, optical, UV and X-ray data are available. Right-hand panels: The synchrotron peak frequency versus time (top panel) and X-ray flux (bottom panel).
The horizontal lines correspond to 10 keV, the upper limit of the energy range covered by XRT. In the top panel, the diamonds represent the cases where also
near-IR data were available and included in the SED fit.

satellite were available. Eight of these SEDs12 are shown in Fig. 27,
covering a wide range of brightness states. In three cases, we also
found UVOT data in the v band. The errors in the near-IR and optical
flux densities are typically around 3 per cent and are included in the
symbol size, while we conservatively assumed a 10 per cent error on
the UVOT data. The X-ray spectra are the result of a log-parabola
model fitting, including the uncertainties on the flux normalization
and α and β parameters.

We also show log-parabolic fits to the broad-band SEDs and the
position of the synchrotron peak they identify. The X-ray spectral
variability is quite strong and suggests that the frequency of the
synchrotron peak can shift over a large range, from log ν ∼ 15.7
to 16.9 [Hz]. Taking into account the curvature of the X-ray spec-
tra alone, the range could be even broader, up to log ν ∼ 17.4 of
the JD = 2457129 SED, i.e. a factor 50 in frequency. From these
few SEDs, the relationship between the brightness state and the

12 The other five SEDs overlap with them and were omitted for sake of
clarity.

synchrotron peak frequency appears confused. In particular, the
highest peak frequency (JD = 2457129) does not correspond to
the highest X-ray flux (JD = 2456393). To better investigate this
point, we built SEDs of all epochs with contemporaneous Swift and
R-band data and fit them with a log-parabolic model. The results
are shown in Fig. 27. There is a general indication that the syn-
chrotron peak frequency follows the X-ray activity, shifting towards
higher values when the X-ray flux increases. The increase is fast
below ∼30 counts s−1, then the curve flattens. Values of log νpeak

larger than 17 are reached only if the X-ray count rate is greater
than 50 counts s−1. Beyond this general behaviour, there are specific
cases with peculiar spectral shapes. There are three cases where the
X-ray spectrum is hard so that νpeak falls beyond the 10 keV upper
limit of the XRT energy range.

The only steep UV spectrum is shown by the SED on JD =
2455678, corresponding to the faintest and softest X-ray spectrum.
We also note that its near-IR and optical part fairly matches that
observed at JD = 2457193, but the latter has much brighter UV
and X-ray states. If the UV spectrum steepness on JD = 2455678
were real and not due to data uncertainties, its extrapolation to the
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higher energies would not meet the X-ray spectrum, raising the
question whether more than one component is contributing to the
source synchrotron flux. The same issue was encountered when
comparing the optical and X-ray light curves in Section 8. Similar
mismatches in the SED have already been found for this source
(Massaro et al. 2004) and were sometimes observed in other HBLs,
like PG 1553+113 (Raiteri et al. 2015) and H1722+119 (Ahnen
et al. 2016a). In these two cases, they have been interpreted in terms
of orientation variations in an inhomogeneous helical jet.

Another pair of SEDs having the same near-IR and optical flux,
but a different UV flux and very different X-ray spectra are those on
JD = 2456038 and 2456335. Here, a higher UV state corresponds
to a softer and less curved X-ray spectrum.

1 3 S U M M A RY A N D C O N C L U S I O N S

In this paper, we have analysed 8 yr of multiwavelength data on
the HBL Mrk 421. The GASP-WEBT Collaboration and Steward
Observatory provided the near-IR and optical photometric and po-
larimetric data. Information in the UV and X-ray bands was acquired
from the Swift satellite and in γ -rays from the LAT instrument on-
board Fermi. We have also exploited the spectropolarimetric data
taken at the Steward Observatory to investigate a possible wave-
length dependence of the polarization degree P and angle EVPA.
We have calculated the host galaxy contribution to the source pho-
tometry in the near-IR, optical and UV bands and subtracted it to
analyse the jet emission.

The source showed unceasing activity at all frequencies over all
the 2007–2015 period we considered. Variability in the near-IR,
UV and γ -ray flux appears well correlated with the optical one,
showing prominent flares in 2012–2013. In contrast, the behaviour
in X-rays does not follow the same path and X-ray flares occurred in
2008, 2010 and 2013. In γ -rays, the most noticeable event occurred
in 2012, while significant flares were also observed in 2013–2014.
DCF analysis suggests the lack of a persistent X-ray–optical cor-
relation while indicates a fair correlation between the γ -ray and
optical flux changes since 2012.

The spectral variability increases with frequency: Broad-band
SEDs show that the near-IR to optical spectral shape is rather stable
for different brightness states, while the upturn towards the UV can
be more or less pronounced, and this corresponds to a different
X-ray spectral form. Indeed, X-ray spectra exhibit a large variety
of slopes and curvatures and suggest that the synchrotron peak may
cover a large range of frequencies and, in general, shifts towards
higher energies when the X-ray flux increases.

The energy output from Mrk 421 has often been interpreted
with one-zone SSC models (e.g. Aleksić et al. 2012) or with lepto-
hadronic models involving proton synchrotron radiation and/or pho-
topion interactions (e.g. Böttcher et al. 2013). In these models, the
variations of the SED shape are obtained by changing the param-
eters determining the jet physics. In particular, these changes can
produce a shift of the synchrotron peak frequency and, in turn, a
lack of correlation between the optical and X-ray emission, even
if these two emissions are physically connected. Alternatively, we
propose the existence of at least two emitting regions in the jet
to explain the different behaviour of the optical and X-ray fluxes.
These regions are disjointed and experience independent short-term
variability. Moreover, their orientation can likely change in time, so
that periods of high X-ray activity would be observed when the
part of the jet producing this radiation is more closely aligned with
the line of sight. Similarly, when the viewing angle of the optical

emitting region decreases, the optical flux would be more Doppler
enhanced.

We have analysed polarimetric data to look for episodes where
the behaviour of P and EVPA can suggest that the source variability
is due to geometrical effects, like a curved motion of a blob in a
helical jet (Nalewajko 2010). We found a possible candidate in the
last part of the campaign, and derived the minimum angle between
the blob velocity vector and the line of sight, the curvature radius
of the trajectory and the distance covered by the blob during that
event. Apart from this case, we have not found any correlation be-
tween the source flux, and the P and EVPA changes, which strongly
suggests that turbulence may play a major role in determining the
source polarimetric properties (Marscher 2014; Blinov et al. 2016;
Kiehlmann et al. 2016; Raiteri et al. 2017).
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Aleksić J. et al., 2015, A&A, 576, A126
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Bonn, Germany
16Graduate Institute of Astronomy, National Central University, 300
Jhongda Road, Jhongli City, Taoyuan County 32001, Taiwan, Republic of
China
17Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia
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Synchrotron emission from the blazar PG 1553+113. An analysis of its
flux and polarization variability

C. M. Raiteri,1‹ F. Nicastro,2‹ A. Stamerra,1,3,4‹ M. Villata,1 V. M. Larionov,5,6

D. Blinov,5,7,8 J. A. Acosta-Pulido,9,10 M. J. Arévalo,9,10 A. A. Arkharov,6 R. Bachev,11
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ABSTRACT
In 2015 July 29–September 1, the satellite XMM–Newton pointed at the BL Lac object PG
1553+133 six times, collecting data for 218 h. During one of these epochs, simultaneous
observations by the Swift satellite were requested to compare the results of the X-ray and
optical–UV instruments. Optical, near-infrared and radio monitoring was carried out by the
Whole Earth Blazar Telescope (WEBT) collaboration for the whole observing season. We
here present the results of the analysis of all these data, together with an investigation of
the source photometric and polarimetric behaviour over the last 3 yr. The 2015 EPIC spectra
show slight curvature and the corresponding light curves display fast X-ray variability with
a time-scale of the order of 1 h. In contrast to previous results, during the brightest X-ray
states detected in 2015 the simple log-parabolic model that best fits the XMM–Newton data
also reproduces reasonably well the whole synchrotron bump, suggesting a peak in the near-
UV band. We found evidence of a wide rotation of the polarization angle in 2014, when the
polarization degree was variable, but the flux remained almost constant. This is difficult to
interpret with deterministic jet emission models, while it can be easily reproduced by assuming
some turbulence of the magnetic field.

Key words: galaxies: active – BL Lacertae objects: general – BL Lacertae objects: individual:
PG 1553+113.

� E-mail: raiteri@oato.inaf.it (CMR); fabrizio.nicastro@oa-roma.inaf.it
(FN); stamerra@oato.inaf.it (AS)

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

The active galactic nuclei known as ‘blazars’ include flat-spectrum
radio quasars and BL Lac objects. They show strong flux vari-
ability over all the electromagnetic spectrum, high and variable
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polarization, superluminal motion of the radio knots, brightness
temperatures exceeding the Compton limit. These properties are
explained by assuming that blazar emission comes from a plasma
jet oriented close to the line of sight, implying relativistic beaming
of the radiation (Blandford & Königl 1979). This is produced by
synchrotron and likely inverse-Compton processes at low and high
energies, respectively (Königl 1981).

The source PG 1553+113 is a high-energy peaked BL Lac ob-
ject (HBL), which means that its spectral energy distribution (SED)
shows a synchrotron bump extending from the radio to the X-rays,
and an inverse-Compton bump from X-rays to TeV energies. For
these sources, the inverse-Compton radiation is usually assumed
to originate from the scattering of synchrotron photons by the
same relativistic electrons that produce the synchrotron emission
(SSC models; e.g. Mastichiadis & Kirk 1997). The redshift of PG
1553+113 has been investigated in several ways, but has not been
firmly established yet. Constraints derived from the analysis of the
intergalactic absorption features set it in the range 0.43 < z < 0.58
(Danforth et al. 2010). Lower limits to the redshift were also ob-
tained from spectroscopy, z > 0.12 (Shaw et al. 2013) and z > 0.3
(Landoni et al. 2014). Studies of the very-high-energy (VHE,
E > 100 GeV) spectrum suggested z < 0.5 (Orr 2011), z = 0.49 ±
0.04 (Abramowski et al. 2015) or z ∼ 0.4 (Aleksić et al. 2015). The
source has recently gained particular attention because of the ∼2 yr
quasi-periodicity of its flares (Ackermann et al. 2015) and because
of its possible association with neutrino signals detected by Ice-
CUBE (e.g. Padovani et al. 2016; Righi, Tavecchio & Guetta 2016).

The SED modelling has produced different results. Abdo et al.
(2010) obtained satisfactory fits to the broad-band source SED,
from the radio to the VHE band, with a one-zone SSC model where
the energy distribution of the electrons producing the synchrotron
radiation is modelled by a three-component power law. Different
source states were accounted for by only changing the parameters
determining this law, while Aleksić et al. (2012) had to fine-tune
six parameters to explain the noticeable SED variations. A one-
zone SSC model was also applied to the broad-band SED observed
during the 2012 flaring state by Aleksić et al. (2015).

In 2013, the Whole Earth Blazar Telescope1 (WEBT) coordi-
nated a multiwavelength campaign on PG 1553+113 in support
of MAGIC observations. The results of the WEBT radio-to-optical
monitoring were presented in Raiteri et al. (2015) and used together
with observations by Swift and XMM–Newton to analyse the source
synchrotron emission. The picture that emerged was enigmatic be-
cause the connection between the UV and X-ray spectra seemed to
require a double curvature. Possible interpretations were discussed,
favouring variations of the viewing angle of the jet emitting regions,
whose effects were tested with an inhomogeneous SSC helical jet
model (Villata & Raiteri 1999; Raiteri et al. 2009). Different SED
shapes corresponding to various brightness states were matched by
changing only three parameters defining the jet geometry.

In 2015, nearly 218 h of XMM–Newton observing time on PG
1553+113 were awarded to investigate the warm–hot intergalactic
medium (WHIM; e.g. Nicastro et al. 2013, and references therein).
At the same time, this offered an extraordinary opportunity to study
in detail the emission of the blazar itself and, in particular, the prob-
lem of the spectral connection between the UV and X-ray regions
discussed by Raiteri et al. (2015). To maximize the scientific out-
put, the WEBT organized a new multifrequency campaign involving
optical, near-infrared and radio observing facilities. Moreover, Swift

1 http://www.oato.inaf.it/blazars/webt/

Table 1. Logbook of the XMM–Newton GO observations of PG 1553+113
in 2015 (PI: F. Nicastro).

Rev. Start End Duration (s)

2864 2015-07-29 19:57:33 2015-07-31 10:24:13 138 400
2866 2015-08-02 19:40:00 2015-08-04 10:15:00 138 900
2867 2015-08-04 19:32:00 2015-08-06 10:07:00 138 900
2869 2015-08-08 19:12:07 2015-08-10 09:47:07 138 900
2873 2015-08-16 18:52:06 2015-08-17 19:52:06 90 000
2880 2015-08-30 17:52:29 2015-09-01 08:29:09 139 000

target of opportunity observations simultaneous to one of the XMM–
Newton pointings were activated to check for cross-calibration be-
tween the optical-UV and X-ray detectors. MAGIC observations
were also scheduled in the first half of August. Their results will be
reported elsewhere.

In this paper, we present the results of the six XMM–
Newton guest-observer (GO) pointings at PG 1553+113 in 2015
(Section 2), together with those of the Swift observations (Section
3) and WEBT continuous monitoring (Section 4) in the same pe-
riod. We discuss the SEDs built with contemporaneous data in the
six XMM–Newton epochs (Section 5). Moreover, we analyse the
long-term (2013–2015) optical photometric and polarimetric be-
haviour of the source in conjunction with that observed in the X-ray
band (Section 6) and discuss a possible interpretation (Section 7).
Summary and conclusions are outlined at the end (Section 8).

2 OBSERVATI ONS BY XMM–NEWTON

Six long GO observations of PG 1553+113 were performed by
XMM–Newton in 2015, between July 29 and September 1 (PI: F.
Nicastro). Their logbook is given in Table 1. The total observing
time was 784 100 s.

2.1 EPIC

The European Photon Imaging Camera (EPIC) onboard XMM–
Newton carries three detectors: MOS1, MOS2 (Turner et al. 2001)
and pn (Strüder et al. 2001). During the GO observations of PG
1553+113 in 2015, the pn detector was set in full-frame mode2

with thin filter; MOS1 operated in small-window mode with thick
filter, and MOS2 in small-window mode with thin filter. We ran the
emproc and epproc tasks of the SAS package, version 14.0.0, to
reduce the data.

2.1.1 Spectra

Good time intervals with low background counts were selected by
asking that the count rate of high-energy events (>10 keV) was less
than 0.35 and 0.40 counts s−1 on the MOS and pn detectors, respec-
tively. We extracted source counts from a circular region with 25–
35 arcsec radius and the background counts from a source-free circle
with 50–70 arcsec radius. The epatplot task was used to verify
the presence of pile-up. This was not a problem for the MOS detec-
tors, but in the case of the pn data, we had to pierce the source counts
extraction region, excluding a central circle with 10 arcsec radius.3

We selected only single and double events (PATTERN<=4), which

2 With the only exception of the observation on August 16–17, when it was
set to small window.

3 This was not necessary for the August 16–17 data.
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Table 2. Results of the EPIC spectral fitting with a power-law model with free absorption.

Date NH (1020 cm−2) � F1keV (μJy) χ2
red (d.o.f.)

July 29–31 5.02 ± 0.11 2.565 ± 0.006 3.260 ± 0.016 1.09 (2671)
August 2–4 5.20 ± 0.11 2.564 ± 0.006 2.995 ± 0.015 1.08 (2787)
August 4–6 5.04 ± 0.10 2.560 ± 0.006 3.010 ± 0.015 1.05 (2832)
August 8–10 4.57 ± 0.11 2.551 ± 0.006 2.693 ± 0.015 1.00 (2657)
August 16–17 4.92 ± 0.09 2.594 ± 0.005 3.678 ± 0.018 1.08 (2865)
Aug 30-Sep 1 5.65 ± 0.10 2.595 ± 0.005 3.912 ± 0.017 1.08 (2948)

Table 3. Results of the EPIC spectral fitting with a log-parabolic model with absorption fixed at
the Galactic value NH = 3.72 × 1020 cm−2.

Date α β F1keV (μJy) χ2
red (d.o.f.)

July 29–31 2.487 ± 0.004 0.104 ± 0.010 3.179 ± 0.012 1.13 (2671)
August 2–4 2.476 ± 0.004 0.115 ± 0.010 2.909 ± 0.011 1.14 (2787)
August 4–6 2.482 ± 0.003 0.101 ± 0.009 2.931 ± 0.012 1.10 (2832)
August 8–10 2.501 ± 0.004 0.057 ± 0.010 2.645 ± 0.013 1.04 (2657)
August 16–17 2.521 ± 0.003 0.102 ± 0.008 3.596 ± 0.016 1.12 (2865)
Aug 30–Sep 1 2.481 ± 0.003 0.151 ± 0.009 3.767 ± 0.013 1.18 (2948)

are the best calibrated ones, and rejected events next to either the
edges of the CCDs or bad pixels (FLAG==0). We produced effec-
tive area files with the task arfgen and redistribution matrices files
with rmfgen. We used the task grppha of the HEASOFT package
to bin each spectrum and associate it with the corresponding back-
ground, redistribution matrix (rmf) and ancillary (arf) files. We set
a binning of at least 25 counts for each spectral channel to use the
χ2 statistic. All spectra were analysed with XSPEC version 12.9.0 be-
tween 0.3 keV and 10 keV in the case of MOS, and between 0.3 keV
and 12 keV in the pn case. We fitted the three EPIC spectra of each
observation first separately and then together. In the latter case,
we allowed for some offset between detectors and normalized with
respect to MOS1.

The spectra were fitted with both an absorbed power law
N(E) = N0 E−� , where N0 represents the number of photons
keV−1 cm−2 s−1 at 1 keV, and an absorbed log-parabolic model

N (E) = N0 (E/Es)
[−α−β log(E/Es)],

where Es is a scale parameter that we fixed equal to 1 keV. In
all cases, we adopted the Wilms, Allen & McCray (2000) ele-
mental abundances. An absorbed power law with NH fixed at the
Galactic value of 3.72 × 1020 cm−2 (from the LAB survey; Kalberla
et al. 2005) gave statistically bad fits, with χ2

red of 1.25, 1.29, 1.21,
1.07, 1.27 and 1.49 for the six epochs. We obtained good fits with
a power law with free absorption and acceptable fits with a log-
parabola with absorption fixed at the Galactic value. The results of
the spectral fitting with these two models are shown in Tables 2
and 3.

The power-law fits are statistically better, but suggest an absorp-
tion that is 23–52 per cent higher than the Galactic value. This may
indicate a spectral curvature that, according to the log-parabolic fits,
is however not very pronounced. Indeed, the β parameter ranges be-
tween 0.06 on August 8–10 and 0.15 on August 30–September 1.
We note that the minimum/maximum curvature corresponds to the
minimum/maximum flux density, respectively.

For illustrative purposes, Fig. 1 shows the three EPIC spectra
acquired on August 8–10, with the absorbed log-parabolic model
folded and data-to-model ratio.

Figure 1. X-ray spectra of PG 1553+113 acquired by the EPIC instruments
onboard XMM–Newton on 2015 August 8–10. Black, red and green symbols
represent MOS1, MOS2 and pn data, respectively. The folded model, an
absorbed log parabola with NH = 3.72 × 1020 cm−2, is shown by solid
lines of the same colour. The ratio between the data and the folded model is
plotted in the bottom panel.

2.1.2 Light curves

We checked the EPIC data for possible fast variability, which can put
constraints on the size of the emitting region. We built MOS1, MOS2
and pn light curves following standard prescriptions.4 We performed
a barycentric correction on the event files with the barycen task.
Source and background light curves were extracted in the 0.2–
10 keV energy range from the same regions used for the spectral
analysis. For the pn, we considered single and double events only,
while for the MOS we also included triples and quadruples. The
taskepiclccorrwas finally run to obtain background-subtracted
light curves, after performing both absolute (energy-dependent) and
relative (time-dependent) corrections. Fig. 2 shows the corrected
light curves. Some variability can be recognized especially during

4 http://www.cosmos.esa.int/web/xmm-Newton/sas-thread-timing
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Figure 2. X-ray background-corrected light curves from the EPIC detectors
during the XMM–Newton pointings. Grey plus signs correspond to the MOS1
rates obtained with a binning of 900 s, while the black line shows the result
of a binning over 3600 s. The red and green lines represent 3600 s binning
on the MOS2 and pn data, respectively, properly scaled so that the mean
values of the three data sets match.

the last XMM–Newton pointing, on a hourly time-scale. This sug-
gests that the size of the emitting region is R � δ × 1014 cm, where
δ is the Doppler beaming factor and typically ranges between 4 and
35 in blazars (Savolainen et al. 2010).

2.2 OM

During each XMM–Newton observation, the Optical Monitor (OM;
Mason et al. 2001) instrument acquired many exposures in the
optical and UV wide-band filters V, B, U, W1, M2 and W2. For
each filter, one exposure in imaging mode (5000 s long) is followed
by one exposure in fast, imaging mode (usually 4400 s long); the
sequence ends with a number (4–14) of fast exposures in W2 band,
for a total integration time of 6–17 h in this band.

We processed the data with the pipelines omichain and om-
fchain of the SAS package, and analysed the results with the
omsource task. Source magnitudes corresponding to the imag-
ing mode are shown in Fig. 3. Flux densities were obtained by
multiplying the count rates for the conversion factors derived from
observations of white dwarf standard stars.5 We conservatively as-
sumed a 10 per cent uncertainty on the count rates for all filters.

2.3 Joint EPIC-OM spectral fitting

The exceptional quality of the XMM–Newton data encouraged us to
try a joint fit of the EPIC and OM data. We thus used the SAS task
om2pha to convert the OM data into ‘spectra’ that can be read into

5 http://xmm.esac.esa.int/sas/8.0.0/watchout/

Figure 3. UV–optical observed magnitudes obtained from Swift-UVOT
data (blue circles) and XMM–Newton-OM observations in imaging mode
(red diamonds). Errors are smaller than the symbol size.

Table 4. Results of the joint OM+EPIC spectral fitting with a log-parabolic
model with free reddening and absorption.

E(B − V ) NH χ2
red

Date (10−2 mag) (1020 cm−2) (d.o.f.) r/rMW

July 29–31 3.32 ± 0.07 4.30 ± 0.05 2.36 (2669) 2.6
August 2–4 3.74 ± 0.08 4.40 ± 0.05 1.51 (2786) 2.4
August 4–6 3.49 ± 0.08 4.27 ± 0.05 1.75 (2830) 2.5
August 8–10 2.88 ± 0.09 3.56 ± 0.05 1.71 (2655) 2.5
August 16–17 5.02 ± 0.09 3.81 ± 0.04 1.32 (2859) 1.5
Aug 30–Sep 1 4.20 ± 0.08 4.47 ± 0.05 1.52 (2947) 2.2

XSPEC. The fitting model must be curved since we are considering
a broad frequency range that goes through the synchrotron peak.
We adopted a log-parabolic model (Landau et al. 1986; Massaro
et al. 2004), with reddening applied to the OM data and absorption
to the EPIC data (redden*tbabs*logpar). Galactic reddening was set
to E(B − V) = 0.05 (see Raiteri et al. 2015). Fixing both E(B − V)
and NH to their Galactic values results in a poor fit, which in general
improves significantly when thawing the reddening parameter, but
not so much when thawing NH. Leaving both parameters free to
vary gives an even slightly better fit, but its goodness is still ques-
tionable (χ2/ν = 1.3–2.4, see Table 4). In general, a free E(B − V)
gives a value smaller than the Galactic one, while a free NH goes
in the opposite direction, both results suggesting a gas/dust ra-
tio r = NH/E(B − V) higher than the average value in the Milky
Way, rMW. Assuming rMW = 4.93 × 1021 cm−2 mag−1 from Diplas
& Savage (1994), we obtain gas/dust ratios from 1.5 to 2.6 times
the Galactic value. The other parameters of the model, i.e. α, β and
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the normalization, do not change much when freezing or thawing
reddening and absorption.

We conclude that the log-parabolic model does not give a statisti-
cally acceptable description of the OM+EPIC spectrum. The above
attempts indicate that the OM values for the source brightness are
too high to allow for a fair connection between the optical–UV and
X-ray spectra. However, we have to consider that these joint fits
are strongly constrained by the large number of degrees of freedom
(d.o.f.) of the X-ray spectra that give a heavy weight to the X-ray
data. A comparison with optical–UV and X-ray data by Swift as
well as with the WEBT data from the ground is crucial to assess
whether the low goodness of the joint fits is due to data uncertainties
or if it has to do with the source spectral properties.

3 OBSERVATIONS BY SWIFT

The Swift satellite carries three instruments: the Ultraviolet/Optical
telescope (UVOT; Roming et al. 2005), the X-ray Telescope (XRT;
Burrows et al. 2005) and the BAT telescope. Data were reduced with
the HEASOFT6 package version 6.18 available at the NASA’s High En-
ergy Astrophysics Science Archive Research Center (HEASARC).

3.1 XRT

We reduced the XRT data with the CALDB calibration release
20160121. The task xrtpipeline was run on the observations
performed in pointing mode with standard screening criteria, select-
ing events with grades 0–12 for the PC mode and grades 0–2 for the
WT mode. We retained all the PC and WT observations with expo-
sure time greater than 1 min and 30 s, respectively. Data acquired
in PC mode were affected by pile-up, so we extracted the source
counts from an annular region with inner and outer radius of 10 and
75 arcsec, respectively, while the background counts were derived
from an annulus with radii of 100 and 150 arcsec. For the observa-
tions performed in WT mode, we extracted the source counts in a
circular region with 70 arcsec radius, and the background counts in
the same annulus used for the PC mode. The task xrtmkarf was
used to create ancillary response files to correct for hot columns, bad
pixels and the loss of counts caused by using an annular extraction
region in the pile-up case. We binned each spectrum and associated
it with the corresponding background, redistribution matrix (rmf)
and ancillary (arf) files with the task grppha, setting a binning of
at least 20 counts for each spectral channel in order to use the χ2

statistic. We fitted the XRT spectra with the same models adopted
for the EPIC spectra (see Section 2.1.1). When the number of de-
grees of freedom was less or equal to 10, we checked the results
with the Cash’s C statistic. The X-ray light curves will be presented
and discussed in Section 6.

3.2 UVOT

UVOT observed PG 1553+113 with the v, b and u optical filters and
w1, m2 and w2 UV filters. Data were processed with the calibration
release 20160321 of the CALDB data base accessible from the
HEASARC. For each epoch, we summed multiple images in the
same filter with the task uvotimsum and then performed aperture
photometry withuvotsource. Source counts were extracted from
a circular region with 5 arcsec radius centred on the source, while
background counts were obtained from a circle with 20 arcsec radius

6 http://heasarc.nasa.gov/lheasoft/

Table 5. The optical, near-IR and radio observatories participating in the
2015 WEBT campaign on PG 1553+113.

Observatory Country Bands

Optical
Abastumani Georgia R
AstroCamp Spain R
Belogradchik Bulgaria BVRI
Catania Italy BVRI
Crimean1 Russia BVRI
Lulin1 Taiwan g, r, i
Michael Adrian Germany RI
Mt. Maidanak2 Uzbekistan BVRI
New Mexico Skies USA R
ROVOR USA RV
Rozhen2 Bulgaria BVRI
Siding Spring Australia R
Sirio Italy R
Skinakas1 Greece BVRI
St. Petersburg1 Russia BVRI
Teide2 Spain VR
Tijarafe Spain BR
ASV3 Serbia BVRI

Near-infrared
Campo Imperatore Italy JHK
Roque de los Muchachos (TNG) Spain JHK
Teide Spain JHK

Radio
Medicina Italy 5, 8 GHz
Metsähovi Finland 37 GHz

Notes. 1photometry and photopolarimetry
2two telescopes
3Astronomical Station Vidojevica

located in a source-free field region close to the source. The results
were checked against the results of aperture photometry on the
single images. We also investigated the occurrence of small scale
sensitivity effects7 due to the possibility that the source falls on the
small areas of the detector with lower throughput.

Fig. 3 displays the optical and UV magnitudes derived from
the UVOT data as well as those coming from the OM observa-
tions in imaging mode. The comparison between the results of the
two instruments shows a fair agreement, as the OM data points lie
on the path traced by the UVOT data points, and the differences
between simultaneous data are within the uncertainties. The light
curves present a general decreasing trend, with the XMM–Newton
observations occurring when the source was in its faintest state.

De-reddened flux densities were obtained from UVOT data by
following the prescriptions of Raiteri et al. (2015).

4 WEBT DATA

The WEBT campaign on PG 1553+113 in 2015 was motivated by
and focused on the giant amount of XMM–Newton time awarded in
July–September. Nonetheless, we collected data from the whole op-
tical observing season. Table 5 lists the participating observatories,
together with their country and observing bands.

7 http://swift.gsfc.nasa.gov/analysis/uvot_digest/sss_check.html
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Figure 4. Final BVRIJHK light curves of PG 1553+113 obtained by the WEBT collaboration. Different colours and symbols highlight data from different
telescopes. Grey boxes indicate the XMM–Newton observations. In the bottom panel flux densities at 5 GHz (purple triangles), 8 GHz (blue diamonds) and
37 GHz (green squares) are shown.

In the optical band, 21 telescopes in 18 observatories acquired
data for the campaign. The calibration of the source magnitude
was obtained with respect to the photometric sequence published
by Raiteri et al. (2015). We collected 3120 data points in the
Johnson–Cousins’ B, V , R, I bands,8 which were carefully assem-
bled to obtain homogeneous and reliable light curves. In particular,
overlapping of different data sets sometimes revealed offsets that
were corrected by shifting deviant data sets to make them match
the common trend traced by the others. Moreover, the scatter of
dense but noisy data sets was reduced either by binning data points
close in time or by deleting points that lie more than 1 standard
deviation out of the night average, if no trend is recognizable. Fi-
nally, we discarded data with large errors (larger than 0.1 mag)

8 Lulin’s data were acquired in the SDSS g, r, i filters and transformed into
B, V , R, I values with the Chonis & Gaskell (2008) calibrations.

or standing clearly out of the location defined by the bulk of the
other points. The cleaning process is facilitated by the simultane-
ous inspection of the multifrequency light curves. The final light
curves are displayed in Fig. 4. They show the same decreasing
trend already seen in the Swift-UVOT light curves in Fig. 3. The
sampling is denser during the core of the campaign, centred on the
XMM–Newton observations.

Near-infrared observations were performed at the Campo Imper-
atore, Roque de los Muchachos (TNG), and Teide Observatories.
Data reduction and analysis procedures are described in Raiteri
et al. (2014). The JHK flux densities are plotted in Fig. 4 and show
a course similar to that observed in the optical bands.

Radio data were acquired at 5 GHz and 8 GHz with the 32-m
dish of the Medicina Radio Astronomical Station and at 37 GHz
with the 14-m radio telescope of the Metsähovi Radio Observatory.
Data are processed as explained in D’Ammando et al. (2012) and
Teräsranta et al. (1998). The radio flux variability is modest.
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Figure 5. SEDs of PG 1553+113 during the six XMM–Newton pointings in 2015 July–September. Both the power-law (blue) and log-parabolic (red) fits to
the MOS1, MOS2 and pn spectra analysed together are shown. The OM data acquired in imaging mode are plotted as blue squares, while red diamonds display
data taken in fast, imaging mode. Black circles represent WEBT data points. On August 8–10, a simultaneous Swift observation was performed; its results are
plotted in green. The grey continuous line represents the log-parabolic fit to the joint OM+EPIC data of the last XMM–Newton pointing; it is reported in all
panels to guide the eye. The log-parabolic fits to the joint OM+EPIC data of each epoch are shown as orange long-dashed lines.

5 SP E C T R A L E N E R G Y D I S T R I BU T I O N

Fig. 5 shows the broad-band SEDs of the source during the six
XMM–Newton pointings. In X-rays, both fits to the EPIC data
(power law with free absorption and log-parabola with Galactic
absorption) are plotted. A zoom into the near-infrared-to-UV fre-
quency range is displayed in Fig. 6. In both figures imaging and
fast, imaging OM data are plotted separately.

The August 8–10 SED also includes the Swift data obtained si-
multaneously to the XMM–Newton pointing. They indicate a slightly
lower flux in the UV and a bit harder X-ray spectrum than the XMM–
Newton data. The UVOT spectrum also shows a less pronounced
curvature with respect to those analysed by Raiteri et al. (2015).

Simultaneous optical and near-infrared data taken during the
WEBT campaign are added. Flux densities were corrected for
Galactic absorption according to the prescriptions given by
Raiteri et al. (2015). The WEBT data are in agreement, within
errors, with the space data in the overlapping spectral range. In the

radio band, we plotted the nearest data in time, with a tolerance of
a couple of weeks.

In each panel, we show the result of the log-parabolic fit to
the joint OM and EPIC data of each epoch, together with that of
the sixth XMM–Newton pointing (see Section 2.3). While in the
first five epochs the joint OM+EPIC fits overproduce the WEBT
data (radio+near-infrared in the first two cases, radio only in the
other three), the fit obtained in the sixth epoch also matches the
contemporaneous radio data and suggests that the synchrotron peak
lies in the near-UV band. It is also consistent with the broad-band
SED of the fifth pointing, while slightly overproduces the X-ray
flux of the other epochs and slightly underproduces the UV flux of
the first one.

In Fig. 7, we compare this log-parabolic model with the fits to
a high, intermediate and low X-ray state of the source obtained by
Raiteri et al. (2015) with an inhomogeneous SSC helical jet model
(Villata & Raiteri 1999; Raiteri et al. 2009). The 2015 UV-to-X-ray
flux is in between those characterizing the intermediate and low
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Figure 6. A zoom into the near-IR-to-UV frequency range of the SEDs
reported in Fig. 5. The dotted line is drawn to guide the eye through the flux
changes.

Figure 7. SEDs of PG 1553+113 during the sixth XMM–Newton pointing
of 2015 August 30–September 1. Symbols are as in Fig. 5. The EPIC-
pn spectrum obtained with a log-parabolic fit is shown in red. Infrared
data from the AllWISE Source Catalog are plotted as green triangles. The
grey continuous line represents the log-parabolic fit to the joint OM+EPIC
data. The dashed, dotted and dot–dashed lines show the three fits to high,
intermediate and low X-ray states of the source obtained by Raiteri et al.
(2015) with an inhomogeneous SSC helical jet model. The black solid line
represents a fit to the 2015 August 30–September 1 SED with the same
model.

states, and the X-ray spectrum appears softer, while the radio flux
is higher. We also show a realization of the same jet model that can
satisfactorily reproduce the SED of 2015 August 30–September 1.
With respect to the Raiteri et al. (2015) fits, it was obtained by
changing the three parameters defining the jet orientation, and by
lowering the emitted minimum and maximum frequencies at the
jet apex. The new parameters are a = 75◦, ψ = 24◦, φ = 18◦ and
log ν ′ = 15.4–18.2 (rest frame). All the other model parameters
are fixed to the values used in Raiteri et al. (2015). The largest
separation between the log-parabolic and the jet model fits occurs
in the infrared, so in Fig. 7, we added the WISE data downloaded
from the AllWISE Source Catalog.9 Although the WISE data are
not contemporaneous with the other data, they suggest a power-law
shape of the SED in that wavelength range, more in agreement with
the jet model.

In conclusion, the 2015 SEDs indicate an intermediate UV-to-
X-ray state as compared to those analysed by Raiteri et al. (2015).
Moreover, the smaller curvature of the UV and X-ray spectra in 2015
allows for a better connection between the UV and X-ray spectra,
so that in first approximation a simple log-parabolic fit appears
suitable to describe at least the SEDs with the highest X-ray fluxes.
However, a more detailed analysis requires a more complex model,
like the inhomogeneous SSC helical jet model that has already been
applied to previous, more problematic SEDs of this source.

6 L O N G - T E R M P H OTO M E T R I C A N D
P O L A R I M E T R I C B E H AV I O U R

The long-term (2013–2015) optical and X-ray light curves are pre-
sented in Fig. 8 and compared with the behaviour of the polariza-
tion percentage P and of the electric vector position angle (EVPA).
Fig. 9 shows an enlargement of the period including the XMM–
Newton pointings examined in this paper and the corresponding
WEBT campaign.

A prominent flare was detected in the X-ray band at the very
end of 2014–very beginning of 2015, which was characterized by a
rapid fall and was followed by a minor flare. The ratio between the
maximum and the minimum flux is ∼13. The decreasing part of the
X-ray major flare was observed also in the optical band, where it was
probably more contained. The maximum observed flux density in
the R band was only ∼2.6 times higher than the minimum in 2015.
The optical counterpart of the X-ray second, minor flare appears to
be more extended in time.

Optical polarimetric data were acquired at the Crimean, Lulin,
Skinakas and St Petersburg observatories. Two points with large
error (σ P/P > 2) were removed. The ±n π (n ∈ N) ambiguity on the
EVPA was treated by minimizing the difference between adjacent
points. The value of P rapidly oscillates between ∼1 per cent and
∼10 per cent in a way that does not appear to be correlated with the
optical (see also Fig. 10) or X-ray brightness behaviour. The first
polarimetric datum in 2015, when the source flux was still high,
does not reveal particularly high polarization. Instead, P reached
the highest values in 2014, when the flux was rather stable and
relatively low.

The EVPA is quite variable too. It increases during all the 2014
observing season and makes a rotation of 350◦ in about six months,
with a mean rate of ∼60◦ per month, while it remains more or less
stable after the major flare. Notice, however, that the jump at JD =
2456794 is ∼86◦, i.e. very close to 90◦. Therefore, at that epoch

9 http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd
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Figure 8. From top to bottom: time trend of the X-ray count rate (top panel), de-absorbed flux density in R band, percentage polarization P and electric vector
polarization angle EVPA. In the top panel, red plus signs indicate Swift-XRT observations performed in WT mode, while blue crosses those in PC mode. In the
other panels, red diamonds, cyan asterisks, blue circles and green triangles refer to data from the Crimean, Lulin, Skinakas and St Petersburg observatories,
respectively. Grey plus signs in the second panel indicate the whole WEBT data set in the R band, while the black crosses in the last panel correspond to VLBA
measurements at 15 GHz obtained by the MOJAVE Project.

the EVPA minimizing procedure sets the rotation counter-clockwise
(increasing EVPA) instead of clockwise (decreasing EVPA) because
of a difference of a few degrees only. This is of the same order of
the overall error on the two data points defining the EVPA jump.
The opposite choice would produce a smaller total rotation and rate,
about 230◦ in 4.8 months, i.e. ∼50◦ per month.10

Fig. 9 allows us to identify other, smaller rotations of the EVPA
corresponding to different behaviours of polarization degree and
optical flux. In particular, a nearly 60◦ change of EVPA was ob-
served in about 10 d, between JD = 2457231 and 2457241, with P
reaching a minimum at the rotation inversion point and the optical
flux density remaining in a steadily decreasing phase and achieving
a minimum just after P.

The MOJAVE Project obtained two VLBA polarization meas-
urements11 at 15 GHz in the period we are considering,

10 For a discussion on the treatment of the EVPA ±n π ambiguity see also
Kiehlmann et al. (2016).
11 http://www.physics.purdue.edu/astro/MOJAVE/

yielding radio EVPAs of 49◦ on 2014 January 11 and 22◦ on 2014
December 12. These values are plotted in Fig. 8 (the latter aug-
mented by 360◦) and show that there may be some displacement
between the directions of the optical and radio polarization. The
position angle of the structure of the radio source estimated from
the MOJAVE data is about −40◦, so the radio EVPAs are nearly
transverse to the jet axis.

7 DI SCUSSI ON

In this paper, we focused on two main issues regarding the spectral
and polarimetric behaviour of the HBL PG 1553+113.

In Raiteri et al. (2015), we found a disagreement between the
SEDs built with Swift and XMM–Newton data acquired at a short
time distance (about 6 weeks) in 2013. The UVOT spectra showed
a pronounced curvature, with a steep UV spectrum whose extrap-
olation to higher energies did not meet the soft XRT spectrum.
On the contrary, the optical–UV spectrum obtained from the OM
data was flat and the connection with the EPIC spectrum was less
puzzling. To better clarify the matter, in Raiteri et al. (2015), we
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Figure 9. A zoom into the trends shown in Fig. 8. Boxes indicate the epochs of the XMM–Newton pointings. In the top panel, the 1 keV flux density is given for
both the Swift-XRT observations (purple crosses) and the XMM–Newton-EPIC ones (black empty circles). They have been obtained by applying an absorbed
power-law model with free NH.

Figure 10. Polarization percentage in the R band as a function of the R-band
magnitude.

compared the 2013 data with previous Swift, IUE and HST-COS
observations, confirming the UV spectrum steepness showed by the
UVOT data. We then fitted the various radio-to-X-ray SEDs with
an inhomogeneous SSC helical jet model (Villata & Raiteri 1999;
Raiteri et al. 2009), where different X-ray brightness states and
spectral shapes are reproduced by changing only three parameters
defining the jet geometry and orientation. The 2015 SEDs anal-
ysed in this paper found the source in an intermediate UV-to-X-ray
brightness state with respect to those discussed by Raiteri et al.
(2015). They show a consistency within the uncertainties between
the XMM–Newton and Swift data and smaller optical–UV and X-ray
spectral curvatures. The two X-ray brightest SEDs are reproduced
reasonably well by the simple log-parabolic model that best fits
the OM and EPIC data together, while a possibly better fit is still
obtained with the helical jet model. Further XMM–Newton long
exposures on PG 1553+113 are planned in 2017 when, accord-
ing to the quasi-periodic behaviour claimed by Ackermann et al.
(2015), the source will be in outburst. It will be interesting then
to study in detail its spectral variability during the high flux state
and compare it with the results obtained in this paper relative to a
low flux state.
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Figure 11. The polarimetric behaviour of PG 1553+113 in the u versus
q plot. Red diamonds, cyan asterisks, blue circles and green triangles refer
to data from the Crimean, Lulin, Skinakas and St Petersburg observatories,
respectively. Solid lines connect daily averages in chronological order in the
time intervals delimited by the epochs indicated in the plot. The counter-
clockwise rotation from JD = 2456881 to 2457231 (grey) is the continuation
of that from JD = 2456862 to 2456881 (black).

As for the polarimetric behaviour, the major point is the inter-
pretation of the ample EVPA rotation observed in 2014. This is
also shown in the u versus q plot in Fig. 11. Wide rotations of the
radio and optical EVPA have been observed in blazars for more
than 30 yr (e.g. Ledden & Aller 1979; Aller, Hodge & Aller 1981;
Kikuchi et al. 1988; Larionov et al. 2008; Marscher et al. 2008, 2010;
Raiteri et al. 2013; Sasada et al. 2012; Blinov et al. 2015; Carnerero
et al. 2015; Larionov et al. 2016). Sometimes they are coincident
with γ -ray flares. Many models have been proposed to explain
EVPA rotations, based on relativistic aberration or on true physical
rotations or curved motions in the source emitting region. Blandford
& Königl (1979) analysed the EVPA swing produced in an accel-
erating source. A more complex model was proposed by Björnsson
(1982), considering a 3D magnetic field distribution. Rapid changes
of the EVPA are predicted to occur close to a minimum in P and
in both models the maximum observable amplitude is 180◦. An in-
terpretation for wider rotations was given by Königl & Choudhuri
(1985) in terms of shock waves propagating in a relativistic jet with
non-axisymmetric magnetic field. This can produce in particular a
‘steplike’ behaviour where minimum P values are expected during
the fastest swings (the jumps), as observed in the blazar 0727 − 115
by Aller et al. (1981). Assuming a shock-in-jet model and a heli-
cal magnetic field, Zhang, Chen & Böttcher (2014) could explain
large EVPA rotations correlated with flux flares, while Zhang et al.
(2016) analysed the competition between the shock speed and the
magnetization in the emission region and found that in a moderately
magnetized environment a fast shock can produce a 180◦ rotation
with only a modest flux increase. The time-scale of the rotation is
about a couple of weeks. EVPA swings from emitting blobs propa-
gating on curved trajectories have been investigated by Nalewajko
(2010). The maximum rotation rate occurs when the viewing angle
is minimum, which implies a minimum in P and a maximum in
flux. Larionov et al. (2013) satisfactorily fitted the photopolarimet-
ric behaviour of 0716+714 during the 2011 outburst with a model
involving the propagation of a shock in a helical jet, which pro-
duces a steplike rotation of the EVPA. Three wide EVPA rotations
in different directions were observed by Aleksić et al. (2014) when

analysing the polarimetric behaviour of PKS 1510 − 089 in early
2012. They ascribed this behaviour to turbulence.

The possibility that EVPA rotations are produced by a stochastic
process because of the random walk of the polarization vector due to
a turbulent magnetic field was investigated by e.g. Marscher (2014),
Blinov et al. (2015) and Kiehlmann et al. (2016). They found that
wide rotations can be obtained, but they are rare, so it is unlikely
that all those observed are produced by this mechanism. Moreover,
stochastic and deterministic processes can both be responsible for
different events in the same source.

The extremely wide EVPA rotation of PG 1553+113 in 2014
is similar to that observed in the source 0727 − 115 by Aller
et al. (1981), though on a different time-scale. There is a general
increase, whose finer structure reveals a series of plateaux linked by
abrupt jumps. The degree of polarization shows a (possibly double)
minimum during the rotation that is much wider than 180◦, and the
flux density does not show any flare. This questions most of the
proposed deterministic models. Hence, it is unlikely that a single
emission contribution is responsible for both flux and polarization
variability.

Therefore, following the suggestions by D’Arcangelo et al.
(2007), Kiehlmann et al. (2013), Blinov et al. (2015) and Kiehlmann
et al. (2016), we assumed that some amount of magnetic turbu-
lence is at work in the optical emitting region and we ran Monte
Carlo simulations to see whether we can reproduce a photopo-
larimetric behaviour resembling that shown in Fig. 8. We con-
sidered the daily binned R-band light curve made by photopo-
larimetric data and assumed that the observed flux is equally
contributed by Ncells = 220 emitting cells with randomly oriented
magnetic field. These cells have uniform magnetic field with de-
gree of polarization corresponding to synchrotron radiation from
particles with a power-law distribution of energies with index p:
Pmax = (p + 1)/(p + 7/3) = 75 per cent for p = 3. At each time
step, the flux density is fixed by the observed value, while a num-
ber of randomly chosen cells, Nvar, change the orientation of their
magnetic field. This number is crucial to obtain a certain level of
ordered behaviour. We set their minimum number to Ncells/10 and
increased them proportionally to the length of the time step �t. The
overall values of P and EVPA at each epoch can be derived from the
Stokes parameters Q and U of the whole emitting region, which are
obtained by summing the Qi and Ui parameters of all cells. We could
obtain a variety of different behaviours, with P values statistically
close to the observed ones (Pmin = 1 per cent, Pmax = 10 per cent,
<P> = 4 per cent, σ (P) ∼ 2 per cent) and sometimes leading to
wide EVPA rotations. We show in Fig. 12 the results of one of these
simulations, which produces a wide rotation that is similar to that
observed in 2014. A full statistical analysis is beyond the scope of
this paper; we just want to stress here that the polarimetric behaviour
shown by PG 1553+113 is difficult to explain in terms of simple
emission models while it is easily accounted for by assuming some
turbulence of the magnetic field in the emitting region.

Finally, we noticed that the radio EVPAs measured by the
MOJAVE project before and after the 2014 optical EVPA rota-
tion are nearly transverse to the jet axis and possibly present some
offset with respect to the optical EVPAs.

8 SU M M A RY A N D C O N C L U S I O N S

We have presented an analysis of the huge multiwavelength observ-
ing effort on the blazar PG 1553+113 in 2015, which was motivated
by the long pointing time spent by XMM–Newton during six epochs
in July–September.
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Figure 12. The observed R-band flux density (top) and the simulated P
(middle) and EVPA (bottom) time behaviour (blue circles). They are the
results of a Monte Carlo simulation with 220 cells having uniform, but
randomly oriented magnetic field. Grey circles show the observed P and
EVPA values for a comparison. The 2014 EVPA rotation is well reproduced.

The EPIC X-ray spectra are well fitted by a simple power-law
model with free absorption, yielding neutral hydrogen column den-
sities from 23 per cent to 52 per cent higher than the Galactic value.
Fits with a log-parabolic model with Galactic absorption indicate
slight spectral curvature. The long exposures reveal X-ray variabil-
ity on hourly time-scale. The application of a log-parabolic model
with free reddening and absorption to the joint OM+EPIC data sug-
gests a gas/dust ratio that is from 1.5 to 2.6 times higher than in the
Milky Way. During the August 8–10 pointing, simultaneous obser-
vations by Swift were obtained to check inter-calibrations. Both the
optical–UV and X-ray data of the two satellites show consistency
within the uncertainties.

The radio-to-optical data acquired by the WEBT collaboration
complemented the space information at low energies. The optical
and near-infrared light curves show a decreasing trend, in agreement
with the UVOT and OM data, while the radio flux displays only
modest variability.

We have built the radio-to-X-ray SEDs corresponding to the
six XMM–Newton epochs with simultaneous data from space and
ground. We wanted to investigate the properties of the synchrotron
emission, and in particular to verify the critical connection be-
tween the UV and X-ray spectra that led us to propose an inho-
mogeneous SSC helical jet model to interpret the SED variability
(Raiteri et al. 2015). The new SEDs presented in this paper show
less curvature in both the optical–UV and X-ray spectra, and an in-
termediate UV–X-ray flux, as compared to those analysed by Raiteri
et al. (2015). As a consequence, at least the two SEDs correspond-
ing to the brightest X-ray states are satisfactorily reproduced by the
simple log-parabolic model that best fits the XMM–Newton data.
However, the helical jet model is still possibly giving a better fit.

We have also analysed the optical polarimetric behaviour of the
source over the last three years, along with the X-ray and optical
photometric behaviour. We did not find any clear correlation be-
tween the polarization degree and the optical brightness. The EVPA
showed an almost complete counter-clockwise rotation in 2014. In
the same period, the degree of polarization was very variable and
the optical (and possibly the X-ray) flux was rather stable. All to-
gether, these pieces of information make an interpretation in terms
of simple deterministic emission models quite difficult, while they
are more easily explained by a stochastic model that assumes some

turbulence of the magnetic field in the jet emitting region. This is
in line with the results of Blinov et al. (2016) and Angelakis et al.
(2016), who found that EVPA rotations in high-synchrotron-peaked
sources are less frequent than in low-peaked ones and suggested that
probably the former are mostly random walk rotations while the lat-
ter are due to deterministic processes.
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Blazars are active galactic nuclei, which are powerful sources of 
radiation whose central engine is located in the core of the host 
galaxy. Blazar emission is dominated by non-thermal radiation from 
a jet that moves relativistically towards us, and therefore undergoes 
Doppler beaming1. This beaming causes flux enhancement and 
contraction of the variability timescales, so that most blazars appear 
as luminous sources characterized by noticeable and fast changes 
in brightness at all frequencies. The mechanism that produces this 
unpredictable variability is under debate, but proposed mechanisms 
include injection, acceleration and cooling of particles2, with 
possible intervention of shock waves3,4 or turbulence5. Changes 
in the viewing angle of the observed emitting knots or jet regions 
have also been suggested as an explanation of flaring events6–10 
and can also explain specific properties of blazar emission, such 
as intra-day variability11, quasi-periodicity12,13 and the delay of 
radio flux variations relative to optical changes14. Such a geometric 
interpretation, however, is not universally accepted because 
alternative explanations based on changes in physical conditions—
such as the size and speed of the emitting zone, the magnetic field, 
the number of emitting particles and their energy distribution—
can explain snapshots of the spectral behaviour of blazars in many 
cases15,16. Here we report the results of optical-to-radio-wavelength 
monitoring of the blazar CTA 102 and show that the observed long-
term trends of the flux and spectral variability are best explained by 
an inhomogeneous, curved jet that undergoes changes in orientation 

over time. We propose that magnetohydrodynamic instabilities17 or 
rotation of the twisted jet6 cause different jet regions to change their 
orientation and hence their relative Doppler factors. In particular, 
the extreme optical outburst of 2016–2017 (brightness increase of 
six magnitudes) occurred when the corresponding emitting region 
had a small viewing angle. The agreement between observations 
and theoretical predictions can be seen as further validation of the 
relativistic beaming theory.

The blazar CTA 102 belongs to the subclass of flat-spectrum radio 
quasars (FSRQs). Its redshift, z = 1.037, corresponds to a luminosity 
distance of about 7,000 Mpc (assuming a flat Universe and a Hubble 
constant H0 = 70 km s−1 Mpc−1).

The Whole Earth Blazar Telescope (WEBT) Collaboration started 
to monitor the multiwavelength behaviour of CTA 102 in 2008. Data 
obtained until January 2013 are reported in ref. 9. In Extended Data 
Fig. 1 we show the optical and near-infrared light curves acquired 
in 2013–2017, which were built with data from 39 telescopes in 
28 observatories, and in Methods we give some details on these  
observations.

A period of relatively low activity was recently interrupted by a sud-
den increase in the source brightness in late 2016, with a jump of 6–7 
magnitudes with respect to the minima in the optical and near-infrared 
bands. The peak of the outburst was observed on 28 December 2016, 
with an R-band magnitude of 10.82 ± 0.04 (see Fig. 1), which corre-
sponds to a luminosity Lν at frequency ν of log[νLν (erg s−1)] = 48.12 
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(corrected for the redshift effect, but without a beaming correction). 
This represents the most luminous optical blazar state ever detected. 
The previous record was held by the FSRQ 3C 454.3, which reached 
log[νLν (erg s−1)] = 47.54 during a big outburst18 observed in 2005.

Inspection of the light curves of CTA 102 reveals that the brightness 
variation amplitude is larger in the near-infrared than in the optical 
band. This is a consequence of the source emitting not only synchro-
tron radiation from the jet, but also thermal radiation from the accre-
tion disk19 that feeds the super-massive black hole of the active galactic 
nucleus (AGN). The more stable light from the disk makes a larger 
contribution to the overall source flux at optical wavelengths than in 
the near-infrared. Further evidence of thermal radiation from the disk 
comes from the analysis of colour indices and spectroscopic data (see 
Methods and Extended Data Figs 3 and 4).

To analyse the synchrotron emission from the jet, we first model the 
thermal component, usually referred to as the ‘big blue bump’ (BBB). 
Besides the disk radiation, the BBB includes the contribution of emis-
sion lines from the broad-line region of the AGN, in particular, Mg ii 
and Hα lines, redshifted to the optical V and near-infrared J bands, 
respectively. In the BBB model (details in Methods), we built the spec-
tral energy distribution (SED) of a hypothetical minimum-brightness 
synchrotron state and then subtracted it from the flux minima in all 
optical and near-infrared bands to get the BBB contribution. We also 
added a dust torus emission component in the mid- to far-infrared, 
as dust emission has been detected in CTA 102 with the IRAS20 and 
Spitzer21 satellites. The results are shown in Fig. 2.

Having modelled the thermal contribution to the source flux, 
we subtracted it from the near-infrared and optical flux densities 
to get the jet synchrotron flux. Figure 3 shows the optical R band,  
millimetre-wavelength (230 GHz) and radio (37 GHz) light curves in 
the period 2008–2017. The optical flux density of the jet ranges from 
0.047 mJy to 166 mJy, with a maximum flux ratio higher than 3,500. 
We note that both the 2012 flare and the 2016–2017 outburst were 
accompanied by radio activity, but the flux ratios at the peaks of the 
two events are very different in the various bands. Moreover, in 2012, 
peaks at lower frequencies followed those at higher frequencies, as is 
often observed in blazars14. By contrast, the latest optical outburst was 
preceded by activity at 37 GHz. Figure 3 also shows that the high flux 

densities registered at 37 GHz in 2008–2009 correspond to a ‘quiescent’ 
optical state. This complex optical–radio correlation suggests that the 
emission in these two bands is produced in different regions of the 
jet. Explaining the multiwavelength light curves in terms of intrinsic 
processes would require very different physical conditions along the 
jet at various epochs, with model parameters chosen ad hoc at any 
time to reproduce the observed flux levels. Therefore, we propose an 
alternative scenario, in which the observed source behaviour is ascribed 
to orientation changes in the jet.

In the light curves of Figs 1 and 3 and Extended Data Fig. 1, especially 
in the optical and near-infrared bands, we can distinguish fast flares 
superimposed on a long-term trend. We adopted cubic spline interpo-
lations through the binned data to represent the long-term behaviour 
of the well-sampled light curves in the R band, at 230 GHz and 37 GHz. 
For the radio and millimetre-wavelength light curves, which are charac-
terized by smooth variations, we used a fixed time bin of 30 days. In the 
optical band, the fast flares are more rapid and pronounced when the 
source is brighter. This is expected when the long-term trend is due to 
a variable Doppler factor δ, which affects both the amplitudes and the 
timescales of the flux variations. In Methods, we summarize the basic 
concepts of the relativistic beaming theory and verify the contraction of 
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Figure 1 | Observed optical light curve of CTA 102 in the last two 
observing seasons of the WEBT campaign. R-band magnitudes are 
shown as a function of the Julian date (JD). Different colours and symbols 
correspond to the various telescopes contributing to the WEBT campaign. 
Error bars represent 1 s.d. measurement errors. The peak of the 2016–2017 
outburst was observed on 28 December 2016 and indicates a brightness 
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Figure 2 | Spectral energy distributions of CTA 102 and orientation of 
the emitting regions of the jet. a, Small grey circles highlight the observed 
variability ranges. The black dashed line represents the minimum-
brightness synchrotron SED and the black squares (hexagons) the fitted 
(derived) minimum synchrotron flux densities. The black solid line and 
asterisks show the thermal emission model and its contributions to the 
near-infrared and optical bands. The red dot-dashed line represents the 
base-level synchrotron SED used for the geometric interpretation. Large 
coloured circles and coloured lines display observed data and spectra 
and model predictions, respectively, for selected epochs (expressed in 
JD − 2,450,000). Measurement errors (1 s.d.) are smaller than the symbol 
size. b, Viewing angles of the emitting region producing the (bulk of the) 
radiation at frequency ν at the epochs shown in a.
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the flux variation timescales in the brightest optical states. Accordingly, 
we adopted a variable bin size ranging from 24 days in the low-flux 
states to 3.4 days in the phases of the 2016–2017 outburst with the most 
marked changes. The dispersion (root-mean-square) of the optical flux 
densities around the spline in the various observing seasons changed 
from 0.03 mJy to 1.1 mJy at the time of the 2012 flare and to 18 mJy 
during the 2016–2017 outburst. This confirms that fast flares are ampli-
fied during high-flux states and strongly indicates that long-term flux 
changes are probably due to variations in the Doppler factor.

If we accept this, then we can trace the behaviour of δ in time (see 
Fig. 3) at the three reference frequencies. Because of Doppler beaming, 
what we observe at a given frequency is emitted by the source at a  
lower frequency. To correct for this effect, we use the relativistic invar-
iant Fν/ν2 (see, for example, ref. 22), where Fν is the flux density at 

frequency ν. We build a base-level synchrotron spectrum for the long-
term flux variations by fitting a log-parabolic model to the spline min-
ima at 37 GHz, 230 GHz and in the R band (see Fig. 2). This is what we 
assume to be the source SED for the minimum Doppler factor  
δbase. Starting from here, for each observed Fν, we look for the  
corresponding frequency νbase in the base-level spectrum so that 

ν ν ν ν/ = /ν νF F( ) ( )2
,base base base

2 . Once νbase is found, we can calculate  
the Doppler factor as δ = δbase(ν/νbase). The trends of δ shown in Fig. 3 
were obtained assuming typical values23 for the bulk Lorentz factor 
(Γ = 20) and for the maximum viewing angle (θmax = 9°) so that 
δbase = 3.7. Other choices for Γ and θmax do not alter the general  
findings. The data constrain the ratio δ(t)/δbase, whereas the choice of 
θmax constrains Γ to yield a reasonable θmin. In the light of what is 
known for blazars (for example, from the study of superluminal radio 
knots), values of θmax between about 5° and 15°, which correspond to 
values of Γ between 35 and 10, are possible.

The Doppler factor depends on the bulk Lorentz factor and on the 
viewing angle. Although changes of Γ both along the jet (see Methods) 
and in time are in principle possible, they would require large differ-
ential accelerations or decelerations of the bulk flow in the various jet 
regions to explain the extreme flux changes in CTA 102. Instead, we 
favour the premise that Doppler factor variations are caused by orien-
tation changes, which is also supported by the development of non-
axisymmetric instabilities in magnetohydrodynamic jet simulations17 
and by very-long-baseline interferometry observations of CTA 10224 
and blazars with swirling jets25 or helical jet structures26 (although on 
much larger, parsec scales).

Having δ(t) and a guess for Γ, we can then derive the viewing angle 
as a function of time. This is shown in Fig. 3 for the three reference 
bands. Flux enhancements are seen at a given frequency when the 
corresponding emitting region becomes better aligned with the line of 
sight. This is observed mainly in the optical band during the 2016–2017 
outburst.

If we now correct the flux densities for the variable δ effect (see 
Methods), we obtain what we would observe if all the emitting regions 
of the jet had the same orientation, which does not change in time, 
that is, a constant δ. The residual variability corresponds to fast flares, 
which are probably caused by intrinsic, energetic processes. The fast 
flares show similar amplitudes over the whole 2008–2017 period. 
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Figure 3 | Multifrequency behaviour of the jet emission of CTA 102 
in 2008–2017. a–c, The R-band (a), 230-GHz (b) and 37-GHz (c) light 
curves contain 10,462, 170 and 576 flux density points, respectively. Error 
bars represent 1 s.d. measurement errors. Grey solid lines are cubic spline 
interpolations through the binned light curves. d, e, The Doppler factor δ 
(d) and viewing angle θ (e) of the optical (red), 230 GHz (blue) and 37 GHz 
(green) emitting regions according to the geometric model. f, R-band 
flux densities obtained for a constant δ = δbase, namely, corrected for the 
variable beaming effect. The vertical lines indicate the epochs considered 
in Fig. 2.
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Figure 4 | Schematic representation of the proposed inhomogeneous 
jet model. Photons of different frequencies come from diverse jet 
regions. Because of the curvature of the jet, these regions have different 
orientations. Therefore, the corresponding emission is more (less) 
enhanced when the region is better (worse) aligned with the line  
of sight. The jet structure is dynamic, and the orientation of each region 
changes in time. The two observing eyes on the right represent two 
different alignments of the line of sight relative to the jet. The upper 
observer will see enhanced emission in the optical band and relatively 
low flux between the millimetre-wavelength and radio bands, while 
for the lower observer the most beamed radiation is the millimetre-
wavelength one.
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The dispersion factor in the various observing seasons is reduced to  
2 (0.009–0.022 mJy), compared to the original factor of 600 that should 
be ascribed to energetic processes within the jet to explain the observed 
variability.

The above scenario implies that the emission at different frequencies 
comes from different regions along a continuous jet (that is, the jet is 
inhomogeneous), which have different orientations with respect to the 
line of sight that vary in time. A schematic representation of our model 
is given in Fig. 4.

The variations in θ, δ and the flux (Figs 2 and 3) have smaller ampli-
tudes and are smoother in the radio- and millimetre-wavelength bands 
compared to those seen at shorter wavelengths. According to the model,  
this is probably due to the fact that the radio and millimetre- 
wavelength emitting regions are much more extended along the curved 
jet than those emitting optical and near-infrared light. Smaller vari-
ations would be expected from a larger emission region because the 
observed emission would be integrated, and thus averaged, over a 
greater span of angles with respect to the line of sight.

We tested the proposed geometric model by comparing predicted 
and observed SEDs (Fig. 2). For a given epoch, the predicted SED was 
obtained by summing the thermal emission model with a synchrotron 
SED derived by applying the Doppler enhancement to the base-level 
SED with a frequency-dependent δ(ν) (details are given in Methods). 
The agreement between model and data is very good.

We also analysed optical polarimetric data (see Methods and 
Extended Data Fig. 6). The polarization fraction shows strong vari-
ability throughout the period considered but no general correlation 
with the flux, suggesting a mainly stochastic process due to turbulence5 
or a variable jet direction27. On the other hand, the polarization angle 
undergoes large changes and in some cases its behaviour is consistent 
with the picture of a rotating twisted jet.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Methods
Observations. Established in 1997, the WEBT Collaboration is an international 
collaboration of astronomers that monitor blazars in the optical, near-infrared, 
millimetre-wavelength and radio bands to investigate these highly active objects. 
Optical data used in this study were acquired at the following 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), Vidojevica 
(Serbia). The source magnitude was calibrated using common photometric stand-
ard stars in the source field (Star 1 and Star 2 in ref. 28, with the addition of other 
stars from ref. 29, when needed). This minimized possible offsets between differ-
ent data sets. Observations were performed in the Johnson–Cousins BVRI bands, 
except for those at the NOT and Liverpool telescopes. The NOT data were obtained 
using the ugriz filters of the Sloan Digital Sky Survey and then converted with 
the transformations described in ref. 30. The Liverpool data were taken with the 
‘red’ (770–1000 nm), ‘green’ (650–760 nm) and ‘blue’ (350–640 nm) cameras of 
the RINGO3 instrument and were transformed to the nearest standard (Johnson–
Cousins) bands using shifts derived from data-taking periods overlapping with 
those of other instruments.

Near-infrared data were taken with the JHK filters at the Campo Imperatore, 
Lowell (Perkins) and Teide observatories. The data reduction is described in ref. 19.

Extended Data Fig. 1 shows the optical and near-infrared light curves of 
CTA 102 in the last four observing seasons. During the phases of the 2016–2017 
outburst with the most dramatic variations, some episodes of noticeable and 
well-sampled intranight variability were observed. Four of them are shown in 
Extended Data Fig. 2.

Observations in the radio and millimetre-wavelength bands were performed 
with the 14-m radio telescope of the Metsähovi Radio Observatory (37 GHz) 
in Finland, the 30-m IRAM telescope (86 GHz and 230 GHz) in Spain and the 
Submillimetre Array (230 GHz) in Hawaii, USA. For details on the radio data 
analysis, see refs 31–33.
Spectral behaviour. The optical spectral behaviour of CTA 102 in the period of 
Extended Data Fig. 1 is shown in Extended Data Fig. 3, where the B–R colour 
indices (and the spectral slopes α of the F ∝ ν−α law) are obtained by coupling 
data taken by the same telescope within 15-min intervals. A redder-when-brighter 
trend is observed until R ≈ 15 (Spearman’s rank correlation coefficient ρ = −0.82), 
which is followed by a slight bluer-when-brighter trend (ρ = 0.26) as the source 
flux increases. This has been previously reported18 for 3C 454.3; it means that as 
the source brightens, the disk contribution becomes negligible and then the spec-
trum becomes bluer again, possibly because of changes in the Doppler factor34. 
In particular, we note that in faint states, when the source is ‘blue’, the brightness 
in the B band is much more stable than that in the R band. This means that the 
B-band flux is dominated by the disk emission, but the R-band flux still receives 
important synchrotron contribution from the jet, which makes the colour index 
vary considerably in these states.

Spectroscopic observations in the optical band were carried out at the Steward 
(Kuiper, Bok and MMT telescopes) and Roque de los Muchachos (TNG and 
NOT telescopes) observatories. A selection of these spectra is shown in Extended 
Data Fig. 4. The spectra taken during faint states show a prominent, broad Mg ii  
emission feature and a hard spectral shape. As the brightness rises, the lines gradu-
ally disappear and the spectra soften as a consequence of the increasing importance 
of the featureless synchrotron continuum over the BBB. At the highest flux levels 
the optical spectra harden again, which is consistent with the bluer-when-brighter 
behaviour discussed earlier.
Modelling the thermal emission component. To model the BBB, whose contri-
bution is assumed to remain constant throughout the observing period, we exami
ned the flux variation ranges in the monitored bands. Figure 2 shows all the data 
acquired in the 2008–2017 period by WEBT observers in the radio–millimetre 
(37 GHz, 86 GHz and 230 GHz), near-infrared (KHJ) and optical (IRVB) bands. 
When passing from the observed magnitudes to the flux densities, we corrected for 
Galactic extinction using the recommendations of the NASA/IPAC Extragalactic 
Database. We built the SED of a hypothetical minimum-brightness synchrotron 
state by fitting a logarithmic parabolic model to the observed radio–millimetre 
minimum-flux densities and a minimum synchrotron flux density in the K band, 
which was obtained by assuming that the observed minimum-flux density in that 
band receives equal synchrotron and thermal contributions. The adequacy of a 

logarithmic parabolic model in describing the broadband synchrotron emission 
of blazars has been previously discussed (for example, in ref. 35), and this model 
is widely used. The thermal contribution from the BBB in all near-infrared and 
optical bands was then obtained by subtracting the model-predicted minimum 
synchrotron flux from the observed flux minima. The result is in agreement with 
that derived by ref. 19 for the same object using a quasi-stellar object template.

To complete the AGN model towards the mid–far infrared, we also added the 
emission contribution from the dust torus19, although it is always negligible, except 
for the case when the source is very faint.
Relativistic beaming theory. The Doppler factor is defined as δ = [Γ (1 − β cosθ)]−1,  
where β is the bulk velocity of the emitting source in units of the speed of light, 
Γ = (1 − β2)−1/2 is the corresponding Lorentz factor and θ is the viewing angle. Any 
time interval is shortened in the observer’s frame as Δt = Δt′/δ, while frequencies 
are blueshifted as ν = δν ′ (primed symbols refer to quantities in the rest frame of 
the source). For a continuous jet with isotropic emission in the rest frame, the 
observed and rest-frame flux densities are linked by ν δ ν= ′ν

α
ν

+
′F F( ) ( )2 , with 

ν′ ∝ ′ν
α

′
−F ( )  (ref. 22). As a consequence, for a given beaming state characterized 

by a Doppler factor δ, the amplitude of the flux variation due to possible intrinsic 
processes is ΔFν ∝ δ2+α. Therefore, stronger beaming enhances not only the flux 
but also the amplitude of the intrinsic variations (fast flares), and shortens the 
variation timescale. We can correct the observed flux densities at a given frequency 
for the variable Doppler beaming effect according to δ δ= /ν ν ν ν

α+ νF F ( )cor const var 2 , 
where νF

cor represents the values that we would observe if the jet had a constant 
orientation resulting in δν

const . In Fig. 3, we present νF
cor in the R band for 

δ δ=ν
const

base.
Variation timescales. Inspection of the optical light curves reveals that variation 
timescales shorten when the source is brighter, which is a robust indication that the 
long-term flux changes are due to Doppler factor variations. This can be verified 
quantitatively by performing time-series analysis, that is, investigating the time 
structure of flux variations. In order to avoid possible bias due to the long-term 
trend and related difference in flux amplitude, we applied this analysis to flux  
densities corrected for the variable relativistic beaming effect (see Fig. 3). We  
separated the data set in two subsets corresponding to bright (δ > δmax/2) and faint 
(δ < δmax/2) states, thus separating the 2016–2017 outburst from the rest of the data. 
For the two subsets we calculated the structure function36 (SF), which expresses the 
squared mean difference of the flux densities as a function of the time separation 
τ between data pairs. The results are shown in Extended Data Fig. 5, where the 
minimum variability timescale corresponds to the first peak of the SF, which is 
about 4 days for the bright states and approximately 8 days for the faint ones. This 
doubling of the timescales matches very well the δ-halving criterion adopted to 
separate the two subsamples (Δt ∝ δ−1). We checked the SF results by means of the 
discrete autocorrelation function37 (ACF; Extended Data Fig. 5b). The timescales 
are defined by the ACF minima. The shortest timescales for the high (low) flux 
states are confirmed to be about 4 (8) days.

Finally, we applied the Kolmogorov–Smirnov statistic to check whether the SFs 
and ACFs of the two subsamples are drawn from the same distribution. The values 
of the Kolmogorov–Smirnov statistic are 0.67 for the SFs and 0.39 for the ACFs 
with significance levels 1.1 × 10−6 and 1.0 × 10−4, respectively; such small values 
mean that the two distributions are significantly different.

In view of these results and in agreement with the relativistic beaming theory, we 
modelled the optical long-term trend by setting an adaptive bin size that reduces 
the time bin by a factor n as the flux increases by a factor n2+α, where n = 2, 3, 4, 5, 
6, 7 and α = 1.7 is the slope of the minimum synchrotron spectrum in the R band.
Lorentz factor. We have assumed a single Γ value throughout the jet region of 
interest. Other scenarios, with Γ varying along or transversally to the jet are in 
principle possible and have been adopted in some cases. However, the portion of 
the jet that we are considering (that is, that emitting the bulk of photons from the 
optical band down to 37 GHz) is inside the inner core of the radio images, so that 
we can easily guess that the Lorentz factor does not change considerably along 
this region. On the other hand, transverse velocity gradients, for which there is no 
observational evidence in the inner zones of blazar jets, are sometimes introduced 
to explain the properties of high-energy, comptonized radiation38,39, but they would 
represent an unnecessary complication for the purposes of our model.
Comparison between predicted and observed SEDs. The frequency-dependent 
trend of the Doppler factor, which is necessary to obtain a model SED for a given 
epoch, was derived by interpolating or extrapolating the values of δ at 37 GHz, 
230 GHz and in the R band at that epoch (Fig. 3) in the δ–logν space, after cor-
recting the frequencies for the different beaming affecting the base-level SED and 
the model SED for the considered epoch. We performed linear interpolation of 
the Doppler factor in the δ–logν space by minimizing the χ2 error statistic. When 
the unreduced χ2goodness-of-fit statistic was greater than 1.2, which indicates 
a poor fit, we also performed a parabolic interpolation and took the average fit 
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between the two. This occurred three times, for the epochs 7,637, 7,654 and 7,691 
(in JD − 2,450,000).

Figure 2 displays ten SEDs that correspond to selected epochs spanning 
the source variation range. The predicted and observed SEDs are in very good  
agreement. In particular, the spectral slopes of the calculated SEDs in the optical 
band match very well those of the observed optical spectra. The offset between 
the optical and near-infrared data at epoch 7,717 is probably due to non-perfect 
simultaneity of the observations coupled with strong intranight variability. In  
Fig. 2, we also show the corresponding viewing angle as a function of frequency for 
all epochs. The brightest state during the 2016–2017 optical outburst corresponds 
to the maximum difference of orientation (maximum misalignment) between the 
radio- and optical-band emitting zones when the optical zone has the best align-
ment with the line of sight.
Polarization. Optical polarimetric data were acquired by seven observatories: 
Calar Alto, Crimean, Lowell (Perkins), ROVOR, San Pedro Martir, Steward and St 
Petersburg. The temporal behaviour of the jet polarization fraction Pjet and electric 
vector polarization angle (EVPA) are shown in Extended Data Fig. 6.

Pjet was obtained from the observed polarization degree P by correcting for 
the dilution effect of the unpolarized BBB emission, Pjet = P × F/Fjet, where F is 
the de-absorbed flux density and Fjet is the same quantity after subtraction of the 
BBB flux contribution. Extended Data Fig. 6 also shows the mean value of Pjet for 
the whole period and the mean values and standard deviations for each observing 
season. The EVPA was adjusted for the ±n × π (n, natural number) ambiguity by 
requiring that the angle difference between subsequent points in the same observ-
ing season is minimum.

Strong variability of Pjet and large changes of the EVPA both in the clockwise 
and anticlockwise directions are observed throughout the period considered. No 
general correlation is found with the observed flux or with the flux variations 
that remain after correction for variable Doppler beaming (see Fig. 3). The only 
hint of correlation between polarization and flux variations is given by the coinci-
dence of the minima in the viewing angle (flux peaks) with either fast changes of 
the EVPA (at JD ≈ 2,457,300) or inversion of its direction (at JD ≈ 2,456,200 and 
JD ≈ 2,457,750; that is, during the peaks of the 20129,10 and 2016–2017 outbursts). 
Both situations may occur when considering a rotating helical jet with a longitudi-
nal magnetic field. As the helix rotates and the emitting region approaches the line 
of sight, the EVPA undergoes large variations or changes of direction, depending 
on whether the angle between the line of sight and the helix axis is smaller or 
larger than the helix pitch angle, respectively. However, some turbulence must be 
present5 to explain the irregular behaviour of Pjet. An alternative explanation could 
be provided by ref. 27, which showed that apparent random behaviour of P (and F) 
can accompany large EVPA fluctuations in a jet with a helical magnetic field and 
variable propagation direction.
Comparison with a standard one-zone model. We have shown that the long-term 
multiwavelength flux variability of CTA 102 is well explained by changes of the 
Doppler factor. We now investigate whether commonly used one-zone models 
can also explain these spectral changes in the same way. In Extended Data Fig. 7 
we present results obtained with the standard one-zone model, proposed in ref. 
40. We first fitted the SED at JD = 2,457,637, which represents an intermediate 
flux level. We used the following physical parameters: radius of the emitting zone 
log[R (cm)] = 17.8; magnetic field B = 0.08 G; Doppler factor δ = 21.5; electron 

density in the emitting zone N = 30 cm−3; electron energies between logγmin = 1 
and logγmax = 5; and an electron energy distribution expressed by a power law with 
α = 2.15 and a cut-off electron energy logγcut = 3.6.

We then tried to fit the highest and the lowest optical levels shown in Fig. 2 
by changing only δ. The brightest state requires δ = 40 and the faintest δ = 9.5. 
However, this model does not fit the lower-frequency data; in particular, the flux 
in the millimetre-wavelength band is largely over- or under-estimated. Better fits 
could be obtained with the one-zone model, but at the cost of changing a number 
of parameters, especially the electron energy distribution. One should then check 
if a reasonable temporal evolution of all these parameters can be found to explain 
the multiwavelength light curves.
Data availability. Data taken and assembled by the WEBT Collaboration  
(optical, near-infrared and radio light curves) are stored in the WEBT archive at the 
Osservatorio Astrofisico di Torino, INAF (http://www.oato.inaf.it/blazars/webt/); 
they become publicly available one year after publication and can be requested 
from the WEBT President, M.V. (villata@oato.inaf.it). Optical spectropolarimetric 
data from the Steward Observatory are publicly available and can be downloaded 
from http://james.as.arizona.edu/~psmith/Fermi/.
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Extended Data Figure 1 | Observed light curves of CTA 102 in the optical BVRI and near-infrared JHK bands. The curves are built with data from 39 
telescopes (marked with different symbols and colours) in 28 observatories participating in the WEBT project. Measurement errors (1 s.d.) are smaller 
than the symbol size.
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during the phases of the 2016–2017 optical outburst with the most dramatic changes reveal very fast brightness variations. Error bars represent 1 s.d. 
measurement errors.
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Extended Data Figure 3 | Colour behaviour of CTA 102. a, The R-band 
light curve; red dots represent the data points used to build the colour 
indices. b–c, The B − R colour index as a function of time and R-band 
magnitude. Error bars were obtained by summing in quadrature the 1-s.d. 
measurement errors of the corresponding B and R data. The dashed line 

indicates the average B − R value. The parameter α is the spectral index of 
the F ∝ ν−α law. The redder-when-brighter trend that characterizes faint 
source states (R > 15) turns into a slight bluer-when-brighter trend as the 
source flux increases.
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and have been corrected for Galactic extinction. The observing epochs are 

given on the right, expressed in JD − 2,450,000. The main broad emission 
lines (more visible in faint states) are indicated. As the flux increases, 
the source spectrum first softens (redder-when-brighter trend) and then 
gradually hardens (bluer-when-brighter).
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the long-term trend due to variable relativistic beaming (see Fig. 3). 
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observed states, respectively, and show that variation timescales are halved 
when the Doppler factor doubles.
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Extended Data Figure 6 | Temporal behaviour of the polarization of 
CTA 102. a, The jet optical flux densities. b, The jet polarization fraction 
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period and crosses show the mean values in each observing season. Error 

bars represent 1 s.d. c, The electric vector polarization angle. The red solid 
line displays the trend of the viewing angle in the R band (rescaled to fit in 
the plot; see Fig. 3) and the vertical lines mark the most interesting events, 
which are discussed in the text.
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Extended Data Figure 7 | One-zone model fits to the SEDs of CTA 102. 
The standard one-zone model40 has been used to fit three SEDs in 
intermediate-, high- and low-brightness states (see also Fig. 2). Once the 
physical parameters of the emitting zone are adjusted to reproduce the 
intermediate-brightness state, the other two model fits are obtained by 

changing only the Doppler factor to match the optical data. As a result, 
the millimetre-wavelength flux is largely over- or under-estimated. In all 
model fits, the thermal component (accretion disk and torus; black line 
and symbols) was added to the one-zone model synchrotron component.
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Abstract

A systematic study on the long-term periodicities of known Galactic cataclysmic variables (CVs) was conducted.
Among 1580 known CVs, 344 sources were matched and extracted from the Palomar Transient Factory (PTF) data
repository. The PTF light curves were combined with the Catalina Real-Time Transient Survey (CRTS) light
curves and analyzed. Ten targets were found to exhibit long-term periodic variability, which is not frequently
observed in the CV systems. These long-term variations are possibly caused by various mechanisms, such as the
precession of the accretion disk, hierarchical triple star system, magnetic field change of the companion star, and
other possible mechanisms. We discuss the possible mechanisms in this study. If the long-term period is less than
several tens of days, the disk precession period scenario is favored. However, the hierarchical triple star system or
the variations in magnetic field strengths are most likely the predominant mechanisms for longer periods.

Key words: (stars:) novae – cataclysmic variables – (stars:) binaries (including multiple): close – surveys –
catalogs – methods: data analysis – methods: observational

Online material: color figures

1. Introduction

A cataclysmic variable (CV) is an accreting binary system
composed of a white dwarf (WD) as primary and a low-mass
companion. In general, when the companion fills its Roche lobe,
the mass flow stream passing through the inner Lagrangian point
(L1) generates an accretion disk around a non-magnetic WD. On
the other hand, only a truncated disk can be formed in an
intermediate polar (DQ Her type), a subclass of CVs with a
highly magnetic WD. The WD in the polar (AM Her type)
system has an even higher magnetic field that can prevent the
formation of the accretion disk. The variability on different
timescales of CV systems is caused by different mechanisms.
The orbital periods of CVs typically range from 70min to 24 h,
which is strictly related to the binary separation and mass ratio.
A census on the orbital period distribution of CVs reveals a
period gap of approximately 2–3 h (e.g., Warner 1995), which is
explained by the evolution scenarios of CVs.

The variation with a timescale longer than a day is typically
called the superorbital or long-term variation in CV systems.
Long-term variation has been detected in only a few CVs, and
this has been neglected in subsequent research. Kafka &
Honeycutt (2004) studied 100 CVs using the structure function
to characterize the timescales of the long-term variabilities.

However, no further results and the implications behind the
long-term variabilities were addressed in this study. Various
types of mechanisms were proposed to explain the long-term
variations of CVs. For example, Thomas et al. (2010)
discovered a long-term modulation with a period of 4.43 ±
0.05 d in cataclysmic variable PX And through eclipse
analysis, which was considered to be the disk precession
period that triggers the negative superhump in this system. On
the other hand, from the analysis of eclipse time variations in
eclipsing binary DP Leo, a third body with an elliptical orbit
and a period of = P 2.8 2.0 yrs was found by Beuermann
et al. (2011). Honeycutt et al. (2014) discovered a period of
∼25 d oscillations, regarded as the result of accretion disk
instability in V794 Aql during its small outbursts. Warner
(1988) proposed that the cyclical variations of the orbital
periods (on the timescale of years to decades) for some CVs are
related to their quiescent magnitudes and outburst intervals, and
the variations were inferred as the effect of the solar-type
magnetic cycle of the companion. Kalomeni (2012) discovered
several polars exhibiting long-term variability with a timescale
of hundreds of days, likely caused by the modulation of the
mass-transfer rate owing to the magnetic cycles in the
companion stars.
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Previous studies on the long-term periodicities of CVs are
sporadic. With the help of recent large synoptic surveys, we are
able to search for and further characterize the long-term
variations of the CVs systematically. In Section 2, we introduce
the synoptic survey projects we utilized, and the corresponding
intensive observations made using the Lulin One-Meter-
Telescope (LOT). Descriptions of our analysis method for the
long-term periodicity of the sources are presented in Section 3.
The possible mechanisms driving the long-term variability and
further implications are presented in Section 4. In Section 5, we
summarize the long-term periodicities from our results and
discuss some of the previous studies related to the sources.

2. CV Catalog, Synoptic Surveys and Observations

The CVs selected for this study are from the catalog by
Downes et al. (2006). The data used for this study are from two
surveys: the Palomar Transient Factory (PTF) and the Catalina
Real-Time Transient Survey (CRTS). In addition, the LOT, a
small telescope capable of intensive observations, was utilized
for finding the orbital periods of the targets that were unknown
before this study.

2.1. CV Catalog for Source Matching

The CV catalog produced by Downes et al. (2006) (hereafter
Downes’ catalog) is taken as a reference catalog for our study
(see Downes et al. 2001 for the catalog description). The latest
version of the catalog contains 1830 sources, including 1580
CVs and 250 non-CVs. The catalog used the General Catalog
of Variable Stars (GCVS) name as the source identifier.
However, some of the sources have no GCVS names, so the
constellation name of the sources was adopted as the identifier.
In this study, if multiple sources without GCVS names are in
the same constellation, then the constellation name with distinct
numbers were adopted as the project name of the source (e.g.,
UMa 01 for one of the CVs in the constellation Ursa Major).
We used the Downes’ catalog for our matching process and
then retrieved the light curves of the matches.

2.2. Palomar Transient Factory

The PTF (Law et al. 2009; Rau et al. 2009) project began
observing in 2009.7 The Samuel Oschin Telescope, a 48-in
Schmidt telescope with Mould R, SDSS ¢g , and several H-α
filters was adopted for the survey. The PTF and its successor
intermediate PTF (iPTF) projects were accomplished in 2017
March. A 7.9 square degree field of view (FOV) was achieved
with the camera configuration of PTF and iPTF. The next
generation of the PTF project, called the Zwicky Transient
Facility (ZTF), with its many upgrades in software and
hardware, will be operated in mid 2017.

The software pipelines were readied for the real-time
discoveries of transients (Masci et al. 2017) and for the
generation of source detections (IPAC pipeline, Laher et al.
2014). The IPAC pipeline was developed by the Infrared
Processing and Analysis Center (IPAC),8 which reduced the
images and generated the detection catalogs on a frame basis.
The detection catalogs are stored in the IRSA archive.9 We
extracted the data from the local copies of the full photometric
catalogs in IPAC. Metadata tables with information from the
catalog headers were created for accessing the photometric data
quickly. The light curve of a specific source could be retrieved
out of the total of ∼24 Terabytes within 2 min via our data-
retrieval pipeline.10 Figure 1 shows a flowchart of the data-
retrieval pipeline. A large area of the sky has been observed by
the PTF project. The observation numbers in the density map of
sky covered by PTF/iPTF are shown in Figure 2.

2.3. Catalina Real-Time Transient Survey

The CRTS project is conducted by analyzing data from the
Catalina Sky Survey (CSS), which is originally designed for
the study of asteroids. The CRTS team made use of the
photometric data for studying the transient sky (Drake et al.
2009; Mahabal et al. 2011; Djorgovski et al. 2012).11 The data
was gathered using three telescopes in the Northern and
Southern Hemispheres, including the Catalina Sky Survey
(CSS, 0.7m), the Mt. Lemmon Survey (MLS, 1.5m), and the
Sliding Springs Survey (SSS, 0.5m). No filter was adopted for
the survey to maximize the discovery of asteroids. The CRTS
data is available to the public through the Catalina Surveys
Data Release 2 (CSDR2) website.12 The calibrated light curves
can be accessed by users through the interface.

2.4. Lulin One-Meter Telescope

The orbital periods of the CVs are essential to the discussion
on the mechanism of their long-term periodicities. For our
sources of interest, only a portion of them have known orbital
periods, as presented in Downes et al. (2006) and references
therein. To investigate the targets with unknown orbital
periods, we used the Lulin One-Meter Telescope, located in
central Taiwan, to perform short-cadence observations. The
LOT is a telescope with a FOV of ¢ ´ ¢11 11 . The limiting
magnitudes with 5 min exposures are approximately
20–20.5 mag in V and R bands. We used the R-band filter
for our short-cadence observations. The 3 sources we observed
with LOT are presented in Table 1.

7 http://www.ptf.caltech.edu/

8 http://www.ipac.caltech.edu/
9 http://irsa.ipac.caltech.edu
10 The IPAC web interface with faster data-retrieval process is currently
online.
11 http://crts.caltech.edu
12 http://nesssi.cacr.caltech.edu/DataRelease/
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3. Data Analysis

3.1. Photometric Calibration

The photometric systems of PTF and CRTS are different. The
light curves from the PTF repository are in the Mould R-band.
The data retrieved from the CSDR2 are in white light
(unfiltered). To calibrate the difference between the systems, a
linear relation between the PTF and CRTS systems was assumed
in our analysis. The linear regression to find the coefficients of
the line is described as = ´ +M A M BPTF CRTS , whereMPTF is
the R-band magnitude measured by the PTF, and MCRTS is the
white-light magnitude measured by the CRTS. The slope A and
the intercept B were fit across the magnitudes of different
reference stars in the nearby regions of the CVs. Most of the
resulting fit parameters A and B are consistent across the entire
data set. The magnitudes of the CVs were shifted to the PTF
photometric system by the linear relation with the best-fit
parameters. The photometric results from the relative photometry
are sufficient for further temporal analysis. Therefore, global
calibration on the photometric systems is not necessary.

3.2. Timing Analysis

We regarded the data from PTF as the major data set, and the
data from CRTS as supplemental. We cross-matched the
Downes’ catalog and the PTF database, and found that 344
CVs have PTF photometric data. The spatial distribution of the
matches, along with all the CVs in the Downes’ catalog, are
shown in Figure 3. About 22% of the CVs in Downes’ catalog
have a PTF counterpart. This is because the photometric

catalogs of the PTF contain mostly fields in the non-Galactic
plane, owing to the difficulties in processing Galactic-plane
data and the restrictions inherent to the aperture photometric
pipeline.
Matched CVs with only a few observations are not sufficient

for studying their timing properties. Therefore, we selected the
light curves with more than 100 observations for further
investigation. About 100 of the matched CVs satisfied this
criterion. These light curves were combined with their
corresponding light curves in CRTS. In addition, some of the
sources exhibit outbursts in the joint light curves. To avoid the
interference from the outbursts, the data points for the outbursts
in all the joint light curves were eliminated by visual inspection
before the analysis. The dip features that are present in the light
curves of cataclysmic variable QZ Ser were eliminated as well,
because they are aperiodic. The joint light curves of the 344
selected CVs were then adopted for periodicity analysis. There
are 10 CVs found to have long-term periodicities. The joint
light curves of these 10 CVs are presented in the upper panels
of Figures 4, 5, and 6. The total time span, the data points for
timing analysis, and the outburst numbers for the light curves
are listed in Table 2.
To study the timing properties of these CVs, the Lomb-

Scargle periodogram (LS, Lomb 1976; Scargle 1982) was
adopted to search for the periodicities, and the method of
Phase-Dispersion Minimization (PDM, Stellingwerf 1978) was
used to cross-check the candidate periods. The periods obtained
from these two methods are consistent to each other. In this
paper, we only present the results from LS. For the same FOV,

Figure 1. Data flowchart of the light curve retrieval process for PTF. IPAC data-processing pipeline (Laher et al. 2014) reduces the survey images, and generates
IPAC detection catalogs and relative photometry for each frame (right panel). Middle panel: programs, metadata database, and mirrors of the processed data in our
local server. The metadata database is generated to store the header information of the IPAC detection catalogs, and is used to speed up the data-retrieval process.
A command line (CLI) interface was made for users to retrieve the calibrated light curve for a specific source. The speed of the light curve-retrieval process is
increased by a significant factor in this implementation.

(A color version of this figure is available in the online journal.)
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the observation schedules of PTF and CRTS are not regular and
not fixed. Therefore, there are many observation gaps in the
light curves. Aliases can be observed in the power spectra
owing to the gaps in the observations, and this makes analyzing
the light curves difficult. To distinguish and eliminate the
aliasing introduced by the windows, the periodogram of the
observation windows are plotted against the source period-
ogram, as demonstrated in the lower graphs of the middle
panels in Figures 4, 5, and 6.

A summary of the possible CVs with the long-term
periodicities are listed in Table 2. For the LS periodogram,
the p-value is frequently adopted to represent the detection
significance of a periodic signal. The p-value is defined as the
probability that the periodogram power can exceed a given
value Pi, expressed as >( )P PProb i , and can be expressed as

º > = -
-

-

⎜ ⎟⎛
⎝

⎞
⎠( ) ( )p P P

P

N
Prob 1

2

1
, 1i

i
N 3

2

where N is the total number of observations (Zechmeister &
Kürster 2009).
To derive the corresponding uncertainty of the most probable

long-term period, Monte Carlo simulations were conducted 104

times under the assumption that the observational errors are
Gaussian distributed. On the basis of the observed magnitudes and
corresponding errors of each CV, we generated 104 simulated light
curves. The root-mean-square values of the peak values in the
power spectra were adopted as the statistic errors of the derived
periods. The errors of the periods are also listed in Table 2.
Light curves were folded with the most probable periods in

the power spectra, as shown in the lower panels of Figures 4, 5,
and 6. To show the profiles of the long-term modulations, we
binned the folded light curves into 15 phase intervals, and fit
each of them with a two-sinusoidal function, which is given as

pf pf= + + + +( ) ( ) ( )M c c c c csin 2 sin 4 21 2 3 4 5,

where f is the phase of the folded light curve, M is the
corresponding magnitude, and c1 through c5 are the fit cofficients.
The scattering of the points in the folded light curves may be

caused by the original photometric uncertainties. However, the
variations from shorter timescales, such as the orbital modula-
tions, contribute to the light curves; therefore, these variations
cannot be neglected. We tried to fold the original light curves of
the CVs with their known constant orbital periods; however, this
failed in reconstructing their orbital profiles.

3.3. Lulin One-Meter Telescope Observations

The images we took using the LOT were reduced by NOAO
IRAF packages.13 The images were processed by subtracting

Figure 2. Observational distribution of PTF survey. Each tile in the plot represents a PTF field, and is color coded with the number of observations in the PTF
photometric database. Only R-band data are presented. The plot is in equatorial coordinates with the Hammer projection. Observations are absent in the Southern
Equatorial Hemisphere (decl.< - 30 ) because of the observing limit of Palomar Mountain site.

(A color version of this figure is available in the online journal.)

Table 1
Observation Log of our LOT observations

Source Nights Cadence Exposure Filter N
(day) (second) (second)

UMa 01 5 210 200 R 403
CT Boo 4 210 200 R 140
Her 12 2 310 300 R 105

Note. Cadence is the planned observation interval between each of the each
frames, and is possibly affected by weather conditions or the instrument. N is
the number of the observations.

13 http://iraf.noao.edu/
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the master bias and dark frames. Then, the flat-field correction
was applied for correcting the pixel-dependent instrument
response. Point spread function (PSF) fitting was performed on
the images using DAOPHOT to obtain accurate photometric
results. In the light curves derived from the PSF fitting,
different trends exist between different days. The mean value of
the data in each day was subtracted for reducing the
interference of the trend. The detrended light curves are
presented in Figure 7. Moreover, the LS periodogram was
applied for searching for periodicities in the light curves. The
folded light curves were produced by folding the detrended
light curves with the best determined periods. The power
spectra and the folded light curves are shown in Figure 7. The
significance levels are indicated by the p-values as well. A
summary of the results is shown in Table 3.

Intensive observations were conducted for the unknown
orbital periods of the CVs with long-term periodicities. In this
study, three CVs, namely UMa 01, CT Boo, and Her 12 were
observed and analyzed. UMa 01 (a.k.a. 2MASS J09193569
+5028261) shows a modulation with a period of 404.10 ±
0.3 min. CT Boo exhibits two significant periodic signals:
229.13± 7.02 and 79.55± 0.51min. In addition, two significant
periods were found in Her 12 (a.k.a. SDSS J155037.27
+405440.0): 75.62 ± 0.008 and 173.65 ± 1.57min. These

periods for the three CVs are all located in the normal orbital
period range of CVs. However, for the CVs with multiple
periodicities, further investigation is required to distinguish and
confirm the orbital periods. Besides, it is not easy to distinguish
them if the modulations in the folded light curves are orbital
humps or superhumps (defined below in Section 4.1). We
assume that these periods are the possible orbital periods in the
discussion that follows.

4. Possible Mechanisms of Long-term Periodicity

Long-term periodicities are not frequently observed in close
binary systems. However, some X-ray binaries (XBs) exhibit
long-term periodicities. Kotze & Charles (2012) summarized
several possible mechanisms for the long-term variability of
XBs, and some of the scenarios may also be applicable to CV
systems. The distribution of the long-term periodicities in our
study is presented in Figure. 8. The long-term periods that are
associated with the superhumps of other CVs were gathered
from different literature, and were plotted for comparison. The
long-term periodicities of the low-mass X-ray binaries
(LMXBs) in Kotze & Charles (2012) were plotted, as well.
In this section, we list and discuss some of the possible
mechanisms that cause the long-term variations in CVs.

Figure 3. Spatial distribution of Galactic CVs found by various previous studies and in this study. Green squares represent the matched sources in PTF with the
catalog from Downes et al. (2006). Gray filled circles are targets in Downes et al. (2006) catalog but not matched in the PTF survey. Blue triangles are the CV
candidates with the CRTS project, proposed by Drake et al. (2014). The ecliptic plane is drawn with a gray line. This figure is presented in Galactic coordinates with
the Hammer projection.
(A color version of this figure is available in the online journal.)
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Figure 4. Upper panel: light curves from PTF and CRTS. Magenta: PTF; blue: CRTS; and gray: data points of outbursts or dips eliminated in the analysis. Middle
panel: Lomb-Scargle periodogram of the joint light curve (upper), and the window function (lower, normalized). Blue bar in the top of the panel shows the error from
the Monte Carlo simulation. Green arrows show the values of the periods of our interests. Orange dashed line indicates the 95% confidence level (P95%). The red
dashed vertical line indicates the period used for the folded light curve in the lower panel. Lower panel: gray: folded light curves; red: binned light curves with 15 bins
to address the modulation; and blue: the fit line with two sinusoidal components.
(A color version of this figure is available in the online journal.)
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Figure 5. Light curves (upper panel), Lomb-Scargle periodogram of CVs (upper of middle panel) and window function (lower of middle panel), and folded light
curves (lower panel) (continued). The descriptions and labels are the same as in Figure 4.

(A color version of this figure is available in the online journal.)
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4.1. Precession of Accretion Disk

CVs are named for their cataclysmic phenomena. The state
change of the accretion disk of CVs may cause their emission
flux to change. In addition to the orbital modulations, variations
in the periods of a few percent longer or shorter than the orbital
periods are called positive and negative superhumps, respec-
tively. Superhump was first found in the SU UMa type
(a subtype of dwarf novae (DNe)) of CVs. During the
superoutbursts of a SU UMa type star, a periodic hump rather
than an orbital hump appears and this was called superhump
(Warner 1985; Vogt 1980; Warner 1995). Besides the SU UMa
type of CVs, some of the VY Scl type of CVs (or anti-dwarf
novae), a subtype of nova-like (NL) CV, were detected to have
superhump signals. For example, Kozhevnikov (2007) discov-
ered a negative superhump Psh = 3.771 ± 0.005 h in KR Aur, a
VY Scl NLCV. In addition to the SU UMa and NL systems,
superhumps were also observed in the intermediate polar (IP, or
DQ Her type of CVs). Woudt et al. (2012) found superhumps in
CC Scl, an IP system, with a period of Psh = 1.443 h, ∼4.3%
longer than its orbital period Porb = 1.383 h.

In general, it is believed that the positive/negative super-
hump periods are the beat periods of the orbital period and the
precession period of the accretion disk. For a positive
superhump, the size of the accretion disk is growing as mass
transferring from the companion. When the radius of the
accretion disk is larger than the 3:1 resonance radius of the
binary, the accretion disk becomes asymmetric and exhibits
apsidal precession (Whitehurst 1988; Osaki 1989, 1996).
Whitehurst & King (1991) proposed that this criterion
can be achieved only for CV systems with mass ratio
º < -q M M 0.25 0.33d c , where Mc and Md are the masses

of the accretor and donor, respectively. A positive superhump
is a consequence of coupling disk apsidal precession and
orbital motion with the beat period for these two types of
periodic motions. On the other hand, a negative superhump is
believed to be the result of coupling between orbital motion
and disk nodal precession.
The period excess of a superhump is defined as follows:

 º - ( )P P

P
. 3sh orb

orb

Figure 6. Light curves (upper panel), Lomb-Scargle periodogram of CVs (upper of middle panel) and window function (lower of middle panel), and folded light
curves (lower panel) (continued). The descriptions and labels are the same as in Figure 4.

(A color version of this figure is available in the online journal.)
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Table 2
Summary of CVs Having Long-term Periodicities

CV Namea RA (J2000) Decl. (J2000) Alternative Nameb Typec Porb
d sPorb

e Plong
f sPlong

g ( )p Plong
h Amp.i Tspan

j Nk Nob
l

(hh:mm:ss) ( ±dd:mm:ss) (min) (min) (day) (day) (mag) (day) (#) (#)

BK Lyn 09:20:11.20 +33:56:42.3 2MASS J09201119+3356423 DN/NL 107.97m 0.07m 42.05 0.01 1.88e-20 0.65 3242.92 514 L
CrB 06 15:32:13.68 +37:01:04.9 2MASS J15321369+3701046 NL L L 273.98 2.17 1.18e-13 0.11 3443.86 400 1
CT Boo 14:08:20.91 +53:30:40.2 L NL 230.72 1.78 7.91 1.05 4.11e-04 0.13 2893.00 296 L

78.65 0.36
LU Cam 05:58:17.89 +67:53:46.0 2MASS J05581789+6753459 DN 215.95n 0.0005n 256.76 2.10 3.18e-03 0.62 2934.95 363 L
Her 12 15:50:37.28 +40:54:40.0 SDSS J155037.27+405440.0 CV 75.62 0.008 326.81 1.32 4.97e-07 0.18 3033.88 429 1

173.65 1.57
QZ Ser 15:56:54.47 +21:07:19.0 SDSS J155654.47+210719.0 DN 119.75o 0.002o 277.72 8.76 9.18e-07 0.09 3308.01 510 2
UMa 01 09:19:35.70 +50:28:26.2 2MASS J09193569+5028261 CV 404.10 0.30 246.84 0.81 8.01e-20 0.44 3251.05 601 1
V825 Her 17:18:36.99 +41:15:51.2 2MASS J17183699+4115511 NL 296.64p 2.88p 515.55 1.85 3.28e-16 0.16 3069.71 510 L

9.24 0.05 4.51e-16 0.18
V1007 Her 17:24:06.32 +41:14:10.1 1RXS J172405.7+411402 AM 119.93q 0.0001q 170.59 0.12 2.13e-18 0.90 3069.71 507 L
VW CrB 16:00:03.71 +33:11:13.9 USNO B1.0 1231-00276740 DN L L 142.60 0.24 1.92e-21 0.87 3271.19 351 >10

Notes. The numbers in bold face indicate the values derived in this work. Multiple possible orbital periods present in CT Boo and Her 12, and they are listed in the table accordingly.
a CV name: name designated in this project.
b Alternative name: the source name in 2MASS, SDSS, ROSAT bright source catalog (1RXS) or USNO B1.0 catalogs.
c Type: the type of CVs designated in Downes et al. (2006)(NL: nova-like, DN: dwarf nova, AM: AM Her (polar)).
d Porb: orbital periods.
e sPorb: errors of orbital periods.
f Plong: long-term periods derived in this work.
g sPlong: errors of long-term periods derived in this work.
h ( )p Plong : the p-value of the long-term period.
i Amplitude: peak-to-peak magnitude difference from the fit light curve.
j Tspan: total time span.
k N: number of observations excluding outbursts and dips.
l Nob: number of outbursts observed with PTF and CRTS.
m Ringwald et al. (1996).
n Sheets et al. (2007).
o Thorstensen et al. (2002).
p Ringwald & Reynolds (2003).
q Greiner et al. (1998).
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In general, the period excess for a positive superhump is in
the range of –1% 7%. The period deficit for a negative
superhump is about half of a excess of the positive superhump
(Patterson 1999). Therefore, the period ranges of the disk
precession can be derived with known Porb and Psh. Figure 9
presents our results in a plot of Porb versus Plong.

In general, LMXBs are similar to CVs (Charles 2002).
LMXBs have low-mass companions; therefore, some of them
possibly satisfy the mass-ratio criterion that introduces the

disk precession. The results of some long-term variability
studies on LMXBs (Kotze & Charles 2012) and CVs
(see Table 4) were gathered and included with our Figure 9
results for comparison. In Figure 9, the gray area and iris
hatched areas denote the possible regions of the long-term
periods in the positive ( +Psh ) and negative superhump ( -Psh )
systems, respectively. In this study, only the long-term
periods of CT Boo and V825 Her are the possible precession
periods (see Section 5 for more details).

Figure 7. Folded short-cadence light curves of (a) UMa 01, (b) CT Boo, and (c) Her 12. Upper panels show the detrended light curves in the available data segments.
Middle panels present the Lomb-Scargle periodogram of the CVs. The magenta dashed line denotes the L-S power with 95% confidence level, and red dashed lines
denote the periodic signals used for the folded periods. Lower panels show the folded light curves with the best periods in the Lomb-Scargle periodogram. Gray dots
are the folded light curves. Purple points indicate the binned light curves and errors. Blue curves represent the modulation trends with fits to a function with two
sinusoidal components.

(A color version of this figure is available in the online journal.)
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If the long-term period is the disk precession period, the
period is confined by its orbital period. For an extreme case of
CV, say =P 1orb day, the maximum apsidal precession period
and the maximum nodal precession period are approximately
101 d and 199 d, respectively. We conclude that if the long-
term periodicities are longer than 200 d, then the possibility of
the long-term period being the disk precession can be
completely eliminated.

4.2. Hierarchical Triple Star

Some of the close binaries, such as LMXBs and CVs, were
reported in triple or even multiple star systems. Chou &
Grindlay (2001) indicated that the superorbital modulation
period = P 171.033 0.326 d is found in LMXB 4U 1820-30
with a limit of the period derivative < ´ -∣ ˙∣P 1.03 10 4 d d−1.
The luminosity modulation and its long-term stability suggest
that it is a hierarchical triple star system. Beuermann et al.
(2011) discovered a third star of mass M3 = 6.1 ± 0.5 MJ

orbiting the eclipsing binary DP Leo with orbital period P3

= 28 ± 2 yrs. Potter et al. (2011) studied the eclipsing polar UZ
For and found that, except for the binary orbital period

=P 0.088orb d, there are also two long-term cyclic variations:
P3 = 16 ± 3 yrs and P4 = 5.25 ± 0.25 yrs. Moreover, they
were interpreted as two giant exoplanets, with masses of

= M M6.3 1.53 J (MJ is the Jovian mass) and =M4

 M7.7 1.2 J, being companions to the binary system. Chavez
et al. (2012) detected a periodicity of ∼900 d in the light curves
of FS Aur, and then used a numerical simulation of a third body
with sub-stellar mass orbiting around the binary to reproduce
the long-term modulation in the binary eccentricity variation.

A triple star is expected to form in high number density
regions, such as the core of globular clusters, which may aid
the capture process by a CV system. Trenti et al. (2008)
performed an N-body simulation for investigating the forma-
tion of triple systems in star clusters. Their results yielded that
the probability of forming triple stars in the center of a star

Table 3
Periodicities in Short-cadence Observations

Source Popt sPopt Ppeak p-value N
(min) (min)

UMa 01 404.10 0.30 36.54 3.74e-18 403

CT Boo 230.72 1.78 9.80 2.99e-05 140
78.65 0.36 9.49 4.29e-05 140

Her 12 173.65 1.57 26.75 1.00e-16 105
75.62 0.008 19.22 6.02e-11 105

Note. Popt: optical periods, sPopt: errors in periods by Monte Carlo simulations,
Ppeak: peak power in the power spectrum.

Figure 8. Histogram of known superorbital periods in close binary systems.
Blue dashed dots: LMXBs from Kotze & Charles (2012); orange dots: CVs
from various studies (see Table 4); and green line: CVs of this study.
(A color version of this figure is available in the online journal.)

Figure 9. Plong vs. Porb relations for LMXBs, and CVs. LMXBs data are shown
with green diamonds (see Kotze & Charles (2012) (KC12)). If the long-term
periods were provided in ranges, the average values are adopted for the plot.
CVs from previous studies with long-term periods, which are related to positive
and negative superhumps, are in orange crosses and blue triangles, respectively
(as listed in Table 4). The filled magenta circles denote the results from our
study. The gray area denotes the possible region of disk precession period Pprec

with superhump period excess  in 1%–7% range (positive superhump ( +Psh )).
The iris hatched area represents the region of accretion disk precession period
Pprec with period excess of superhump ( ) between −0.5% and −3.5%
(negative superhump ( -Psh )). The zoomed-in view of the dashed box is in upper
right corner of the plot. Only CT Boo and V825 Her are located in the possible
regions related to the superhump phenomenon.
(A color version of this figure is available in the online journal.)
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cluster is only two orders lower than that of binaries, which is
comparably prominent. A small third body could significantly
affect the eccentricity of the inner binary, and then result in a
mass-transfer-rate change of the CV system. This long-term
periodicity is known as Lidov-Kozai oscillation (Lidov 1962;
Kozai 1962). The relation between the outer third star and the
inner binary can be expressed by the relation proposed by
Mazeh & Shaham (1979):

=
+⎛

⎝⎜
⎞
⎠⎟ ( )P P

a

a

m m

m
, 4long 1,2

3

1,2

1 2

3

where Plong is the long-term periodicity, P1,2 is the inner binary
orbital period, m1 and m2 are the primary and the secondary
masses, m3 is the mass of the third star, a1,2 is the separation of
the inner CV, and a3 is the separation between the CV and the
third star. An approximation can be expressed as follows:
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where eout is the eccentricity between the third star and the
inner binary, and α is a dimensionless quantity from the three-
body Hamiltonian. When the outer eccentricity is fixed, and
there is no mass transfer between the inner binary and outer
star, then Equation (5) can be expressed as follows:

= ( )P K
P

P
, 6long

3
2

1,2

where K is a constant of order unity, and Chou & Grindlay
(2001) take K 1 as an approximation (for different inclina-
tion angles, K taken as a factor of 2 smaller or larger is
applicable). For example, in 4U 1820-30, =P 171.033long d
and =P 685 sorb . Using Equation (6), and assuming K = 1, this
results in =P 1.183 d, which is considerably longer than the
orbital period of the inner binary, and so the hierarchical order
of the triple system is reasonable. Therefore, we could conclude
that the hierarchical triple star system is one of the possible
scenarios leading to long-term periodicities in CVs.

4.3. Magnetic Variation of the Companion Star

Most companions in CVs are late-type stars. The convective
zone in a late-type star (G, K, or M type) yields a strong
magnetic field through the well-known dynamo process. The
strength of the magnetic field is related to the rotation of the
star. Under the same rotation speed, a star of the latter spectral
type would yield stronger magnetic field by the dynamo effect
(Durney & Robinson 1982; Robinson & Durney 1982).
Because of the stronger magnetic field strength, the accretion
process in the CV system is possibly affected.
Long-term modulations of orbital period variations have

been found and studied in some eclipsing binaries. Applegate
(1992) proposed that the torque generated from the magnetic
variation of the companion may induce such a long-term
periodicity. Meyer-Hofmeister et al. (1996) studied the outburst
frequency of dwarf novae and found a cycle of 18 yrs in SS Aur
and 7 yrs of SS Cyg. They inferred that these cycles are related

Table 4
Long-term Periodicities in CVs Caused by Superhumps

Name Porb Psh Plong Type(sh) Type Reference
(hr) (hr) (day)

AH Men 2.95 3.05 3.71 + Nova Patterson (1995)
DV UMa 2.06 2.14 2 + DN Vanmunster (2006)
CC Scl 1.38 1.44 1.6a + Nova Woudt et al. (2012)
LT Eri 4.08 3.98 5.3 − CV Ak et al. (2005a)
LQ Peg 3.22 3.42 2.37 + Nova Rude & Ringwald (2012)
MV Lyr 3.19 3.31 3.6 + Nova Skillman et al. (1995)
NSV 1907 6.63 6.22 4.21 − NL Hümmerich et al. (2017)
PX And 3.41 3.51 4.43 + CV Thomas et al. (2010)
RR Pic 3.48 3.78 1.79 + Nova Schmidtobreick et al. (2008)
TT Ari 3.30 3.57 1.82 + Nova Stanishev et al. (2001)
TV Col 5.50 5.20 3.93 − DQ Her Augusteijn et al. (1994)
UX UMa 4.72 4.48 3.68 − NL de Miguel et al. (2016)
V1193 Ori 3.43 3.26 2.98 − Nova Ak et al. (2005b)
V2051 Oph 1.50 1.54 52.5a + DN Vrielmann & Offutt (2003)
V603 Aql 3.32 3.47 3.15a + Nova Suleimanov et al. (2004)
WZ Sge 1.33 1.37 5.7 + DN Patterson et al. (2002)

Note. Porb, Psh, Plong are orbital, superhump and long-term disk precession periods, respectively. Type(sh) is the type of superhump: “+” for positive superhumps, “−”

for negative superhumps.
a Average value of multiple periodicities.
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to the magnetic field variation of the companion. Borges et al.
(2008) discovered a 36 yr periodic signal in the eclipsing
cataclysmic variable HT Cas. The periodicity is likely to be the
solar-type magnetic activity of the companion stars. Ak et al.
(2001) observed cyclical variations in quiescence magnitude
and outburst intervals of 21 dwarf novae, one nova, and one
NL star. The probability density functions are peaked at 9.7 yrs
for CVs, 7.9 yrs for single main-sequence stars, and 8.6 yrs for
all stars.

The distribution of the cycle lengths caused by the magnetic
field variations of late-type stars was studied by Suárez Mascareño
et al. (2016). Their results reveal that the majority of cycle lengths
are in the –2 13 yr range. For our results in Table 2, the longest
period is = P 515.52 1.85long d in V825 Her, which is
marginal relative to the aforementioned magnetic timescale. We
cannot completely eliminate the possibility of magnetic variation
of the companion as a cause of long-term periodicity in CVs.
However, for our targets, the chance of magnetic variation is not
high according to the revealed period ranges of our targets.

4.4. Other Possibilities

In addition to the above mechanisms for long-term
periodicities in CVs, the superoutburst cycle of the SU UMa
type of CV sometimes displays periodic-like signals (e.g.,
Shears 2009). On the other hand, Šimon (2016) found the
periodic-like transition between the high and low states in
cataclysmic variable AM Her, and proposed the lifetime of the
active region in the companion may contribute to the variation
of the accretion rate. In some rare cases, the long-term variation
may also possibly be induced by the precession of the jet in
XBs (Kotze & Charles 2012), but the existence of jets in CVs is
still controversial. However, Körding et al. (2011) first
observed the radio emissions of V3885 Sgr, which is a nova-
like cataclysmic variable (NLCV), and the radio emission from
V3885 Sgr is regarded as synchrotron emissions from the jet.

5. Long-term Modulation for the Individual CVs

We have searched for long-term periodicities in approximately
100 CVs from the PTF database (Section 3.2). It turns out that 10
of the targets exhibit obvious periodic signals. We folded the light
curves with their best periods, as shown in Figures 4, 5 and 6. The
most convincing CVs that possess long-term periods (Plong) are
discussed in this section. The long-term periodicities discovered in
these CVs provide us with some probable implications for their
formation mechanisms (see Section 4). We discuss these CVs in
the following subsections.

5.1. BK Lyncis (2MASS J09201119+3356423)

BK Lyn (also PG0917+342), a NLCV, which was discovered
by Green et al. (1982), has an orbital period of Porb = 107.97 ±
0.07min (Ringwald et al. 1996). Dhillon et al. (2000) found that

its secondary is an M5V star from infrared spectroscopy. The
accretion rate was estimated as ~ ´ -

Ṁ M1 10 yr9 assum-
ing a WD mass of M1.2 , or ~ ´ -

Ṁ M1 10 yr8 for WD
mass = M M0.4WD (Zellem et al. 2009). Kemp et al. (2012)
studied 20-yr light curves of BK Lyn and detected two sets of
superhump signals. One is 4.6% longer and the other is 3.0%
shorter than the Porb. The two superhumps were observed in
different light curve stages. They are possibly due to the
prograde apsidal precession and retrograde nodal precession of
its accretion disk. The long-term period found in our study is
42.05 ± 0.01 d, which is considerably longer than the long-term
period derived from the superhump periods found by Kemp et al.
(2012). This suggests that the periodicity is probably not from
the precession of the accretion disk. On the other hand, if the
long-term periodicity is driven by a third star orbiting the CV
system, then the orbital period of the third star will be

=P 1.783 d (as calculated by Equation (6)), which is much
longer than the orbital period of BK Lyn.

5.2. CT Boötis

CT Boo shows spectra similar to F-G stars, and no emission
lines of hot continuum was observed (Zwitter & Munari 1994).
If the spectrum is dominated by its companion star, owing to
the dynamo effect in the convective layer of a late-type star, the
magnetic field will be stronger than for other spectral types of
stars. However, the long-term period is = P 7.91 1.05long d,
which is considerably shorter than the timescale of the stellar
magnetic variation (see Section 4.3).
Two possible orbital periods discovered by this study are
= P 230.72 1.78 minorb and = P 78.65 0.36 minorb . With

the positive superhump period excess between 1% and 7% and
negative superhump period excess between-0.5% and-3.5%,
we calculated the possible accretion disk precession to be

-2.45 31.88 d for =P 230.72orb min, and between 0.83 and
10.87 d for =P 78.65 minorb . Therefore, the long-term period
found for CT Boo is in good agreement with the disk
precession period from the coupling of orbital and superhump
periods.

5.3. LU Camelopardalis: 2MASS J05581789+6753459

The orbital period of LU Cam is = ( )P 0.1499686 4orb d
(Sheets et al. 2007) whereas its long-term modulation period is

= P 265.76 2.10long d. The possibility of disk precession
can be completely eliminated because it exceeds the period
limit of 29.84 d for the possible disk precession period. If LU
Cam is a hierarchical triple star system, using Equation (6) and
assuming K = 1, the orbital period of the outer third body is

~P 6.203 d, which is considerably longer than the orbital
period of the inner binary. Therefore, the hierarchical triple star
is a possible scenario for the long-term periodicity in LU Cam.
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5.4. QZ Serpentis: SDSS J155654.47+210719.0

QZ Ser is a dwarf nova system with an orbital period of
0.08316 d, and with a K4 type star as its companion
(Thorstensen et al. 2002). If there is superhump-related disk
precession, the period should be less than 16.54 d, which is
considerably shorter than the long-term period that we obtained
(Plong = 277.72± 8.76 d). If QZ Ser is a triple star system, the
orbital period of the third star would be ~P 4.813 d (through
Equation (6)).

5.5. V825 Herculis: 2MASS J17183699+4115511

V825 Her, also named PG117+413 and 2MASS J17183699
+4115511, has an orbital period of =P 4.94 horb discovered by
Ringwald (1991). The upper limits of the long-term periods
calculated for positive and negative superhump systems are
20.79 d and 40.96 d, respectively. There are two sets of long-
term periodicities in the power spectrum of V825 Her. One is

= P 9.24 0.05long d, and the other one is considerably longer
= P 515.52 1.85long d. These two periods exhibit convin-

cing variations in the folded light curves, as shown in Figure 5.
=P 9.24long d is plausibly explained as the disk precession

period; whereas, =P 515.52long d is perhaps caused by the
magnetic variation of the companion star (see Section 4.3).

5.6. V1007 Her: 1RXS J172405.7+411402

V1007 Her, discovered by Greiner et al. (1998), is a polar
system with an orbital period of = P 119.93 0.0001 minorb .
Because it is a polar system, the long-term modulation is
impossibly caused by precession of accretion disk. If the long-
term periodicity is caused by a third star, then the orbital period
of the third star (P3) is about 3.77 d, much longer than the
orbital period of the inner CV, and this becomes a possible
mechanism to explain the period of ∼170 d modulation.

5.7. UMa 01: 2MASS J09193569+5028261

UMa 01 (also 2MASS J09193569+5028261) was identified
by Adelman-McCarthy et al. (2006) as a CV. The orbital period
discovered in this study is = P 404.10 0.30 minorb . If there
is disk precession in this system, then the precession period
would range from 4.29 to 55.84 d. However, the long-term
period discovered in this study is = P 246.84 0.81long d,
which is too large for disk precession. On the other hand, if the
long-term periodicity is from a third star orbiting around the
CV system, then the orbital period P3 would be 8.32 d, much
longer than the orbital period of the inner CV, and so UMa 01
may be a hierarchical triple system.

5.8. Her 12: SDSS J155037.27+405440.0

Her 12 (also SDSS J155037.27+405440.0) was identified as
a CV by Adelman-McCarthy et al. (2006). We proposed two
candidates of its orbital period based on the LOT observations,

= P 75.62 0.008 minorb and = P 173.65 1.57 minorb . The
ranges for the disk precession periods are 0.8 to 10.45 d and
1.84 to 24 d for =P 75.62 minorb and 173.65 min, respectively.
The long-term modulation period discovered in this work is

= P 43.6 0.29long d, exceeding both ranges, and thus, this
modulation is unlikely to be caused by accretion disk
precession. On the other hand, if this source is a hierarchical
triple system, then the orbital period of the third companion is
1.51 d or 2.29 d for the orbital periods of 75.62 min or
173.65 min, respectively. Both of the third-body orbital periods
are much larger than the corresponding orbital periods of the
CV. Therefore, this triple model is a possible mechanism to
explain the long-term variability of Her 12.

5.9. Coronae Borealis 06 and VW Coronae Borealis

CrB 06 (also 2MASS J15321369+3701046) and VW CrB
(also USNO-B1.0 1231-00276740) were identified as CVs in
Szkody et al. (2006) and Adelman-McCarthy et al. (2006),
respectively. Unfortunately, the orbital periods of both CVs
remain unknown. Therefore, at the current stage, we cannot
speculate on the possible mechanisms of long-term variability
for these CVs.

5.10. Summary

We discussed several possible mechanisms to explain the
long-term modulations for the CVs that we found in this study.
Only the long-term periodicities in CT Boo and V825 Her are
possibly caused by the disk precession periods. On the other
hand, for the other CVs included in this study, the hierarchical
triple systems are conceivable mechanisms for yielding long-
term periodicities in CVs. In addition, the magnetic variations
of companions in CVs is yet another possible mechanism to
cause the long-term variations; nevertheless, the tendency
toward longer periods by this mechanism reduces its likelihood
as a plausible explanation for the long-term periodicities in this
study.

6. Conclusion and Prospect

We presented our study on the long-term variations of CVs
in this paper. We matched 344 CVs in the CV catalog of
Downes with the PTF photometric database. Approximately
100 CVs have more than 100 observations. Among them, 10 of
the CVs exhibited long-term periodicities. The long-term
periodicities may be caused by one of the following
mechanisms: disk precession, the presence of a hierarchical
triple-star system, magnetic variation of the companion star, jet
precession, and others. We discussed the likelihood of each
possible mechanism with respect to our matched CVs. In
addition, we found the possible orbital periods for three of the
CVs with the short-cadence optical observations made by LOT.
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The ranges of the orbital periods are typical in the orbital period
distribution.

With less sparse observations and longer observation time
spans, the uncertainties in the long-term periodic signals can be
reduced. We look forward to more sophisticated sample of
long-term periodicities in CVs when ZTF and other big
synoptic surveys are in operation. According to the current plan
for ZTF, the Galactic-plane survey will be one of the major
parts of the project that may considerably enhance the target
number of CVs. We will certainly benefit considerably from
next-generation synoptic surveys.
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Abstract

This paper reports on the recent developments in spectroimagers for sprite cam-
paigns in Taiwan. We first introduce two types of spectroimagers, the slit and slitless 
types, and discuss their advantages and shortcomings. Next we explore the instrument 
development and procedures undertaken for this study. In 2006, a slit spectroimager 
was installed for a sprite campaign and on 15 August of that year, two sprite spectra 
were recorded using the slit spectroimager along with seven sprites, one halo, one 
ELVES emission and two jets. By the end of 2015, a slitless spectroimager had been 
successfully constructed and was ready to conduct additional investigations. On 7 
May 2016, a sprite spectrum was recorded using the slitless spectroimager. Follow-
ing an examination of the calibrations (comprising detection region field of view, 
wavelength calibration, and response curve), data analysis, and additional calibra-
tions (comprising elevation and azimuthal angles, atmospheric transmittance, and 
theoretical wavelength calculations) performed in this study, we present the results 
from our observed sprite spectra using the slit and slitless spectroimagers.
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1. Introduction

A research group from the University of Minnesota was 
the first to demonstrate the existence of upward electrical 
discharges, called “sprites,” on the night of 22 September 
1989 (Franz et al. 1990). Later, during the sprite 1994 air-
craft campaign, the first color image of the phenomena was 
captured, elucidating the luminosity and transient nature of 
its structure (< 16 ms). Sprites typically have a red body 
with faint bluish tendrils extending downward, occasionally 
reaching the cloud top. They usually appear at altitudes of 
50 - 90 km above the Earth’s surface. The high-speed imag-
ing of sprites with a time resolution of 0.3 - 1.0 ms, halos, 
and ELVES emissions has been discussed by Stanley et al. 
(1999), Barrington-Leigh et al. (2001), and Moudry et al. 
(2002, 2003). Stanley et al. (1999) determined that sprites 
usually begin at an altitude of approximately 75 km and 

simultaneously expand upward and downward from their 
point of origin. McHarg et al. (2007) analyzed sub millisec-
ond images of sprites (5000 and 7200 frames s-1) and com-
piled statistics on the velocities of streamer heads, which 
varied between 106 and 107 m s-1. Additionally, Cummer et 
al. (2006) demonstrated that the long-persisting sprite beads 
that form at the tips of downward moving sprite streamers 
are attracted to and collide with other streamer channels. 
Higher-speed dynamic evolutions of the fine structured 
streamers in sprites have also been predicted by theoretical 
streamer models (Pasko et al. 1998; Liu and Pasko 2004, 
2005; Liu et al. 2006, 2009), which are consistent with our 
sprite observations.

Among the main groups of sprite emissions, the molec-
ular nitrogen first positive band (N2 1P) was the first to be 
identified using an intensifier charge-coupled device (CCD) 
spectrograph (Mende et al. 1995). Subsequent studies fur-
ther determined the vibrational excitement states of N2 1P 
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(Green et al. 1996; Hampton et al. 1996), and obtained evi-
dence of the existence of a N2

+ Meinel band emission (Buc-
sela et al. 2003). More recently, 1-ms time resolution spec-
trograph observations were achieved (Stenbaek-Nielse and 
McHarg 2004). The altitude-resolved spectrum (with a 3-ms 
temporal resolution and approximately 3-nm spectral reso-
lution, from 640 - 820 nm) revealed that the upper vibra-
tional state population of the N2 1P bands, B3Πg, varies with 
the altitude, which is similar to the laboratory afterglow at 
low pressure (Kanmae et al. 2007, 2010; Parra-Rojas et al. 
2013; Stenbaek-Nielsen et al. 2013).

We discuss the recent development in spectroimagers 
for sprite campaigns in Taiwan. In section 2, we introduce 
two types of spectroimagers (slit and slitless designed), and 
discuss the advantages and shortcomings of each. In sec-
tion 3, we list the sprite spectroimager campaign results, 
conducted from 2006 to the present. In section 4, we pres-
ent the spectroimager calibrations (comprising detection 
region field of view, wavelength calibration, and response 
curve), data analysis, and additional calibration (comprising 
elevation and azimuthal angles, atmospheric transmittance, 
and theoretical wavelength calculations) performed in this 
study. Section 5 explores the observed sprite and lightning 
spectra results.

2. Instrument

In contrast to progressive scanning spectroscopy labo-
ratory experiment applications for obtaining high-resolution 
wavelength, it was necessary to capture the entire low-in-
tensity spectrum within a condensed time in this study be-
cause sprite occurrence is rare and unpredictable. The crite-
ria required for the spectroimager sprite observations were 
(1) a wide field, (2) low light level, (3) short exposure time, 
and (4) full wavelength band scanning (visual and infrared). 
The slit spectrometer was originally designed to avoid the 
overlap of various spectral regions diffracted from diverse 
light sources. Conversely, the slitless spectroimager was de-
veloped to increase the likelihood of capturing a sprite in 
the spectroimager’s field of view, and has often been used 
in meteor spectrum observations (Abe et al. 2004a, b; Fuji-
wara et al. 2004; Passas et al. 2016) because a high-resolu-
tion (0.45 nm) spectroimager is required to investigate the 
spectroscopic features of meteors (Passas et al. 2016).

Slitless spectroimagers have also been frequently used 
in astronomy and remote sensing (Abe et al. 2004a, b; Fuji-
wara et al. 2004). They are comprised of a diffracting com-
ponent (transmittance grating or reflected grating), a light-
path component (mirrors or wedges), and a low-light-level 
sensor. The diffracting component curves the light through 
the grating at different angles. For a specified angle of light, 
the constructive wave interference enhances the light within 
the specified wavelength range. The destructive wave inter-
ference cancels the light outside of the specified wavelength 

range. The point light source curves the light through the 
diffracting component to the light intensity within a speci-
fied wavelength range of interest. Slitless spectroimagers are 
valid only for point light sources that generate the spectrum 
diffracted by a light source external to or within the narrow 
slit region. Hence, using slitless spectroimagers increases 
the likelihood of capturing a light point spectrum.

Compared with reflected gratings, transmittance grat-
ings direct the light path along the instrument optical axial 
direction, which is easily aligned. A wedge prism was used 
to refract the light along the optical axis in this study be-
cause the refracted prism angle on the light path depends 
on the transmittance grating diffraction angle of the wave-
length range of interest. Figures 1a - c illustrate the slitless 
spectroimager design used in this study. Table 1 presents a 
summary of the device optical and electrical components. 
The cost of the full spectroimager suite was approximately 
US$1000. A commercial global positioning system module 
was adopted to provide an accurate timestamp on our re-
cording system.

The slit spectroimager design is presented in Fig. 2a, 
and depicted schematically in Fig. 2b. One of the advantag-
es of a slit spectroimager is that the sensor rectangular win-
dow can be fixed for light source mapping. However, this is 
also a shortcoming because the slit shrinks the observation 
window and decreases the likelihood of recording a sprite. 
As indicated in Fig. 2b, the first two lens components are a 
collimator and a slit with an adjustable width. The second 
and third components are the transmission grating and the 
CCD light sensor, respectively.

The collimator component is composed of three identi-
cal Nikon F1.4 50-mm lenses and an adjustable slit. The 
first lens, portrayed on the left in Fig. 2b, is an object lens 
that projects the image onto the slit. The adjusted slit com-
ponent (length, 6.3 mm) is opened from the center. Its size 
can be expanded from 0 mm (closed) to 6.0 mm (maximum 
clear opening). The slit width was set at 0.2 mm for this 
research. The spectrograph had a spectral resolution of ap-
proximately 6 nm. The light from the slit, collimated by the 
second lens, was diffracted by the prism (one prism plus the 
transmission grating with 300 lines mm-1). The diffracted 
light was then focused by the third lens and finally recorded 
by the light sensor.

As illustrated by the dashed line in Fig. 3, the respons-
es of the slit and slitless spectrograph systems covered the 
sprite infrared emissions (i.e., N2 1P spectra). An Andor 
electron multiplying CCD (EMCCD) light sensor was used 
for the slit spectrograph. The EMCCD is a quantitative digi-
tal camera that can detect single photon events while main-
taining high quantum efficiency. This is achieved through a 
unique electron-multiplying structure built into the sensor 
(see http://www.emccd.com/what_is_emccd/ for more in-
formation) and is specifically designed for time-integrated 
image intensified spectroscopy.
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Fig. 1. Slitless spectroimager components. (Color online only)

Fig. 2. (a) Photograph of the slit spectroimager, and (b) optical layouts of the slit spectroimager. (Color online only)

(a) (b)

Item Description Manufacture

1 Optical lens (12 mm) Computar

2 Diffracting component Unice E-O

3 Optical lens (8 mm) Computar

4 Monochrome CCD Watec

Table 1. Slitless spectroimager optical components.

Fig. 3. Simulated spectra for N2 1P band emissions (solid lines), and relative responses of the slit spectroimager (dotted line) and slitless spectroim-
ager (dash line).
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3. Observations

We conducted a sprite campaign at the Lulin Observa-
tory in Taiwan during the summer of 2006. On 15 August 
2006, a total of seven sprites, one halo, one ELVES emission, 
and two jets were recorded using the low-light-level CCD 
system. Of these events, two sprites and one lightning spec-
trum were recorded in a slit spectroimager, which has a nar-
rower field of view than do low-light-level CCD systems.

From 2010 - 2012, the ground campaign from Lulin 
Observatory and the National Central University (NCU) 
campaign were established and recorded by Shinsuke Abe 
and BinXing Wu. A total of 158 events were analyzed, 
with 140 sprites, 6 ELVES emissions, 5 gigantic jets, and 2 
blue jets recorded (Table 2); the events per month between 
2010 and 2012 are summarized in Table 3. The recording of 
transient luminous events (TLEs) began in May (Table 3),  

coinciding with Taiwan’s monsoon season, which starts 
in early May and ends in late September [Central Weather 
Bureau (CWB)]. The monsoon season is accompanied with 
typhoons, especially from June to September, that cause a 
seasonal wind reversal. Hence, the climate during the mon-
soon season tends to produce thunderstorms with sprites. Ac-
cording to the CWB, typhoons are most common in August;  
correspondingly, the number of TLEs recorded in August 
and September was higher than that in other months. In con-
trast to our expectations, the number of events in November 
2011 was also very high. The projected location of detected 
TLEs near Taiwan and the spatial distribution of recorded 
events from 2010 - 2012 at the Lulin Observatory are pre-
sented in Fig. 4.

Between 2012 and 2014, the sprite ground observa-
tory was tested from three stations: the NCU station, the 
NCU Taiwan Coastal Observation and Assessment Station 

Type May June July August September October November Sum

Blue jets 1 1 2

Elves 4 1 1 6

Gigantic jet 1 4 5

Halos 5 1 6

Sprites 38 1 4 24 29 7 30 133

Sprite + elve 1 1

Sprite + halo 2 3 5

Total 38 1 4 37 39 8 31 158

Table 2. Results of the 2010 - 2012 Lulin Observatory ground campaign.

Year
Month 2010 2011 2012 Month total

05 17 21 38

06 1 1

07 4 4

08 32 5 37

09 34 5 39

10 2 6 8

11 31 37

Year total 68 69 21 158

Table 3. Number of events detected from the Lulin Observatory 
between 2010 and 2012.

Fig. 4. Spatial distribution of events recorded at the Lulin Observa-
tory from 2010 - 2012. (Color online only)
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(TaiCOAST), and the Lulin Observatory. In 2015, the Lu-
lin Observatory was selected for a spectroimager campaign, 
and a slitless spectroimager with a Watec-910HX detector 
was installed in April 2015. However, during the first test 
run, the auto recording system had difficulty recording both 
a sprite and its spectrum simultaneously; thus, in October 
2015; the composite image (picture-in-picture) method us-
ing video synthesis was adopted. The images acquired from 
the slitless spectroimager were displayed on a full screen, 
and the associated sprite image was displayed in a small win-
dow at the lower right-hand corner; this technique success-
fully enabled synchronous video recording of the sprite and 
associated spectral images.

4. Instrument calibration
4.1 Optical Laboratory for Calibration

Figure 5 illustrates the optical layout for the spectroim-
ager calibration experiment. Table 4 presents the optical 
components. Halogen lamps were used as the calibrated 
visual light source, although Hamamatsu Xenon lamps are 
recommended for future studies. The wideband light was 
first diffracted into narrowband light using a monochroma-
tor. The point light source was next placed on the focal point 
of the parabolic mirror where the optical flat mirror folds 
the light path into a shorter length on a small optical board. 
The parabolic and optical flat mirrors were then used to 
project the point source from the iris diaphragm to the light 
source at an infinite distance. subsequently, the source light 
alignment was tested using the collimator, and the detection 
region field of view, wavelength, and response curve of the 
spectroimager were calibrated in the optical laboratory, as 
described by Harris (2000, 2003).

4.2 Elevation and Azimuthal Angle

The azimuthal and elevation angles of the recorded 
stars were calibrated in the CCD spectrograph. The uncov-
ered star fields were compared with the star field in the as-
tronomy software Stellarium. Figure 6a depicts the stars that 
were selected in this study for calibrating the azimuthal and 
elevation angles. The azimuthal and elevation star angles 
from Stellarium were subsequently fitted with a linear func-
tion to determine the angles of each recorded image frame 
pixel (Figs. 6b and c).

4.3 Wavelength Calibration

Several methods can be employed to calibrate a spec-
troimager wavelength. For slitless spectroimagers, the sim-
plest approach to determine the wavelength position on an 
image frame is to identify the characteristic wavelength of 
the recorded spectrum, because the expanded spectrum de-

pends on the incident angle of the point light source. The 
position of the wavelength subsequently changes as a func-
tion of this incident angle. For slit spectroimagers, this angle 
can be limited by the width of the slit. Therefore, wave-
length calibrations in a laboratory experiment are consistent 
with the observed spectrum. For laboratory experiments, a 
standard lamp (e.g., Newport 6035) is sufficient for calibrat-
ing the wavelength of recorded spectra before observation.

4.4 Atmospheric Transmittance

Atmospheric transmittance along the sight line affects 
the percentage of band emissions (Bk), and is calculated us-
ing Lambert’s law:

( , , ) ( ) ( , )expT h L h LDx x
x

m v m= -8 B/ 	 (1)

where ( )xv m  is the absorption cross-section for the major 
atmospheric species, namely O2 absorption, O3 absorption, 
and molecular Rayleigh scattering (N2, O2). The data for O2, 
O3, and molecular Rayleigh scattering were retrieved from 
Jursa (1985) and Minschwaner et al. (1992). In this study, 
the absorption cross-section of N2 was minor (185 - 800 nm), 
and its effect on transmittance was negligible.

Column density [(Dx(h, L)] was calculated by integrat-
ing the densities of N2, O2, and O3 from the observation site 
to the assumed altitude (h) of a TLE:

( , ) ( )h L n s dsDx TLE xFS

h

2

TLE=
-
# 	 (2)

where the total length of the path between the observation 
site and the TLE is L. The N2 and O2 densities were computed 
using the MSIS model (Hedin 1991), whereas the overnight 
O3 density profile at an altitude between 18 and 100 km was 
measured using the Michelson interferometer for passive at-
mospheric sounding (Verronen et al. 2005). The O3 region 
below 100 km accounted for most of the O3 absorption in 
the calculated atmospheric extinction. Figure 7 illustrates the 
distance transmittance (200, 300, 400, and 500 km) between 
the observation site (altitude approximately 2862 m) and the 
sprite.

4.5 Theoretical Wavelength Calculation

Atmospheric gas heating produces two problems: cold 
plasma in the middle atmosphere (in the form of TLEs) 
and hot plasma (in the form of lightning). Thus, the plas-
ma chemistry model for cold plasma (Sentman et al. 2008; 
Kuo et al. 2011) was applied to study the associated radia-
tive emissions that accompany atmospheric discharge (N2 
1P/2P/LBH, N2

+ Meinel/1N, atmospheric O2, and O2
+ 1N 

bands) (Gordillo-Vázquez et al. 2011, 2012). Notably, the 
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(a)
(b)

Fig. 6. Calibration of (a) azimuthal and (b) elevation angles using stars selected from Stellarium. (Color online only)

Fig. 5. Optical table to calibrate the field of view, wavelength, and optical response of a spectroimager. The numbers correspond with the optical 
components listed in Table 4. (Color online only)

Item Description Manufacturer

1 Light source TAIWAN FIBEROPTICS

2 Monochromator CVI

3 Integrating Sphere Light Ports

4 Iris Diaphragm Edmund

5 Calibrated microspectrometer (250 - 950 nm) BWTEK

6 Optical Flat Mirrors - 3.0”D Dia: 76.2 mm Thickness: 19.1 mm Edmund

7 Parabolic Mirrors EFL = 1219.2 mm Dia 152.4 mm Edmund

8 Auto Collimator ±55 arc min, per 5 arc minute gradations Edmund

9 Spectroimager -

Table 4. Optical components used in the optical laboratory for calibration. The number for each 
component appears in Fig. 5.
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specified energy level (Ee, v, J) of the upper or lower state of 
a given emission band in N2 can be expressed as the sum of 
the electron term energy (Te), the vibrational term energy 
[G(v)], and the rotational term energy [Fv(J)], as follows:

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( )

G v v v

y v z v

F J B v J J

D v J J

2
1

2
1
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2
1 1

2
1 1
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- + + -
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8
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where G(v) and Fv(J) are fitted using Klein-Dunham polyno-
mial expansions for the specified vibrational quantum num-
ber v and the specified rotational quantum number J of the 
energy level (Lofthus and Krupenie 1977). The formula for 
calculating the vibrational and rotational term energies G(v) 
and Fv(J) can be truncated into four and two terms, respec-
tively, and approximating the related parameters (namely, 
Te, e~ , xe, ye, ze, ea , eb , Be, and De) for 1PN2, 2PN2, 1NN2

+ 
(Herzberg 1950; Krupenie 1972; Naghizadeh-Kashani et al. 
2002), and N2 LBH (NIST Chemistry WebBook).

5. Results
5.1 The Slit Spectroimager

Figures 8a and b depict a sprite recorded at 15:58:49 
on 15 October 2006, by 12- and 50-mm lenses, respective-
ly, with an exposure time of approximately 17 ms for both 
image frames. Figure 9a illustrates the possible projected 
position of a sprite recorded in color and enhanced with 
infrared imaging using multifunctional transport satellites. 
The distance between the sprite and the observation site is 
approximately 400 km. Figure 9b displays additional sprite 
images recorded using the 50-mm lens, wherein the column 
sprite heights were estimated to be 50 - 85 km and the spec-
troimager slit was estimated at a height of 55.4 - 61.4 km. 
Figure 9c presents a wide-field sprite recording acquired 
using a 12-mm lens. Figure 9d shows the observed image 
recorded by the Andor EMCCD. The images indicate that 
the sprites acquired through the slit were converted into in-
tensity profiles as a function of the wavelength. A recorded 
sprite spectrum, where the N2 1P band wavelength is indi-
cated by the difference between the vibrational number of 
the upper states and that of the lower states, is shown in  
Fig. 10. The sprite spectrum was measured between 600 and 
780 nm, and the observed spectrum included all of the major 

(a) (b)

(c) (d)

Fig. 7. Atmospheric transmittance at (a) 200 km, (b) 300 km, (c) 400 km, and (d) 500 km between the observation site and the assumed sprite altitude 
(20 - 90 km, with increments of 10 km), which are labeled with different colors. (Color online only)
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N2 1P band emission characteristics.
Figure 11 shows composite images of the lightning ob-

served at 01:52:34 on 25 October 2006, which was recorded 
by both the 50-mm lens (Fig. 11a) and the Andor EMCCD 
camera (Fig. 11b). Figure 11c indicates the possible position 
of the lightening over the thunderstorm and Fig. 11d depicts 
the recorded lightning spectrum where the N2 1P band and 
the OI line (744.2 and 777.4 nm, respectively) are located.

5.2 The Slitless Spectroimager

Figure 12 depicts a sprite recorded at 02:12:58 on 7 May 
2016 (acquired using a 12-mm lens) and the spectra recorded 
using the slitless spectroimager. The relative spectrum inten-
sity was calibrated according to the Jupiter spectrum wave-
length intensity, recorded on the same night and determined 
by four absorption lines (Hα 656.3 nm, Hβ 486.1 nm, Hγ 

(a)

(b)

Fig. 8. Sprite recorded at 15:58:49 on 15 October 2006, captured using a (a) 12-mm lens and (b) 50-mm lens. (Color online only)

(a) (b)

(c)
(d)

Fig. 9. Lulin Observatory sprite campaign from the summer of 2006 in Taiwan, including (a) the weather map with the location of the Lulin Obser-
vatory (red dot), (b) the sprite recorded at 15:58:49 on 15 October 2006, acquired using a 50-mm lens, (c) the same sprite, acquired using a 12-mm 
lens, and (d) the spectrum recorded by the slit spectroimager. (Color online only)
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Fig. 10. Sprite spectrum (solid line) recorded by the slit spectroimager. The marks indicate that the vibrational transitions of the N2 1P band, and the 
spectral resolution is approximately 6 nm. (Color online only)

(a)
(b)

(c) (d)

Fig. 11. Lightning recorded at 01:52:34 on 25 October 2006. (a) Lightning image, (b) the spectrum recorded by the slit spectroimager, (c) the 
weather map (black arrow indicates the direction from the Lulin Observatory to the lightning location), and (d) the recorded spectrum of lightning. 
(Color online only)

(a) (b)

Fig. 12. (a) Sprite image taken acquired using a 12-mm lens at 02:12:58 on 7 May 2016, and (b) spectrum recorded using the slitless spectroimager. 
(Color online only)
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434.1, and Hδ 410.2 nm). As indicated by the dashed line in 
Fig. 3, the slitless spectroimager response can be determined 
through the modeling Jupiter spectra intensity and the atmo-
spheric transmittance at a specified elevation angle. Notably, 
the maximum response value is 750 nm because that was 
the maximum Jupiter spectrum wavelength recorded by our 
slitless spectrograph. However, the wavelength limit can be 
improved by integrating more Jupiter spectra image frames 
to enhance the spectral intensity above 750 nm.

The recorded spectra resolution acquired by the slit-
less spectroimager was approximately 3 nm, compared with 
the simulated sprite spectra with two slit functions (widths 
of 3 and 5 nm). As the recorded sprite spectra presented 
in Fig. 10 (slit spectrograph) and Fig. 12 (slitless spectro-
graph) demonstrate, the N2 Meinel band can be mixed with 
the dominant N2 1P band emission, which peaks between 
650 and 700 nm. Our results are not comparable with the 
1-nm wavelength resolution spectra observed by other re-
searchers (Kanmae et al. 2007, 2010; Stenbaek-Nielsen et 
al. 2013). However, our slitless spectroimager has many 
advantages including its compact and lightweight size, low 
cost (US$1500), and simple, easy assembly process. Addi-
tionally, the proposed slitless spectroimager is appropriate 
for education, particularly among college or high school 
students conducting sprite research.

6. Summary

In addition to instrument development and sprite obser-
vation, the related spectroimager calibration and data analy-
sis work, including optical experiment design, are reported 
in this paper. The spectroimager calibrations included the 
detection region field of view, wavelength calibration and 
spectroimager response curve. The elevation and azimuthal 
angles of the observation site, atmospheric transmittance 
and theoretical wavelength calculations for spectrum analy-
sis were discussed.

In addition, we explored the recent development in 
spectroimagers in Taiwan for sprite campaigns. Notably, a 
slit spectroimager was developed and used for sprite cam-
paigns in 2006. In that year, two sprite spectra were record-
ed using our spectroimager along with seven sprites, one 
halo, one ELVES emission and two jets. By the end of 2015, 
a slitless spectroimager was ready to conduct additional in-
vestigations, and during the subsequent 2016 sprite cam-
paign, a sprite spectrum was successfully recorded using the 
slitless spectroimager. Slitless spectroimagers are substan-
tially more cost-effective than slit spectroimagers and their 
assembly process is simple, which are critical advantages 
for young students conducting their first sprite studies.
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鹿林天文台觀測時數統計(2003-2017) 
 

林宏欽、蕭翔耀、林啟生 
 
 
鹿林天文台自 2002 年 9 月開始人員常駐，2003 年鹿林一米望遠鏡(LOT)上線，開始有正式觀測時數紀

錄，可供瞭解鹿林長期的天氣狀況。依 2003-2017 共 15 年的統計結果，鹿林天文台年平均觀測時數

為 1439 小時。一年可分為四個觀測季， 
 
 最佳觀測季：10-12 月。 
 次佳觀測季：1-3 月。 
 最差觀測季：4-6 月。4 月開始進入雨季，5-6 月受梅雨影響，天氣最差。 
 次差觀測季：7-9 月。主要受颱風及西南氣流影響，天氣變化大。此外夏季晝長夜短，每晚可觀

測時間比冬季為短。 
 
詳細統計資料及統計圖如下， 
 

表 1 每月觀測時數統計 (2003-2017) 

Month 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Average

1 78.75 125 163.25 129 127.32 179 234.52 206.9 90.8 113.42 153.58 269.62 188.55 75.4 160.85 150.072

2 142.5 145.98 94.75 149 128.55 118.25 165.7 100.6 123.8 64.88 183.63 109.8 131.65 60.25 105.3 121.597

3 147.5 163 143 126.05 116.4 138.5 146.75 181.3 75.9 168.23 134.26 78.7 111.1 72.8 96.4 126.599

4 126.5 110.5 144.75 86.8 53.75 85.25 71.8 75.8 151.45 32.75 55.83 135.95 124 82.9 86.9 95.4408

5 129.75 106.25 136.25 59.5 106.6 98.25 167.4 86.05 56.6 74.3 41.02 32.4 64.2 86.05 84.55 86.8746

6 24 133 45 39.3 54 37 81.75 26.5 61.5 35.15 80.14 33.7 146.9 114.05 76.1 62.8608

7 222.5 48 167.75 91.57 128.88 88.4 76.6 99.85 81.75 106.4 88.05 114.65 87.45 123.95 105.25 104.658

8 137.75 142 76 111.65 56.6 118.95 6.8 98.3 97.9 35.7 72.2 110.9 45.1 61 139.9 89.3808

9 142 116 129.25 60.05 69.55 59.8 0 109.95 90.1 117.35 107.84 134.39 93.25 42.85 128.2 96.8138

10 149.25 219.75 210.25 150.6 172.63 191.38 175.6 139.8 136.95 214.51 200.57 232.33 145.4 142.2 187.8 176.903

11 166.5 214.5 216.25 71.75 160.55 152.55 175.8 163.65 87.2 93.81 136.1 166.15 197.05 171.85 134.55 155.405

12 271.5 232.45 129 132 261.09 211.17 169.8 169.65 115.25 132.21 86 137.3 161.2 193.27 156.7 169.315

Total 1738.5 1756.43 1655.5 1207.27 1435.92 1478.5 1472.52 1458.35 1169.2 1188.71 1339.22 1555.89 1495.85 1226.57 1462.5 1439.64

 
* 2009 年因受莫拉克颱風八八風災影響，自八月八日起至十月初約 2 個月期間道路中斷並停電，無法

觀測。所以 2009 年之八、九月觀測時數很少，甚至為 0。 
**Average 值為扣除最高及最低值後取平均。 
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圖 1  鹿林天文台年平均觀測時數統計圖(2003-2017) 

 
 
 

 
圖 2  鹿林天文台月平均觀測時數統計圖 (2003-2017) 
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鹿林天文台 LOT觀測研究計畫統計 (2017) 

鹿林天文台一米望遠鏡(LOT)觀測研究計畫時間安排以 4個月為一個觀測期，一

年分為三期（A = 1-4月、B = 5-8月、C = 9-12月），其中 E=天文觀測教學、R=國

內研究計畫、*R為國際合作計畫。 

 

2017年的觀測計畫如下，統計結果：E天文觀測教學有 4個，佔 10%。R國內

研究計畫有 19個，佔 46%。*R國際合作計畫有 18個，佔 44%。 

 

 
 

LOT 2017A (01 Jan – 30 Apr, 2017) 

 

Education Program: 

 

E01 – Educational Observation for “Advanced Observational Astronomy” Class 

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

 

E02 – Student Training for NTHUs Fundamentals of Observational Astronomy Course 

PI:  Shih-Ping Lai (slai@phys.nthu.edu.tw) 

 

Research Program: 

E天文觀測教學

10%

R國內研究計畫

46%

*R國際合作計畫

44%

鹿林天文台LOT計畫比例(2017)
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R02 – The rotation period conrmations for large super-fast rotating asteroids 

PI:  Chan-Kao Chang (rex@astro.ncu.edu.tw) 

 

*R04 – Monitoring the activity of comets 2P, 41P, 45P, C/2015 V2, and C/2015 ER61 

PI:  Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

*R05 – Multicolor observations of Near-Earth Asteroids 

PI:  Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

*R06 – Narrow-band Imaging of New Planetary Nebula Selected from LAMOST 

Database 

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

 

*R08 – The Nature of Unidentied Fermi Objects 

PI:  Albert Kong (akong@phys.nthu.edu.tw) 

 

R09 – Polarization Follow-up observations for GM Cep and other UX Ori type stars 

PI: Po-Chieh Huang (pochiehhuang1@gmail.com) 

 

*R10 – Eclipsing binaries in star clusters 

PI:  Shengbang Qian(qsb@ynao.ac.cn) 

 

R11 – Follow-up Observations of Gravitational Waves Using LOT: I. Reference Images 

PI:  Po-Chieh Yu (pcyu@astro.ncu.edu.tw) 

 

*R12 – Polarimetric observations of T-Tauri stars 

PI:  Poshih Chiang (pschiang@gmail.com) 

 

*R13 – Rotationally Resolved Polarization Observations of Main Belt Asteroids 

PI:  Kang-Shian Pan (m989005@astro.ncu.edu.tw) 

 

R14 – Spetroscopic Observation of Recent Bright Comets 

PI:  Yu-Chi Cheng (m969005@astro.ncu.edu.tw) 

 

*R15 – Conrming the Be stars in open clusters 

PI:  Chang-Hsien Yu (m1049002@gm.astro.ncu.edu.tw) 
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LOT2017B (08 May – 31 Aug, 2017) 

 

Research Program: 

 

R01 – BVRI monitoring of classical Cepheids in M31 for distance scale applications 

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

 

R02 – The rotation period confirmations for large super-fast rotating asteroids 

PI: Chan-Kao Chang (rex@astro.ncu.edu.tw) 

 

R05 – Polarization follow-up observations for GM Cep and other UX Ori type stars 

PI: Po-Chieh Huang (pochiehhuang1@gmail.com) 

 

R06 – The long period variable star and recurrent nova search in M33 

PI: Jia-Yu Ou (m1039004@gm.astro.ncu.edu.tw) 

 

*R07 – Multicolor observations and low resolution spectra of near-Earth asteroids 

PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

*R08 – Comet observing campaign of comets 41P, C/2015 V2, and C/2015 ER61 

PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw) 

 

*R10 – The nature of unidentified Fermi objects 

PI: Albert Kong (akong@phys.nthu.edu.tw) 

 

*R11 – Observations of solar analogue stars for the preparation of asteroid 

spectroscopy 

PI: Daisuke Kinoshita (kinoshita@astro.ncu.edu.tw) 

 

R12 – Follow-up observations of gravitational waves using LOT: I. reference images 

PI: Po-Chieh Yu (pcyu@astro.ncu.edu.tw) 

 

*R14 – Rotationally resolved polarimetric observations of 596 Sheila and other main 

belt asteroids 

PI: Kang-Shian Pan (m989005@astro.ncu.edu.tw) 
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R15 – Spetroscopic observation of recent bright comets 

PI: Yu-Chi Cheng (m969005@astro.ncu.edu.tw) 

 

R16 – Rotationally resolved spectra on large asteroids with D > 200 km 

PI: Yu-Chi Cheng (m969005@astro.ncu.edu.tw) 

LOT2017C (01 September – 31 December, 2017) 

Education Program: 

 

E01 – Student Training for NTHUs Fundamentals of Observational Astronomy Course 

PI: Shih-Ping Lai (slai@phys.nthu.edu.tw) 

 

E02 – Training observation for “Learning Japanese using Popular Science Magazine” 

PI: Daisuke Kinoshita (kinoshita@astro.ncu.edu.tw) 

Allocated ToO Time: R02 → 1 night, total 8 hours 

 

Research Program: 

 

*R01 – Multicolor observations of Near-Earth Asteroids 

PI: Lin Zhong-Yi (zylin@astro.ncu.edu.tw) [CoI: YNAO] 

 

R03 – BV RI Monitoring of Classical Cepheids in M31 For Distance Scale Applications 

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

 

R04 – The rotation period conrmations for large super-fast rotating asteroids 

PI: Chang Chan-Kao (rex@astro.ncu.edu.tw) 

 

*R05 – The Nature of Unidentied Fermi Objects 

PI: Albert Kong (akong@phys.nthu.edu.tw) [CoI: MSU, USA and YNAO] 

 

R06 – Polarization Follow-up observations for GM Cep and other UX Ori type stars 

PI: Huang Po-Chieh (pochiehhuang1@gmail.com) 

 

R08 – Follow-up Observations of Gravitational Waves Using LOT: I. Reference Images 

PI: Yu Po-Chieh (pcyu@astro.ncu.edu.tw) 

 

*R09 – A multi-instrument campaign of (3200) Phaethon 
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PI: Lin Zhong-Yi (zylin@astro.ncu.edu.tw) [CoI: NAOJ and NIHON-U, Japan] 

 

R10 – The long period variable stars in Kepler field distinguish with spectra 

PI: Ou Jia-Yu (m1039004@gm.astro.ncu.edu.tw) 

 

R11 – The Long period variable star and recurrent nova search in M33 

PI: Ou Jia-Yu ( m1039004@gm.astro.ncu.edu.tw) 

 

*R12 – Time-resolved Spectroscopy of Active Near-Earth Asteroid (3200) Phaethon 

PI: Daisuke Kinoshita (kinoshita@astro.ncu.edu.tw) [CoI: NAOJ] 

 

*R13 – Muti-phase angle polarimetric observations of M-, B- and C-type main belt 

asteroids 

PI: Pan, Kang-Shian (m989005@astro.ncu.edu.tw) [CoI: NAOJ] 

 

*R14 – A multi-instrument campaign of (3200) Phaethon 

PI: Cheng Yu-Chi (m969005@astro.ncu.edu.tw) [CoI: YNAO, NAOJ and NIHON-U, 

Japan] 

 

R15 – Rotationally Resolved Spectra on Large Asteroids with D > 200 km 

PI: Cheng Yu-Chi (m969005@astro.ncu.edu.tw) 

 

 

<136>

mailto:m969005@astro.ncu.edu.tw


1 
 

鹿林天文台工作報告 2017 

林宏欽、張明新、張永欣、林啟生、蕭翔耀、郭鎮魁 

 

鹿林天文台一米望遠鏡（LOT）自 2002 年 9 月開始運作以來已經 15 年，藉著

這次鹿林天文台營運之優化計畫將 LOT 望遠鏡軟硬體系統升級，一併將次鏡重

鍍、CCD 相機更新，可望大幅提升觀測效率及科學產出。 

1  LOT 望遠鏡系統優化及更新升級 

2017 年 2 月 3 日至 2 月 10 日德國技師 Philipp Keller 來台進行一米望遠鏡(LOT)系統優化及

更新升級作業，完成主要工作如下， 

1.1 LOT 望遠鏡控制系統軟硬體更新及升級 

 安裝 LOT 望遠鏡新控制 PC，新望遠鏡控制軟體 AUTOSLEW V5.2.3 

 

 

 安裝新馬達控制器：3 個 Accelnet Controllers (型號：ADP-090-36-S for RA/DEC, 型號：

ACJ-055-09-S for FOCUS) 及 KLLUCBC Kvaser Leaf Light USB Can Bus converter 
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舊馬達控制器 (ISA 介面)             新馬達控制器 (USB 介面) 

 

 修改舊 RA motor/encoder 線路及接頭，連接新控制器 

 舊 FOCUS motor 加上 Line driver IC AM26LS31，修改線路及接頭，連接新控制器 

 安裝新 DEC motor/encoder，做線路及接頭，連接新控制器 

  

          舊馬達及舊編碼器                      新馬達及新編碼器 

 

 望遠鏡主鏡蓋安裝電控馬達 

 安裝電控中央 baffle 蓋 

 安裝鏡蓋控制器(Relaisbox for Controlling the Telescope covers)及相關線路 

 AUTOSLEW 軟體測試控制鏡蓋開啟/關閉 
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鏡蓋關閉                           鏡蓋開啟 

 

1.2 光軸調整、成像品質優化 

 主鏡側支撐調整 

 主鏡光軸調整 

 星點實測結果如下：最小星點 FWHM=1.24”，最大星點 FWHM=1.45”，光軸準直度

(Collimation)=1.9” 
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1.3 望遠鏡指向及追蹤精度優化 

 做新的望遠鏡指向修正模型（約 100 點），實測 10 個天區結果：RMS pointing error = 

0.376 arcmin. 

 檢查 RA 齒輪齒隙約 40-50”，調整後減小至 10” 

 恆星時自由追蹤 10 分鐘結果：FWHM～1.34”，星點橢度(Flatness)<0.1。 

 
 

 追蹤彗星 10 分鐘結果：FWHM～2.2” ，星點橢度(Flatness)～0.13。 
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1.4 其他 

1. 備用 FOCUS motor 加上 Line driver 線路及做接頭 

2. 備用 2 個 RA encoder 做接頭 

3. 整理舊的 DEC motor/encoder（舊 encoder 有 Line driver）當備品 

4. 檢查 Heidenhain Encoder：RA 正常，DEC 較差，對 DEC 做了調整 

5. 檢查 RA 摩擦輪：正常 

6. 用 CME2 軟體檢查並調整 RA/DEC 兩軸配重平衡 

7. 主次鏡鍍膜檢查 OK，次鏡建議重鍍 

8. 檢查圓頂隨動問題，調整 SmartDome encoder 參數 

9. 檢查 ACP plan 執行時 ACE dome slave 未同步就開拍的問題：改由

AUTOSLEW 統一控制望遠鏡和 DOME 來解決 

10. AUTOSLEW PC 做系統完整備份 

11. 安裝 Gamepad 無線搖桿作為輔助控制器 

12. 各部機件檢查、清掃、調整、測試 

13. 解決軟體整合之間的 BUG 

 

 
Philipp 於鹿林天文台工作情形 

 

2 LOT 次鏡重鍍 

LOT 主次鏡上次重鍍是 2006 年，迄今使用已逾 10 年。沒有觀測時主鏡有鏡蓋

保護，狀況較好；次鏡面位置雖然朝下，但長期暴露在空氣中，周遭環境較為

潮濕，狀況較差，即使經過清洗表面還是呈現明顯霧化斑駁現象。 
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經過評估，2017 年 4 月 26 日送南京天文光學技術研究所重鍍，鍍膜採增強膜，

增強鋁的保護層一共 3 層：SiO2、TiO2、SiO2。品質、技術要求如下： 

 

1. 工作波段 400-750nm，最低反射率大於 90%，平均反射率大於 94%。 

2. 經高溫膠帶粘附撕扯 20 次，膜層不脫落。 

3. 次鏡中心標記直徑 5mm 的中心圓用於裝調。 

4. 驗收方法：測試陪鍍片光譜曲線及牢固度。 
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重鍍完成之次鏡面及（陪鍍片）光譜曲線如下， 
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5 月 1 日將 LOT 次鏡帶上山安裝，調整光軸，對 NGC6779 以 V 濾鏡曝光 60

秒，1807 顆星的測量結果：FWHM 介於 1.13” ～ 1.37”之間，有約 1.3”的

Collimation 誤差，與重鍍之前 Collimation 誤差(1.9”)相近。 
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3 其他重要工作 

1. LOT CCD 相機更新：已於 2017/5 到貨，驗收測試中 

2. LOT 濾鏡更新：已於 2017/5 到貨，準備更新 

3. TAOS 中美掩星計畫四台 50cm 望遠鏡吊運下山，準備 2 台送到新疆及 2 台

送到墨西哥進行其他合作計畫 

4. NCUIRCAM 近紅外相機：完成濾鏡背景漏光改善、與夏威夷 UH88 望遠鏡

整合控制軟體及現地試驗觀測 

 

4  LWT 望遠鏡升級 

1. RiFAST400 (D=40cm, F3.8)廣視場望遠鏡於 2017/5 到貨，於 2017/10 安裝測

試，目前已投入近地小行星及變星之監測工作。 

2. LWT 相關的望遠鏡控制 PC、資料分析工作站及資料存儲 NAS 等已設置完

成。 
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5 鹿林 4G 上網 

鹿林天文台原有 E1 網路專線速度只有 2Mbps，既慢又昂貴，2017/5 更換為 4G

上網後，速度提升 10 倍，費用卻只要 E1 的 1/10。歷經一年來測試，鹿林 4G 網

路相當穩定，解決了長期以來鹿林大量觀測資料傳輸之網路壅塞問題！ 
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鹿林天文台團體參觀及觀測教學 2017 

20170120 清大天文社 20 

20170122-24 成功中學教學觀測 21 

20170123 北一女+萬芳地科社 25 

20170123 台南一中天文社 88 

20170124 逢甲大學 25 

20170204 麗山高中星宇天文社 41 

20170226-27 中原大學教學觀測 31 

20170303-04 中央天文所教學觀測 7 

20170318 清大教學觀測 15 

20170319 清大教學觀測 20 

20170325 台北教育大學自然科學系 25 

20170325 嘉義大學天文社 20 

20170423 李光華副校長中大教授團 40 

20170429 中大職工會 40 

20170508 玉管處 35 

20170623 玉山警察小隊 20 

20170703 枋寮高中 34 

20170717 林口高中 21 

20170722 台北市天文協會 25 

20170725 台大天文社 36 

20180812 苗栗社大 40 

20170812 高雄女中 17 

20170819 台灣親子觀星會 17 

20171101 溪南國小 44 

20171102 一傳十公司 3 

20171102 福龜國小 39 

20171107 中大第一屆校友 20 

20171118 台南社大 45 

20171118 竹中天文社 34 

20171204 板橋國中 32 

20171216 輔大天文社 25 

20171217 高師大天文社 25 

20171223 興大附中 36 
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李光華副校長率中大教授參訪 

 

 

清華大學賴詩萍教授天文觀測教學 
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SSP-4近紅外光度計(NIR-photometer)於鹿林一米 

望遠鏡(LOT)上測試與觀測工作簡報 
羅烜玟，國立中央大學天文研究所，2017/03/24 

一、簡介 

    SSP-4 (Single-channel Stellar Photometer generation 4)由 Optec光學公司所製

造，此為該公司唯一配有近紅外線波段的光度計。使用 SSP-4儀器前，歷經約

半年左右(2014/12-2015/6)修復並改裝後，SSP-4以全新面貌來觀測。這次改裝

的部分有： 

(1) 機板升級到 SSP-4A Gen2 version，原手動濾鏡改可用電腦控制自動更換

(Automated Filter Slider w/ 6-position filter slider)。 

(2) 將原本翻轉鏡(Flip-mirro)光路改為冷光鏡(cold-mirror)，此鏡能反射可見光，

只讓紅外線頻寬通過，可同時監視目標（可見光）及取得資料（紅外線）。 

(3) 可見光之光路上加裝一台電子 CMOS相機(2015/09/17加裝MINTRON)作為

目標監視及確認(2015/10/01改換 ZWO ASI130MM Monochrome 1.3MP astronomy 

camera)。 

(4) 控制軟體升級 (Upgrade of SSP4Dataq software to SSP4Dataq2 software)。 

 

(a)                                  (b) 

圖 1. SSP-4改機前(a)與改機後(b)照片 

(圖(a)取自 Optec官網 http://www.optecinc.com/astronomy/catalog/ssp/ssp4.htm) 

 

    SSP-4光度計採用半導體材料砷化鎵銦(InGaAs)為探測元件(Detector)，

InGaAs對長波長光線(0.5μm ~ 2.6μm)具有更高的偵測能力之外，還具有以下

優點：探測速度快(high speed)、極靈敏性(high sensitivity)、低噪訊(low noise)等

特性。儀器的控制面板只有左側電源鍵和右側分別為 select和 mode的兩個按
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鈕。在電源鍵在 on的位置時，電源鍵旁的紅燈會亮起，同時亮起綠燈，顯示儀

器溫度正常控制在設定範圍，右側的兩個按鈕可控制上方小型液晶數字面板的

切換模式，在未與電腦連線的情況下，才可透過此兩按鈕控制數字面板。 

 

(a)                                  (b) 

圖 2. SSP-4光度計控制板介面示意圖(a)(取自 ssp_4_technical_manual操作手冊第

8頁)和實際連線後儀器的狀態照(b) 

 

 

(a)                          (b) 

圖 3. SSP-4光度計安裝於 LOT上(a)遠和(b)近之照片 

 

二、測試與觀測 

    觀測前約 1小時就先讓 ssp4開機，原預設溫度為-25°C，廠商建議把 ssp4

儀器溫度降到約-35°C或-40°C，因讀取數值比較穩定，易合適觀測。若圓頂外

天氣(無雨無雲)與濕度(濕度小於 95%)理想，才開圓頂，等待至少 50分鐘後(操

作手冊建議暖機至少 10分鐘)，再去觀察 ssp4的 DARK穩定度。為預防溫度 or

濕度突然陡升 or驟降，影響 count數值，在拍 target前後皆須拍 sky取平均。

在拍攝造父變星的同時，會選取一些不同赤經(R.A.)與赤緯(Dec.)座標位置的標

準星，以獲取不同大氣質量(airmass)的數值進行大氣消光的處理，從透過大氣
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層所觀測到的儀器星等轉換成視星等。在累積近 20次視星等數值後，以找出造

父變星最合適的光度變化週期。 

 
圖 4. 使用 ASI130MMS CMOS觀看目標位置和 SSP4Dataq2軟體讀取觀測目標背

景數值。 

   
(a)SSP-4觀測變星 RT Aur的資料點     (b)CCD觀測變星 RT Aur觀測資料點(A.J. 

Monson, 2011) 

圖 5. 造父變星 RT Aur於 J波段之觀測資料點 SSP-4(a)與 CCD(b)分布。 
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Rotationally Resolved Polarization Observations of the M-type Asteroid 16 
Psyche 

 

Abstract 

M-type asteroid is one of asteroid taxonomies which represent a metal-rich surface. Asteroid (16) Psyche is 

the largest M-type asteroid and also the next space mission of the metallic world. A photometric and 

polarimetric survey program on M-type asteroid has recently been established with Lulin One-meter 

Telescope making use of the Triple Range Imager and POLarimeter (TRIPOL) instrument. To study the 

surface heterogeneity, we observed the selected targets simultaneously. We will have a brief report on the 

phase-angle v.s. polarimetry curve, the rotationally resolved polarimetric measurements, and 

photo-polarimetrical light-curves of (16) Psyche and other M-type objects.  

 

Introduction 
 

Photo-polarimetric measurements are very useful in characterizing the surface properties of asteroids. It 

is well known that the opposition effect and the negative linear polarization curves as functions of the phase 

angle are important diagnostic tools for taxonomic classification of different types of asteroids [1]. The 

multi-filter polarimeter camera (TRIPOL) at the Lulin Observatory of National Central University is well 

suited for such observations. A survey program of M-type asteroids with the emphasis on rotationally 

resolved polarization measurements has been initiated. The first results on 16 Psyche are reported here. 

 

Observation － TRIPOL on LOT of Lulin observatory, and L35  
 The TRIPOL instrument was designed by Nagoya University. It can make simultaneous CCD images in 

three wavelengths, namely, g’, r’ and i’ in the SDSS system. The half-wave plate can be rotated to four 

different positions: 0o, 22. 5o, 45o and 67.5o, sequentially. A sketch of the instrument design is shown in 

Figure 1. Besides the TRIPOL observations, simultaneous photometric measurements in R-band can be 

carried out at the Celestron C14 telescope of 35-cm aperture, also, at Lulin. 

 The observation was made on December 13, 2015 when the V- magnitude of 16 Psyche was 9.5 and the 

phase angle was 2.5 degrees. Psyche’s dimension is 240x185x145 km and its rotation period is 4.196 hours. 

The interval of data points was 6~7 mins for 10o rotation. Our three-hour observation therefore does not 

cover one full rotation. 
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Data Analysis 
 

 Both of photo and polarized data was required to process data reduction of the bias, dark and flat to 

clean the noise from the CCD instruments. Polarimetry measurement is based on the Stokes parameters Q 

and U. The polarization degree P and position angle θ are expressed via Q and U.  

 

ΔU and ΔQ are errors on the Stokes parameters. The proper coordinate linear polarization degree Pr(%) and 

the proper coordinate position angle of polarization θr are defined on the scattering plane of the 

Sun-object-observer. θr is derived from θr= θobs-(PA ± 90o), where θobs  is measured position angle of 

polarization, and PA is the position angle of the scattering plane. The polarization quantity Pr has been 

corrected from Pr=Pobs cos(2θr), where Pobs is measured linear polarization degree. And the final value of 

Pr(%) and θr  are calibrated offset in reference to some unpolarized and polarized standard stars. 

 

Result I － Phase angle and Polarimetry 
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Result II － light curve on photometry and polarimetry  
 Figure 3. shows the R-band photometric observations with the L35 telescope. The starting point of the 

rotational phase is set to be zero at HJD time 2445900+6.284 [3]. The rotational phase (ϕ) coverage of the 

R-band photometry was from 0.71 to 0.44 with a gap between 0.44 and 0.71. The primary peak in the light 

curve is at ϕ = 0.4 and a secondary peak at ϕ = 0.95.  

 The rotationally resolved Pr(%) values are shown in Figure 4. Certain variability can be seen (with an 

amplitude of about 0.51 in g’) suggesting the possible existence of surface inhomogeneity either in the form 

of compositional change or geomorphological difference. The variation in r’ and I’ are less significant, 

however. Figure5 showed the different polarization curves which the surface was observed twice in the 

night. 
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Figure 5 (a, b) 

The Pr(%) of g’, r’-0.5, i’-1.0, in rotational phase variation.  

On the next night, 2015.12.14, the Psyche was observed two round of the period. The blue dash line show 

the average Pr(%) g’ -0.62. (a) The first rotation (b) the second round. 
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Synchronous Surveillances of Meteor Events 

using the Taiwan Meteor Detection System 
Bo-Hao Wang1, Jun-You Liu2, Zong-yi Lin 3, Jim Lee4, Zhong-Yi Lin5 and Hsin-Chang Chi6 

1Department of Applied Mathematics, National Dong Hwa University, Hualien, Taiwan 97401 

2 Department of Natural Resources and Environmental Studies, National Dong Hwa University, 

Hualien, Taiwan 97401 
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Abstract 

Taiwan Meteor Detection System (TMDS) is a developing system under a 

collaboration among National Dong-Hwa University (NDHU), National 

Central University (NCU) and Taipei Astronomical Museum (TAM). This 

system aims at capturing meteor instances in the sky surrounding Taiwan.  

At present, we have established two sites to perform synchronous 

observations of meteors in the NE direction: One is located at the Lulin 

observatory of NCU. The other is at Hutian Elementary school inside Yang 

Ming Shan National park. To summarize, over the period from Aug. to Oct. 

in 2016, Lulin stations detected 783 meteor events while Hutian marked 

197 events.  It is noteworthy that 7 simultaneous events recording a 

common meteor are justified. We apply the triangulation method to 

calculate the positions and velocities of simultaneously detected meteors. 

In consequence, orbits of these meteors are determined using the 

commercial codes UFO Capture and Orbit. With diffraction gratings 

implemented, the current TMDS framework is capable of achieving 

meteor illumination spectra. 
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Lulin observatory 
 

Observation Stations 

Two Meteor Cameras being operated 200 km apart captured the same 

meteor. 
 

 

 

 

 

 

 

 

 

  

 

 

  E1A (Lulin) E1B (Lulin) HUTIAN (Hutian) 

Camera Watec 910HX 902H2U Watec902H2 

Len 12mm F1.2CCTV LENS  6mmF0.95 F0.95~F1.2 CCTV 

Focus length FUJINON 2.9-8mm 6 mm 5~12mm 

Grating 600 line/mm Not installed Not installed 

Sensitivity 0.000005 (Lux) 0.0001(Lux) 0.0001(Lux) 

Hutian elementary school 

Established : 

1. Hutian Elementary 

School 

HUTIAN 

Azimuth: 168.89o 

Elevation: 42.16o 

Fov: 64.3o 

2. Lulin observatory 

E1A 

Azimuth: 91.5865o 

Elevation: 51.1938o 

Fov: 33.3984o 

E1B 

Azimuth:89.4880 o 

Elevation: 50.4941o 

Fov:69.4838o 

  

Developing: 

1. Kenting observatory 

2. Mei Feng Farm 
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Summary and Analyses 

 

1. Meteor Orbit 

The triangulation method is applied to calculate the positions and 

velocities of simultaneously detected meteors. With the position and 

velocity components of individual meteors obtained, meteor orbits are 

determined in the solar system. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H=Hutian, L=Lulin 

 

<158>



4 
 

 

No. 

Local time 

(Date_hms) 

Meteor 

Streams  

mag 

high of 

start point 

(km) 

high of 

end point 

(km) 

duration 

(sec) 

  a   

semi-

major axis 

(au) 

q 

perihelion 

(au) 

e 

eccentricity 

p 

period 

(year) 

ω 

argument 

of 

perihelion

(deg) 

 Ω   

longitude of 

the 

ascending 

node     

(deg) 

i inclination 

(deg) 

1 20160816_020114 spo -2.8 104.8 87.4 0.55 10.1 0.9 0.9 32.2 137.3 143.1 106 

2 20160816_035718 J5_Per -0.8 103.5 91.3 0.28 2.8 0.9 0.7 4.8 146 143.2 111.6 

3 20160823_035945 spo -1 106.1 93.1 0.22 4.8 1 0.8 10.7 22.2 329.9 153.2 

4 20160823_043600 spo -1 108.1 89 0.27 11.5 0.9 0.9 38.8 215.6 149.9 172.2 

5 20160823_045811 spo -4.4 105.8 78.8 0.47 58.3 1 1 446 28.5 329.9 138.2 

6 20160922_194446 spo -0.9 105.6 88.7 0.8 54.7 1 1 405 197.1 179.7 72.2 

7 20161104_222435 J5_sTa 0.1 93.7 83.3 0.45 2.8 0.4 0.8 4.8 103.4 42.4 10.2 

8 20161104_225421 J5_Ori -0.4 112.1 101.3 0.48 17.4 0.5 1 72.7 95.6 42.4 164.4 

9 20161105_010113 spo -0.7 101.8 89.8 0.63 6.7 0.9 0.9 17.5 45.3 42.5 70.9 

10 20161106_030147 spo -0.3 110.5 99.5 0.42 --- 0.7 1 --- 112.2 223.6 135.5 

11 20161115_014311 spo -0.2 103.4 91.6 0.22 --- 0.3 1 --- 114.5 52.6 130.5 

12 20161118_045337 J5_Leo -0.8 103.3 89 0.22 3.8 0.9 0.8 7.3 152.4 235.7 161.5 

13 20161220_022355 J5_Mon -4 97.1 75.9 0.58 2 0.3 0.8 2.8 115.4 88.1 21.5 

14 20161227_020043 J5_Com -3.5 105.8 88.2 0.35 4.8 0.5 0.9 10.5 272.9 275.2 134.6 

15 20170105_013501 spo 1.35 106.1 102.1 0.17 4.4 1 0.8 9.4 354.9 104.3 166.6 

16 20170105_060233 spo -0.8 94 85.7 0.17 6.6 0.6 0.9 16.9 259.1 284.5 96.5 

17 20170106_025540 spo -0.8 107.5 89 0.35 --- 0.5 1 --- 91.3 105.4 138.9 

18 20170110_031233 spo 0.05 113.7 103.4 0.18 3.5 0.9 0.7 6.5 206.9 289.5 161.6 

19 20170127_043658 spo -1 96.8 89.7 0.3 8.2 0.9 0.9 23.4 336.8 126.9 129.5 

 

 

 

 

 

 

 

Table of orbit parameters and geocentric datum of 19 

concurrently detected meteors 
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2. Cloud Sensor Data versus Counted Meteor Events at Lulin Station 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The upper panels in the above plots give cloud sensor data monitored at 

the Lulin observatory with respect to dates. In the lower panels, the 

corresponding accumulated meteor events are shown. Note that a 

temperature < -30 C indicates cloudlessness while a temperature > -10 C 

implies a cloudy climate. Here we use the could sensor data at AM 3:00 to 

represent the weather conditions of each dates. Further scenarios in 

development with respect to hours are presented in Supplement B. 
 

 

 

3. Historical Analysis of Meteor Events 

 

 

 

 

 

 

 

The above figures give the detected meteor events by E1B with respect to 

dates. The numbers of event detected are directly correlated to important 

astronomical events such as meteor showers and etc. (Refer to 

Supplement A for detail information).  
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4. Detected meteor events from August to December 2016 

Month 

(2016) 
Meteor events accumulated (Lulin_E1A/Lulin_E1B/Hutian_HUTIAN 

August 164 / 180 / 104 

September 153 / 133 / 16 

October 625 / 461 / 33 

November 453 / 378 / 47 

December 480 / 432 / 86 

 

 

 

 

 

 

 

5. Meteor Spectroscopy at Lulin Station 

 

 

 

 

 

 

 

 

 

 

 

In the above plots, the left panel presents a detected meteor image 

showing diffraction pattern by E1A at Lulin station.  The occurring is at 

00:38:27 on 2016/10/24. As an illustrative example, the right panel gives 

a raw-data analysis of the diffraction pattern. Spectroscopic identifications 

of the absolute profiles are under our attempts. 
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Conclusions 

(1)  Our observations at the Lulin station show that the time sequence 

of detected events is strongly interrelated with the cloud sensor data.  It 

is worthwhile to note that further studies of the interrelations may 

provide approaches to designate desired observation programs for 

specific purposes.   

(2)  We have detected 19 simultaneous events recording a common 

meteors, and the corresponding orbits the meteors are determined. The 

orbits data may be applied to acquire the activity information of the 

meteor parent bodies (Near-Earth Asteroids). 

(3) It is found that around 2.65% of detected meteor events are 

concurrently associated with illumination spectra.   

(4) We have successfully obtained meteor illumination spectra by 

using diffraction-grating implementations. We are undertaking attempts 

to analyze the line profiles of the observed spectra to resolve the 

compositions of the detected meteors. 
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中美掩星計畫I．II

受限於天候，許多重要的天文觀測計畫皆無法在臺灣進行，

中美掩星計畫（TAOS）算是其中的異數。1998年提案，2005年
於鹿林山正式運作的這個計畫，共建置了四座配備0.5米望遠鏡

的全自動觀測系統，總經費卻僅約五十萬美元，曾被國際知名的

「自然」期刊形容為「經費少、野心大」的天文計畫。

文/ 陳筱琪

TAOS望遠鏡與鹿林天文台夜景。（圖片來源：國立中央大學）
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計
畫推手中研院李太楓院士表示，此計畫是查

理斯．阿卡克（Charles Alcock；現任美國哈

佛史密松天文物理中心主任）所提出。當初為籌

措經費，阿卡克跨海來臺找中研院天文所籌備處

主任魯國鏞（現任美國國家電波天文臺主任），

觀測系統也因此決定蓋在臺灣；計畫則由中研院

天文所、國立中央大學、哈佛史密松天文物理中

心與韓國延世大學，四個機構合作執行。

掩星計畫簡單來說就是利用掩星觀測法來研

究太陽系外圍的小天體。這一群小行星與彗星，

分布在海王星之外的太陽系邊陲，直徑介於數

公尺到數千公里之間，被稱為「古柏帶天體」，

其中最大顆、最有名的就是冥王星（圖二、圖

三）。然而直徑30公里以下的小行星與彗星因為

距離我們太遙遠、尺寸太小、光度太暗，以致任

何現有的地面或太空望遠鏡都無法直接看到，因

此其「真相」始終是個謎。為了解開謎底，TAOS
藉由監測背景恆星亮度，透過亮度變化的計算來

圖一、鹿林天文台，

標高2,880公尺，位

於玉山國家公園。左

上角為TAOS陣列中

的其中一台50公分望

遠鏡。（圖片來源：

TAOS望遠鏡─中研

院天文所；2007年鹿

林天文台鳥瞰圖─中

華民國環保署）

←圖三、太陽系及古柏

帶；右下角為古柏帶天

體放大範例。（圖片來

源：中研院天文所）

↑圖二、國際天文聯合

會小行星中心的資料，

紅色點主要是分佈在海

王星外到50天文單位之

間的古柏帶天體。 
（圖片來源：Minor 
Planet Center/Division F 
of  IAU ）
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確認掩星事件是否由直徑500公尺到30公里範圍內

的古柏帶小天體所造成。那麼，何謂掩星？又，

如何利用掩星來觀測古柏帶天體呢？

掩星指的是「一個天體被另一個天體遮掩」

的過程。夜空中數不清的閃亮星星，當古柏帶天

體運行通過我們和這些背景星的中間時，因為遮

住了星光，星星亮度會暫時變暗。由於古柏帶天

體都很小，所以亮度變化時間極短，平均只有0.2
秒，這麼短暫的掩星過程稍縱即逝，偵測速度必

須很快才行。此外為了減低誤判機率，必須利用

三到四台望遠鏡觀測同一片星空，以每秒至少五

次的速度量測視野中星星的亮度。這在一般天文

觀測中是很少見的（圖四）。

 鹿林山上的四座TAOS全自動觀測系統，利

用2,048 × 2,048 CCD相機（每秒5次測光），每

晚監測約1,000顆恆星來蒐尋位於古柏帶的太陽系

天體對遠處背景恆星造成的掩星現象。觀測系統

的望遠鏡是直徑50公分的小型超廣角望遠鏡，入

夜後系統便進行無人全自動觀測，針對排定要觀

測的天區進行自動對焦與影像輸出。建構這個系

統最大的挑戰在於如何實現全自動及高速測光的

要求。為了達成全自動運作的目標，系統中加入

許多偵測元件來監控望遠鏡以及天候狀況。每天

日落前，控制系統會根據氣象儀器的資料決定是

否自動開啟系統或是關閉遮罩。在每一個觀測天

區，這個每秒五次的高速觀測會持續進行1.5個小

時，之後再移動至下一個目標天區。每個晴朗的

晚上，TAOS可產生超過100GB的資料。

一般天文觀測要求的是長時間的曝光，影像

讀取時間通常需要好幾秒鐘。TAOS為了建構高速

測光系統，特別採用了拉鍊讀取模式，一次只讀

取一小部分影像，以降低影像讀取時間。利用這

種方式可以達成5赫茲的取樣速度（圖五）。因而

產生的星星影像重疊以及高背景亮度問題，則利

用影像處理程式來解決。

負責建構觀測系統的中研院天文所副所長王

祥宇表示，TAOS系統的開發涉及光學、機械、電

子、軟體等多種科技工程，因此提供相關領域人才

不少就業與訓練機會。然而事與願違，掩星計畫在

資料收集方面未如預期順利。2005年起至今TAOS
在鹿林山上雖已累積超過860億筆的觀測資料，卻

沒能發現任何掩星事件。王祥宇指出，除了鹿林當

地近年天候多雨霧影響觀測時間、觀測系統偵測與

望遠鏡成像不夠靈敏等原因外，古柏帶天體的實際

數目有可能也的確比理論推估值少，這些年來天文

界其它觀測結果也都支持這個看法；TAOS八年來

的觀測結果對太陽系中直徑大於700公尺的古柏帶

天體數量設下了非常嚴格的密度上限值。

圖四、掩星觀測法。

（圖片來源：中研院

天文所）
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古柏帶天體的「真相探索」，當然

不會因為這些瓶頸而中止。為了解決目前

的問題，掩星計畫除了持續提升鹿林山上

TAOS望遠鏡的觀測性能，也開始發展海

王星外自動掩星普查計畫（TAOS-2)，並

且為該計畫望遠鏡研發新一代相機系統。

針對TAOS各項問題修正的TAOS-2是由中

研院天文所主導，與哈佛史密松天文物

理中心、國立墨西哥自治大學、中央大

學共同合作的計畫。三座1.3米TAOS-2新
型望遠鏡台址選在隸屬墨西哥國家天文台

(OAN)、海拔2,800公尺的聖白多祿（San 
Pedro de Martir; SPM）天文台，當地一年

中適合進行觀測的天數有300天，是鹿林

山的5倍。TAOS-2已於2013年5月在SPM
舉行破土典禮（圖六），台址上各項基礎

建設─包括道路、電力、網路與房舍的興

建，由墨西哥天文台的國立墨西哥自治大

圖五、TAOS利用網路攝影機同時監看四台望遠鏡的截圖畫面。右上為望遠鏡主鏡支撐機構。下方是以特殊「拉

鏈模式」讀取所獲得的影像，圖中由星星拖拉出來的亮線看起來就如同拉鍊般。（圖片來源：中研院天文所）

圖六、2013年5月2日TAOS-2破土典禮於墨西

哥聖白多祿天文台舉行。右下角人物由左至

右分別為：國立墨西哥自治大學校長Carlos Aramburo、國立墨西哥自治大學

天文所所長William Lee、中研院天文所所長賀曾樸、哈佛史密松天文物理中

心Charles Alcock。（圖片來源：中研院天文所）

學天文所負責運轉並支付費用。三座望遠鏡計畫於2014
年架設至該台址，預期2016年即可全面運轉進行科學觀

測。
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 TAOS-2所採用的望遠鏡口徑比TAOS
更大，相機系統更靈敏、速度更快（圖七、

圖八）；以CMOS新偵測器技術為基礎設計

的新一代相機，偵測速度至少可提高4倍，

將可提供每秒20至40幅超低雜訊（約3個
電子等級）的優異影像。整體靈敏度預期

將提高兩個數量級，取樣頻率也將提升至

20Hz，太陽系小天體可觀測極限將提升10
倍，從100天文單位範圍推進至1,000天文單

位範圍，TAOS-2觀測系統的整體效能將比

TAOS提升至少100倍。加上位於墨西哥天文

臺基地這個更理想的觀測台址，TAOS-2將
有機會察覺更多、更短暫的掩星事件，找到

更小的古柏帶天體。

中研院對於TAOS-2充滿信心。參與中

美掩星計畫超過10年的張智威解釋：這些太

陽系邊陲的古柏帶天體被認為保存了太陽系

形成初期的訊息；掩星觀測倘若成功，除了

可以研究古柏帶天體，還可解答太陽系行星

如何經由這些天體碰撞而形成的歷史奧秘。

在TA O S-2望遠鏡全面運轉之前，鹿

林山上的TA O S仍會持續運轉，作為訓練

學生與測試新儀器之用。中研院天文所為

四座TA O S望遠鏡安裝了影像暫存相機以

改善望遠鏡的效能與古柏帶天體的統計

結果；2013年起，新一代觀測系統改採

1,024×1,024 CCD相機（每秒10次測光）。

目前TAOS運轉良好，可靠度很高。雖然測

不到掩星事件，但TAOS望遠鏡的遠端觀測

性能及快速驅動系統，已經讓TAOS三次成

功偵測到宇宙伽瑪射線爆的光學餘暉，這

些餘暉通常是被太空天文望遠鏡在爆發後

一分鐘內測得。伽瑪射線爆是宇宙中能量

最強的現象，其爆發機制迄今尚未十分明

瞭。TAOS在伽瑪射線爆的幾乎同時間即偵

測到早期光學餘暉，此成果將成為伽瑪射

線爆發生機制極有用的研究參考。未來的

TAOS-2一旦提升了偵測靈敏度以及取樣速

度，也能加入偵測不同時間範圍內的伽瑪

射線爆，預期將可成為解析天體結構的重

要工具。

參考資料：

1. Nathan, R. (1997) Taiwan looks to the skies for a  
               boost to its basic research. Nature, 390 : 544

2. 中研院天文所掩星計畫網頁http://taos.asiaa. 
               sinica.edu.tw/

3. 2013年中研院天文所掩星計畫摺頁簡介

4. 2014年中研院天文所研究成果專刊

圖七、TAOS-2望遠鏡圓頂直徑為24.5英呎（7.46公尺)，觀測層距離地

面約50英呎（15.24公尺），與下層之間以氣閘（air lock）隔開。 
（圖片來源：中研院天文所）

圖八、TAOS-2採用Ritchey-Chretien（RC）卡塞格林反射式

望遠鏡。主鏡焦長為5.2公尺，焦比為F/4，屬於短焦距光學系

統，能讓我們一次看到較大的星空。 
（圖片來源：中研院天文所）

陳筱琪：任職於中研院天文所天文教育推廣小組， 
                         天聞季報主編
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中大清大超廣角 ZTF 探測器啟動 天文學研究大躍進  

 

中央大學參與的 ZTF 計畫，可達 47 平方度的大視野，將對可見光時域

天文學做出重大的科學貢獻。照片前方葉永烜院士，後左饒兆聰教

授，後右俞伯傑博士後研究員。（中央大學提供）  

2017 年 11 月 15 日 15:25 旺報  李侑珊 
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ZTF 擁有 47 平方度視野的超廣角相機，其實際大小如同一台 20 吋螢幕。圖為

該相機所使用的濾鏡。（照片由加州理工學院天文台提供）  

中央大學及清華大學聯合組成的探高計畫，在科技部支持下，參與由美國加州

理工學院所主導的「史維基瞬變探測器」（Zwicky Transient Facility，簡稱為

ZTF），將天文研究推進到時間加上空間的 4D 階段，可望對可見光時域天文學

作出重大的科學貢獻。 

ZTF 計畫前身為「帕洛馬瞬變工廠 Palomar Transient Factory, 簡稱為 PTF」， 該

計畫於今年初達成階段性任務後功成身退，並將於今年底邁入另一個重要的里

程碑，且更名為「史維基瞬變探測器 Zwicky Transient Factory，簡稱為 ZTF」，

原先使用在 PTF 上的 7 平方度廣視野相機將更換成擁有 47 平方度視野的超廣角

相機（一幅影像可同時容納 213 個月亮），加上改良後的儀器和軟體，觀測效

率將提高為 10 倍之多，該計畫 11 月 15 日開光後開始進行常規的科學工作，預

計每個晚上可巡視北天二次。 

中央大學天文所教授葉永烜，擔任探高計畫主持人；他興奮地表示，ZTF 將以

前所未有的效率發現超新星，黑洞吞食恆星事件，以及紀錄所有短時間內變動

的天體現象。 

在找尋重力波的可見光對應天體上，ZTF 因其超廣視野，而擁有無可取代的優

勢，一旦重力波被發現後，ZTF 能在數分鐘內，完成相關區域的觀測而到重力

波的起源，並提供鹿林天文台和全世界其他望遠鏡，進行更精準後續觀測。 
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中大天文所博士後研究員俞伯傑解釋，中子星與中子星的合併或中子星與黑洞

的合併會產生重力波與電磁波，藉由這類的研究，天文學家可瞭解宇宙中貴金

屬與其它重元素的來源。 

ZTF 計畫約一半經費由美國自然科學基金會提供，另一半則由加州理工學院領

導的國際合作團隊所分擔，除中央大學及清大組成的探高計畫，另外參加的國

際研究單位則來自以色列、瑞典及德國等大學與研究單位。 

跨校團隊運用超廣角相機 可望記錄黑洞吞食恆星奇

景 

2017/11/16 udn 聯合新聞網  

 

由國立中央大學及清華大學聯合組成的探高計畫，在科技部的支持下，參與由

美國加州理工學院主導的大型國際合作計畫「史維基瞬變探測器 Zwicky 

Transient Facility，簡稱為 ZTF」，將以 47 平方度的超大廣角視野、前所未有的效

率，記錄短時間內的天體變化，邁向天文研究中時間加上空間的 4D 階段里程

碑。 

  

該計畫的前身「帕洛馬瞬變工廠計畫」今年初達成階段性任務後，今年底正式

更名為「史維基瞬變探測器計畫」，將原先使用的 7 平方度廣角視野相機更換成

47 平方度超廣角相機，等同一幅影像可同時容納 213 個月亮，加上改良後的儀

器和軟體，觀測效率將可提高 10 倍之多，今天正式展開常規科學研究工作，預

計每晚巡視 2 次。 

  

計畫主持人葉永烜教授興奮地表示，ZTF 將以前所未有的效率發現超新星、黑

洞吞食恆星事件，以及紀錄所有短時間內變動的天體現象。執行小行星硏究的

助理研究員章展誥強調，ZTF 是第一個提供完整時序巡天的計畫，其效率有如

把腳踏車換成高鐵，將天文研究推進到時間加上空間的 4D 階段，為「可見光

時域天文學」寫下重要的里程碑。 

  

團隊指出，ZTF 擁有超廣角視野的優勢，在找尋重力波的可見光對應天體上有

重大功用，一旦重力波被發現後，能在數分鐘內完成相關區域的觀測，進而了

解到重力波的起源，使鹿林天文台和全世界其他望遠鏡能更精準地進行後續觀

測。中大天文所博士後研究員俞伯傑表示，中子星彼此之間或與黑洞的合併會

產生重力波與電磁波，透過此研究，天文學家可瞭解宇宙中各元素的來源。 
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ZTF 計畫有一半經費由美國自然科學基金會提供，另一半則由加州理工學院領

導的國際合作團隊分擔。除中大及清大組成的探高計畫外，參加單位包括以色

列的衛斯曼研究所、瑞典斯德哥爾摩大學的奧斯卡．克萊思研究中心、馬利蘭

大學、華盛頓大學、德國電子回旋加速器中心、美國洛斯阿拉摩斯國家實驗

室、威斯康辛大學及美國柏克萊羅倫斯國家實驗室。詳細內容可參考連結： 

http://www.caltech.edu/news/zwicky-transient-facility-opens-its-eyes-volatile-cosmos-

80369 

  

年輕天文學者獎 日本田中雅臣博士榮獲 

2017/10/19 HiNet 新聞社群  

 記者葉志成／桃園報導 

 由中央大學與台達電子文教基金會共同頒發的「年輕天文學者講座」 ，2017

年秋季得主由日本國家天文台的田中雅臣博士榮獲， 其為「時域天文學」專

家，特別關注天體如何隨時間快速變化， 18 日上午接受中央大學周景揚校長

頒獎， 並將在台灣展開三場演講，首場為當前最熱門的重力波偵測。 

   

此講座表彰國際上在天文學領域有卓越表現之年輕學者， 邀請具潛力的學術菁

英來台與國內學界互動，並啟發年輕心靈。 講座獎金由台達電子文教基金會提

供， 由國際甄選委員會推薦候選人，並由中央大學天文所執行邀訪活動。 獲

獎者將在中央大學天文所發表學術演講，與國內學者進行交流， 另在台達電子

文教基金會，以及台中一中進行科普演講， 讓民眾與學生接觸最前沿的天文課

題， 並藉與講者互動景仰其學術風範。 

   

中央大學天文所所長陳文屏表示，夜空看似靜謐永恆， 其實天體隨時都在變

化。地球上日夜更迭、四季輪迴； 太陽每時每刻都在進行核反應產生光與熱， 

另方面則以百億年的時間尺度生、老、病、死。 

  

陳文屏說，天體以不同的時間尺度變化，有些長達數十年， 需要長期觀察，另

外有些現象則非常快速。 有些恆星以爆發的方式結束一生，稱為「超新星」， 

在幾天之內急遽變亮， 同時把恆星一生當中進行核反應所產生的複雜元素，撒

回星際太空， 成為製造下一代恆星的原料。爆發期間釋放大量能量， 核融合

產生更複雜的元素。近年藉由精密儀器與偵測技術的發展， 人們得以認識瞬間

產生變化的天體，像是迦瑪射線爆發源， 或是黑洞合併以後產生的重力波動，

讓人認識宇宙的視野更加寬廣。 
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田中雅臣博士 (Dr. Masaomi Tanaka)於 2009 年取得東京大學天文學博士學位， 

目前為日本國家天文台助理教授。他來台發表三場演講， 其中學術演講有關重

力波的偵測，講題為 ”Hunting for Gravitational Wave Sources” ，10 月 18 日下

午 3 點，地點在中央大學天文所健雄館。 另外兩場為科普演講，內容是宇宙當

中黃金的來源， 分別是 10 月 20 日下午 2 點，在台達電子台北總公司； 10 月

21 日上午 9 點在台中一中。 其中第二場與第三場備有中文導讀，歡迎參加！ 

  

原文轉載自【2017-10-19/HiNet 新聞社群】 

日本田中雅臣博士獲「年輕天文學者獎」2017 年秋

季得主 

更新： 2017 年 10 月 18 日 

 
帥氣的田中雅臣博士（左 2），與中央大學天文所教授們合影。（記者徐乃義／

攝影） 
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【記者徐乃義／桃園報導】中央大學與台達電子文教基金會共同頒發的「年輕

天文學者講座」，2017 年秋季得主由日本國家天文台的田中雅臣博士榮獲，其

為「時域天文學」專家，關注天體如何隨時間快速變化，接受中央大學周景揚

校長頒獎，並將在台灣展開 3 場演講，首場為當前最熱門的重力波偵測。 

 

中大與台達電子文教基金會共同頒發的「年輕天文學者講座」，田中雅臣博士

（左）接受中大周景揚校長(右)頒獎。（中大提供） 

講座獎金由台達電子文教基金會提供，由國際甄選委員會推薦候選人，並由中

央大學天文所執行邀訪活動。獲獎者將在中央大學天文所發表學術演講，與國

內學者進行交流，另在台達電子文教基金會，以及台中一中進行科普演講，讓

民眾與學生接觸最前沿的天文課題，並藉與講者互動景仰其學術風範。 

中大天文所所長陳文屏表示，夜空看似靜謐永恆，其實天體隨時都在變化。地

球上日夜更迭、四季輪迴；太陽每時每刻都在進行核反應產生光與熱，另方面

則以百億年的時間尺度生、老、病、死。 

陳文屏說，天體以不同的時間尺度變化，有些長達數十年，需要長期觀察，另

外有些現象則非常快速。有些恆星以爆發的方式結束一生，稱為「超新星」，

在幾天之內急遽變亮，同時把恆星一生當中進行核反應所產生的複雜元素，撒

回星際太空，成為製造下一代恆星的原料。爆發期間釋放大量能量，核融合產

生更複雜的元素。近年藉由精密儀器與偵測技術的發展，人們得以認識瞬間產
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生變化的天體，像是迦瑪射線爆發源，或是黑洞合併以後產生的重力波動，讓

人認識宇宙的視野更加寬廣。 

田中雅臣博士 (Dr. Masaomi Tanaka)於 2009 年取得東京大學天文學博士學位，目

前為日本國家天文台助理教授。◇ 

 

2017 年秋季「年輕天文學者獎」 日本田中雅臣博士榮獲 

文／天文所  

 
由中央大學與台達電子文教基金會共同頒發的「年輕天文學者講座」，2017 年

秋季得主由日本國家天文台的田中雅臣博士（左）榮獲，上午接受中央大學周

景揚校長（右）頒獎。石孟佳攝  

由中央大學與台達電子文教基金會共同頒發的「年輕天文學者講座」，2017 年

秋季得主由日本國家天文台的田中雅臣博士榮獲，其為「時域天文學」專家，

特別關注天體如何隨時間快速變化，10 月 18 日上午接受中央大學周景揚校長

頒獎，並將在台灣展開三場演講，首場為當前最熱門的重力波偵測。  

 

此講座表彰國際上在天文學領域有卓越表現之年輕學者，邀請具潛力的學術菁

英來台與國內學界互動，並啟發年輕心靈。講座獎金由台達電子文教基金會提

供，由國際甄選委員會推薦候選人，並由中央大學天文所執行邀訪活動。獲獎

者將在中央大學天文所發表學術演講，與國內學者進行交流，另在台達電子文

教基金會，以及台中一中進行科普演講，讓民眾與學生接觸最前沿的天文課
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題，並藉與講者互動景仰其學術風範。   

 

中央大學天文所所長陳文屏表示，夜空看似靜謐永恆，其實天體隨時都在變

化。地球上日夜更迭、四季輪迴；太陽每時每刻都在進行核反應產生光與熱，

另方面則以百億年的時間尺度生、老、病、死。 

 

陳文屏說，天體以不同的時間尺度變化，有些長達數十年，需要長期觀察，另

外有些現象則非常快速。有些恆星以爆發的方式結束一生，稱為「超新星」，

在幾天之內急遽變亮，同時把恆星一生當中進行核反應所產生的複雜元素，撒

回星際太空，成為製造下一代恆星的原料。爆發期間釋放大量能量，核融合產

生更複雜的元素。近年藉由精密儀器與偵測技術的發展，人們得以認識瞬間產

生變化的天體，像是迦瑪射線爆發源，或是黑洞合併以後產生的重力波動，讓

人認識宇宙的視野更加寬廣。  

 

田中雅臣博士 (Dr. Masaomi Tanaka)於 2009 年取得東京大學天文學博士學位，目

前為日本國家天文台助理教授。他來台發表三場演講，其中學術演講有關重力

波的偵測，講題為 ”Hunting for Gravitational Wave Sources” ，10 月 18 日下午

3 點，地點在中央大學天文所健雄館。另外兩場為科普演講，內容是宇宙當中

黃金的來源，分別是 10 月 20 日下午 2 點，在台達電子台北總公司；10 月 21 日

上午 9 點在台中一中。其中第二場與第三場備有中文導讀，歡迎參加！ 

 
帥氣的田中雅臣博士（左三），與中央大學天文所教授們合影，並從 10 月 18 日

開始在台灣展開三場演講。石孟佳攝  

相關連結：http://www.astro.ncu.edu.tw/ncu_delta/reciNews.php?id=10 
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陽明山雲頂上有「紅色精靈」快閃 天文館：北台灣

首次紀錄 

 

▲這不是鬼魂，而是罕見的「紅色精靈」。（圖／台北天文館提供） 

記者戴榕萱／台北報導 

罕見的「紅色精靈」，是一種發生在積雨雲以上的大範圍放電現象，與常見的

閃電不同，並不是帶著高溫，而是一種冷電漿的現象，接近螢光燈內的放電物

質。台北天文館設立在陽明山湖田國小的自動觀測站，於 9 月 30 日凌晨就首度

捕獲這罕見的天象，也是北台灣的首次記錄。 

天文館解釋，「紅色精靈」發生在雲頂之上的大範圍放電現象，當積雨雲發出

閃電的千分之幾秒後，由雲頂向更高空的放電，時間僅數十分之一秒，因呈橘

紅色且瞬間消失，肉眼幾乎無法看見，故稱為「紅色精靈」。 

為觀察夜空現象並進行分析研究，台北天文館與東華大學物理系、中央大學天

文研究所等單位合作建立觀測網，於全國各地設立自動觀測站。迄今除了記錄
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到數千顆流星事件外，亦獲得許多珍貴的觀測記錄，此次紅色精靈就是特殊又

珍貴的一例。 

紅色精靈在北美洲、中美洲、南美洲、歐洲，及非洲中部（薩伊）、日本海等

地都有紀錄，通常在滂沱大雨中的雷暴系統中都會出現。紀錄上可推回 1730

年，被科學家觀察到暴雷雨中的雲頂會有短暫發光的現象，直到 1989 年 7 月 6

日，明尼蘇達大學的科學家用低光攝影機，偶然拍到首張照片；由於此現象消

縱即逝，因此才有「精靈」的稱號。 

原文網址: 陽明山雲頂上有「紅色精靈」快閃 天文館：北台灣首次紀錄 | 

ETtoday 新奇 | ETtoday 新聞雲  

中大探測重力波揚威 參與研究學者批港大取消天文

學系失策 

 

社會新聞 

撰文：潘希橋 

2017-10-17 15:01 

最後更新日期：2017-10-17 18:14 

本月（10 月）初頒授的諾貝爾物理學獎，由三名成功探測重力波的科學家奪

得，當中中文大學亦有份參與研究團隊「LIGO」的工作，令人意識到香港學府

科研水平毫不遜色。該團隊聯同其他天文學家合作，昨晚再有新發現，其中有
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份參與今次研究的前中大校友、國立中央大學教授葉永烜批評，香港大學取消

天文學系非常失策，批評部分人太短視。 

葉永烜教授嘆港大取消天文學系失策，港人太短視。 

重力波團隊（The Virgo Collaboration）偕同激光干涉儀重力波觀測站（LIGO），

昨晚觀測出極具科學價值的重力波，為科學家對相關課題的研究打下強心針。 

有份參與觀測的國立中央大學天文所及太空科學研究院國鼎講座教授葉永烜，

本身亦是中文大學的前校友，他在講述有關發現的重要性同時，慨嘆港大早前

取消天文學主修科的決定「非常失策」，批評管理層和政府太短視：「他們兩

三年就想回本，但科研工作並非如此⋯⋯今屆諾貝爾奬得主，工作了 40 年才有今

天的成果。」他又認為，美國和英國的知名學府都位處著名城府中心，質疑香

港既然有充分財政資源，為何不能建設更好的基礎吸引人才。 

 

重力波團隊觀測出極具科學價值的重力波。（鍾偉德攝） 

早前港大以修讀人數不斷下降為由，擬剔除兩科主修，隨同天文學一起被淘汰

的，還有數學/物理主修科，當中畢業生便包括天文台台長岑智明，他從莘莘學

子到成為天文台台長過程毫不容易，他今早撰文提及自己兒時經歷，指父親當

年希望他做醫生律師等高薪厚職，而在家人壓力外，還要承受視網膜穿洞的雙

重打擊，但他堅持夢想修讀物理，最終成為了天文台台長。他早前得悉當年的

本科或會被取消後，亦表示「失望及遺憾」，認為是本港科學教育的損失。 
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同一學系孕育出兩任天文台台長，前天文台台長林超英亦是擬取消的數學/物理

學系畢業生，他今年 3 月得悉有關「殺科」的消息後，批評校方以修生人數經

營「業績指標」做法令人難以置信，又認為數學及物理是科學教育的核心部

分，他其後更去信港大理學院院長，質疑對方取消學科的做法越權。 

人類首次！中央大學參與偵測到中子星合併產生重力

波 

出版時間：2017/10/17 11:25 

美國與歐洲科學家昨天宣布證實，人類首度偵測到由 2 顆中子星劇烈相撞產生

的重力波與光，而中央大學天文所研究團隊參與美國加州理工學院主導的跨國

「全球瞬變現象偵測網」，對偵測到重力波結果加以確認來源，此發現再度證

實愛因斯坦提出《廣義相對論》中，「重力波是以光速傳播」理論，刊登在新

一期的國際頂尖期刊《科學》（Science）上，未來也有助於解開宇宙中黃金等

重金屬形成之謎。 

 

百年前愛因斯坦的廣義相對論就預測重力波存在，但是偵測極為困難，只有黑

洞、中子星等天體合併才發出足夠的訊號，今年諾貝爾物理獎頒發給萊納‧魏

斯（Rainer Weiss）、基普‧索恩（Kip Thorn）、巴瑞‧巴利許(Barry Barish)3

人，表彰他們設計建造重力波偵測器 LIGO 以及人類首次偵測到重力波的成

就。 

 

科技部指出，LIGO 團隊在 2015 年 9 月 14 號首次探測到由兩個黑洞合併所產生

的重力波，之後陸續觀測到合計四次因黑洞合併所產生的重力波，驗證了愛因

斯坦廣義相對論的預測，但上述重力波事件只有美國 LIGO 偵測器進行觀測，

對於重力波源的定位能力有限，無法得知重力波源自哪一個星系。 

 

中大天文所研究團隊在科技部計畫補助下，參與美國加州理工學院主導的「全

球瞬變現象聯測網（GROWTH），而 GROWTH 由加州理工學院主導，全球共

有台美等 8 國共 14 個研究所（含 18 座天文台）組成的團隊，台灣則由中研院

院士葉永烜、中大天文所教授饒兆聰、俞伯傑博士及鹿林天文台 4 所組成團

隊，藉由科技部長期補助探高計畫（TANGO）等，投入這次國際天文合作。 

 

中大天文所博士後研究員俞伯傑表示，今年 8 月 17 日 LIGO 首次偵測到由中子

星合併所產生的重力波，位於智利天文台進一步發現重力波來源為可能是編號

NGC4993 星系，於是 GROWTH 團隊在往後 2 周利用全球各波段的望遠鏡，包

<180>



含可見光,紅外,無線電,及 X 射線波段，對其做後續追蹤觀測，以觀測結果與中

子星合併理論模型進行比較後，發現其重力波與 LIGO 前幾次因黑洞合併造成

的重力波事件不同，依此確認這是由兩個中子星碰撞合併所產生的重力波事

件。 

 

俞伯傑分析，現今超新星爆炸理論無法解釋宇宙中重金屬的形成，因此包括黃

金等重金屬的形成過程還是個謎，而新的理論認為在中子星合併的過程會產生

「快中子捕獲過程」，形成比鐵更重的元素，而有助於解釋像黃金這類的重金

屬形成，這次偵測到中子星合併所產生的重力波與後續的多波段觀測，將成為

重力波天文學的先導，並有助於人類解開宇宙中的重金屬形成的謎題。（許敏

溶／台北報導） 

俞

伯傑說明偵測到中子星合併產生重力波與光的過程。周永受攝 

 

 

中大鹿林天文台也參與這次偵測到中子星合併產生重力波與光的過程。中大提

供 
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首次目睹產生重力波的中子星相撞 天文所參與全球聯測成果登上

《Science》 

文／天文所  

 
中央大學天文團隊與研究成果: 探高計畫(TANGO)主持人中央大學葉永烜教授

(右)，台灣參與 GROWTH 計畫主持人饒兆聰教授(中)，俞伯傑博士(左)。照片

天文所提供  

中央大學天文所研究團隊在科技部計畫補助下，參與美國加州理工學院主導之

「全球瞬變現象聯測網(Global Relay of Observatories Watching Transients Happen, 

GROWTH)」，而 GROWTH 對 LIGO 所偵測到之重力波結果加以確認來源之研

究成果，則為人類首次之發現！本次發現不但驗證了愛因斯坦廣義相對論，未

來也有助於解開宇宙中黃金形成之謎。這項重要成果 “Illuminating Gravitational 

Waves: A Concordant Picture of Photons from a Neutron Star Merger” 刊載在最 新一

期的國際頂尖期刊《科學》（Science）上。  

 

全球瞬變現象聯測網 (GROWTH)」是由美國加州理工學院主導，全球共 8 個國

家包含美國、日本、德國、英國、瑞典、以色列、印度及台灣共 14 個研究所

(含 18 座天文台)組成的團隊。我國則以科技部計畫補助下之葉永烜院士、饒兆

聰教授和俞伯傑博士及鹿林天文台 4 所組成之團隊，藉由科技部長期補助之探

高計畫 (TANGO)及參與臺美雙邊 PIRE 國際合作計畫機會加入 GROWTH，以此

投入國際天文合作研究。此次成果亦使鹿林天文台再次躍入國際聯測研究舞

台。 

 

百年前愛因斯坦的廣義相對論早就預測了重力波存在，但是偵測極為困難，只
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有當極度緻密的天體，例如黑洞、中子星等天體合併才發出足夠的訊號。2017

年諾貝爾物理獎頒發給萊納·魏斯(Rainer Weiss)、基普·索恩(Kip Thorn)以及巴瑞·

巴利許(Barry Barish)，表彰他們設計建造重力波偵測器 LIGO 以及人類首次偵測

到重力波的成就。LIGO 團隊在 2015 年 9 月 14 號首次探測到由兩個黑洞合併所

產生的重力波，之後陸續觀測到合計四次因黑洞合併所產生的重力波，驗證了

愛因斯坦廣義相對論的預測。然而，由於前幾次重力波事件只有美國 LIGO 偵

測器進行觀測，對於重力波源的定位能力有限，無法得知重力波源自哪一個星

系。  

 

由於歐洲重力波 Virgo 偵測器的加入觀測，在本(2017)年 8 月 17 日 LIGO 首次偵

測到由中子星合併所產生的重力波(編號 GW170817)事件中，位於智利 Las 

Campanas 天文台因此標定重力波來源之可能星系(編號 NGC4993)，並發現一個

可能的光學對應體。於是 GROWTH 團隊以其全球聯測網，在往後兩個星期利

用全球各波段的望遠鏡，包含可見光,紅外,無線電,及 X 射線波段，對其做後續

追蹤觀測，以觀測結果與中子星合併理論模型進行比較後，發現 GW170817 重

力波與 LIGO 前幾次因黑洞合併造成的重力波事件不同，依此確認這是由兩個

中子星碰撞合併所產生的重力波事件。 

 

由於現今的超新星爆炸理論無法解釋宇宙中重金屬的形成，因此重金屬(例如黃

金)的形成過程還是個謎題。而新的理論認為在中子星合併的過程會產生「快中

子捕獲過程(r-process)」形成比鐵更重的元素，而有助於解釋像黃金這類的重金

屬形成。這次偵測到中子星合併所產生的重力波與後續的多波段觀測，將成為

重力波天文學的先導，並有助於人類解開宇宙中的重金屬形成的謎題。 

中子星
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合併發生的地點: 位於夏威夷的泛星計畫(Pan-STARRS)望遠鏡所拍攝的星系

NGC4993 可見光影像。白色圓圈為中子星合併發生的地點。照片天文所提供 

科技部

舉辦記者會宣布這項重要成果。照片左起中央大學物理系張元翰教授、天文所

饒兆聰教授、俞伯傑博士、科技部自然司長吳俊傑、中央大學天文所陳文屏所

長。陳如枝攝  

相關連結：http://science.sciencemag.org/content/early/2017/10/13/science.aap9455 

「雲的兩邊」葉永烜油畫展 看見天文學家特有的人

間美畫 

2017/07/12 台灣好新聞  

記者葉志成／桃園報導 

集科學家與藝術家於一身的中央大學天文研究所葉永烜院士，今年歡 慶七十歲

生日。中大天文所於 7 月 10 日舉辦一連三天的「 太陽系的偶然機遇與超越」

國際學術研討會，邀請國際天文學者與會 ，感念葉院士對天文界之卓越貢獻。

另在藝文中心舉辦「雲的兩邊」 葉永烜油畫創作展，透過一幅幅真情流露的畫

作， 讓人看見天文學家特有的人間美畫。 

 

研討會中國內外貴賓雲集，葉教授合作過的學術界先進好友齊聚一堂 ，包括三
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位美國國家科學院院士 Prof. Gary Zank、Prof. David Jewitt 和 Prof. Renu 

Malhotra。另外，卡西尼計畫相關的 Pof. Linda Spilker 和惠更斯號（Huygens）

Prof. Jean-Pierre Lebreton 等，以及世界各國的科學家均遠道而來，表達祝賀 之

意。 

 

中央大學天文所所長陳文屏在研討會開場介紹葉永烜院士，「認識葉 永烜的人

都知道，他富創意、精力充沛，永遠都有新點子。」 中央大學校長周景揚接者

表示，葉教授曾獲美國 NASA 特殊公共服 務榮譽勳章、教育部終身國家講座，

更於去年獲選中央研究院院士， 榮耀輝煌、實至名歸。 

 

台達電子榮譽董事長鄭崇華讚譽葉永烜是一位「好老師，也是優秀的 科學

家。」鄭崇華認為，人類生命短暫，藉由科學家引領我們認識宇 宙的長遠浩

瀚，應更懂得珍惜，不該短視近利。 他很感謝自 2012 年起葉永烜協助選拔

「台達電子年輕天文學者講 座」，推展天文學研究和教育。 

 

當初延攬葉永烜回台任教的中大前校長劉兆漢回憶，40 年前在德國 與葉永烜

的初次相遇也是機緣。他在國際間學術聲望及個人熱忱，促 成各項重要計畫開

端和豐碩成果，並引薦不少學生及年輕學者參與國 際合作，功不可沒。 

 

葉永烜 1982 年與歐美科學家共同提出的「卡西尼探測土星」跨國 計畫，為人

類史上首次深入探測土星的計畫，1997 年 10 月 15 日發射升空，2004 年抵達土

星，預計今年 9 月 15 日任務將圓滿 結束。這項長達 20 年的太空船飛行任務，

共耗資 34 億美元，全球 5 千多人參與，帶來人類前所未見的天文重大成就，

葉教授也成為華 人《Nature》和《Science》論文發表之最。 

 

他近期在國家地理雜誌發表的「卡西尼任務的十個突破性發現」，第 一項就是

泰坦(土衛六)表面有與地球類似，由甲烷驅動的水文作用 。第二項土衛二南極

冰殼裂縫噴發出大量水氣和冰粒子，冰殼下存在 著覆蓋整個衛星的地下海洋，

科學家相信那裏可能有生命的存在。 

 

葉教授除卓越科學成就之外，同時也一位業餘畫家，三十年來創作不 輟。他在

1987 年在一個偶然的機會開始學畫，差不多同時也被診 斷患有青光眼疾，但

他逆光飛翔，透過不斷創作，本次在藝文中心展 出的「雲的兩邊」創作個展，

有五十幅作畫精彩呈現。 

 

當中「卡西尼發射後的早晨」，紀錄 1997 年 10 月 15 日卡西尼 太空船成功發射

那一天，他徹夜未眠，等到翌日清晨，捕捉那千變萬 化灑落在大西洋天空的綺

麗朝陽。另有一幅畫作「看見台灣」， 畫的是原住民孩童在玉山山頂高歌，期
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盼向導演齊柏林致敬，電影的 贊助者台達電創辦人鄭崇華董事長也到場，場面

溫馨。 

 

葉教授表示，「雲的兩邊」主題來自他在一次談論中，比較西方油畫 與中國水

墨畫對「雲」迵然不同的處理方式，另一則來自瓊妮‧米歇爾在 1968 年撰寫一

首歌《Both sides now》中的故事。他將本次畫展獻給他在天上的母親，以及和

她同 樣經歷不朽的偉大女性們，不管在雲的那一邊，她們都和我們在一起 。 

 

而能在科學與藝術不同領域游刃有餘，葉永烜分享，其實是來自源源 不絕的好

奇心。好奇心乃是人類被賦予的無價之寶，取之不盡， 用之不竭。探索宇宙天

文一輩子，後來發現宇宙 70%以上是「 暗能量」所組成的，這是我們看不見

的，若以人生哲學來看， 就象徵著歷史長河，現階段看不見，但卻無形中一直

牽引著我們， 要懂得從歷史中記取教訓，學習用道德與寬容來處世，才能達到

「 天人合一」的境地。 

 

原文轉載於【2017-07-12/台灣好新聞】 

 

人生七十才開始 葉永烜院士：好奇心是無價之寶  

文／秘書室  

 
理性與感性交融的智慧，葉永烜院士集科學家與藝術家於一身。劉天祺攝  

集科學家與藝術家於一身的中央大學天文研究所葉永烜院士，今年歡慶七十歲

生日。中大天文所於 7 月 10 日一連三天舉辦「太陽系的偶然機遇與超越」國際
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學術研討會，邀請國際天文學者與會，感念葉院士對天文界之卓越貢獻。另在

藝文中心舉辦「雲的兩邊」葉永烜油畫創作展，透過一幅幅真情流露的畫作，

讓人看見天文學家特有的人間美畫。 

 

研討會中國內外貴賓雲集，葉教授合作過的學術界先進好友齊聚一堂，包括三

位美國國家科學院院士 Prof. Gary Zank、Prof. David Jewitt 和 Prof. Renu 

Malhotra。另外，卡西尼計畫相關的 Pof. Linda Spilker 和惠更斯號（Huygens）

Prof. Jean-Pierre Lebreton 等，以及世界各國的科學家均遠道而來，表達祝賀之

意。 

 

榮耀輝煌 「卡西尼計畫」人類空前成就 

 

中央大學天文所所長陳文屏在研討會開場介紹葉永烜院士，「認識葉永烜的人

都知道，他富創意、精力充沛，永遠都有新點子。」中央大學校長周景揚接者

表示，葉教授曾獲美國 NASA 特殊公共服務榮譽勳章、教育部終身國家講座，

更於去年獲選中央研究院院士，榮耀輝煌、實至名歸。 

 

台達電子榮譽董事長鄭崇華讚譽葉永烜是一位「好老師，也是優秀的科學

家。」鄭崇華認為，人類生命短暫，藉由科學家引領我們認識宇宙的浩瀚，因

此眼光要放遠。他很感謝自 2012 年起葉永烜協助選拔「台達電子年輕天文學者

講座」，推展天文學研究和教育。 

 

當初延攬葉永烜回台任教的中大前校長劉兆漢回憶，40 年前在德國與葉永烜的

初次相遇也是機緣。他在國際間學術聲望及個人熱忱，促成各項重要計畫開端

和豐碩成果，並引薦不少學生及年輕學者參與國際合作，功不可沒。 

 

葉永烜 1982 年與歐美科學家共同提出的「卡西尼探測土星」跨國計畫，為人類

史上首次深入探測土星的計畫，1997 年 10 月 15 日發射升空，2004 年抵達土

星，預計今年 9 月 15 日任務將圓滿結束。這項長達 20 年的太空船飛行任務，

共耗資 34 億美元，全球 5 千多人參與，帶來人類前所未見的天文重大成就，葉

教授也成為華人《Nature》和《Science》論文發表之最。 

 

他近期在國家地理雜誌發表的「卡西尼任務的十個突破性發現」，第一項就是

泰坦(土衛六)表面有與地球類似，由甲烷驅動的水文作用。其次是土衛二南極

冰殼裂縫噴發出大量水氣和冰粒子，冰殼下存在著覆蓋整個衛星的地下海洋，

科學家相信那裏可能有生命的存在。 

 

油畫創作 天文學家特有的人間美畫 

<187>



 

葉教授除卓越科學成就之外，同時也一位業餘畫家，三十年來創作不輟。他在

1987 年在一個偶然的機會開始學畫，差不多同時也被診斷患有青光眼疾，但他

逆光飛翔，透過不斷創作，本次在藝文中心展出的「雲的兩邊」創作個展，有

五十幅作畫精彩呈現。 

 

當中「卡西尼發射後的早晨」，紀錄 1997 年 10 月 15 日卡西尼太空船成功發射

那一天，他徹夜未眠，等到翌日清晨，捕捉那千變萬化灑落在大西洋天空的綺

麗朝陽。另有一幅畫作「看見台灣」，畫的是原住民孩童在玉山山頂高歌，期

盼向導演齊柏林致敬，電影的贊助者台達電創辦人鄭崇華董事長也到場，場面

溫馨。  

 

葉教授表示，「雲的兩邊」主題來自他在一次談論中，比較西方油畫與中國水

墨畫對「雲」迵然不同的處理方式，另一則來自瓊妮‧米歇爾在 1968 年撰寫一

首歌《Both sides now》中的故事。他將本次畫展獻給他在天上的母親，以及和

她同樣經歷不朽的偉大女性們，不管在雲的那一邊，她們都和我們在一起。 

 

而能在科學與藝術不同領域游刃有餘，葉永烜分享，其實是來自源源不絕的好

奇心。好奇心乃是人類被賦予的無價之寶，取之不盡，用之不竭。探索宇宙天

文一輩子，後來發現宇宙 70%以上是「暗能量」所組成的，這是我們看不見

的，若以人生哲學來看，就象徵著歷史長河，現階段看不見，但卻無形中一直

牽引著我們，要懂得從歷史中記取教訓，學習用道德與寬容來處世，才能達到

「天人合一」的境地。 
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慶祝中央大學葉永烜院士七十歲生日的國際學術研討會，各國天文學者應邀與

會，感念葉院士對天文界之卓越貢獻。劉天祺攝  

 

「雲的兩邊」葉永烜油畫創作展，透過一幅幅真情流露的畫作，讓人看見天文

學家特有的人間美畫。劉天祺攝  
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天文學家葉永烜：兩岸學術研究環境有落差  

http://www.CRNTT.com   2017-07-11 00:37:09  

 

葉永烜。（中評社 黃文杰攝） 

  中評社桃園 7 月 11 日電（記者 黃文杰）德國籍華人天文學家、台灣中央

大學天文所及太空科學所教授葉永烜接受中評社訪問表示，看看大陸砸重金力邀

諾貝爾獎得主主持實驗室，提升學術研究成果，反觀台灣的大學只能拼命要“救

命錢”，形成強烈對比。他也坦誠，兩岸的學術研究環境與條件確實有落差，台

灣的大學國際排名不斷落後，只能說非戰之罪。  

  葉永烜，1947 年生，原籍廣東梅縣客家人，出生南京，澳門成長，入籍德國，

1982 年與歐美科學家共同提出的“卡西尼探測土星”跨國計劃，為人類史上首

次深入探測土星的計劃，現為中大天文所教授、澳門科技大學太空科學研究所特

聘教授，去年榮獲“中央研究院”第 31 屆院士。  

  葉教授除卓越科學成就之外，同時也是一位業餘畫家，“雲的兩邊”油畫個

展 10 日在校內藝文中心舉行開幕，讓外界看見天文學家特有的人間美畫，會後
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接受中評社訪問。  

  中評社問，今年 4 月，兩位諾貝爾獎科學家實驗室同日落戶香港中文大學

（深圳），包括 2013 年諾貝爾化學獎得主阿里耶・瓦謝爾教授領銜的香港中文

大學(深圳)瓦謝爾計算生物研究院，以及 2012 年諾貝爾化學獎得主布萊恩・科比

爾卡教授領銜的香港中文大學(深圳)科比爾卡創新藥物與轉化醫學研究院，同時

在深圳成立。  

  葉永烜告訴中評社，（大陸）邀請諾貝爾獎得主來主持實驗室，世界各國也

是如此，印象沒記錯的話，馬來亞大學也是如此，過去台灣也有這樣的作法，因

為找諾貝爾獎得主，這就好像找到“高檔貨”，確實可以提升自己國家學術研究

地位。  

  他說，若從這個角度來看，可以想想，台灣是否沒有展現企圖心？因為沒有

企圖心，就不會有動力去推動這樣的學術研究，確實蠻可惜，實際上兩岸環境還

是有所差異，光深圳的 GDP(生產毛額）來看，深圳早就超越台灣，連續 4 年都

領先台灣，估計 2018 深圳 GDP 會超越香港。  

  葉永烜說，把深圳打造世界領先的地位，過去台灣也是擁有這樣的精神，問

題在於，這些學者的講法或建議，我們都沒有辦法去實現，自然會抱怨。  
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天文學者葉永烜，舉辦“雲的兩邊”油畫個展，獲得好評。（中評社 黃文杰

攝） 

 

  他解釋，台灣不是沒有努力過，尤其爭取人才來台灣，讓大學法令鬆綁是另

外一回事，畢竟找人才，都是透過大學而來，可惜的是，台灣的大學沒有錢。 

  葉永烜指出，參考大陸的大學作法，好比北京、上海或天津，把大筆錢留給

大學去運用，讓大陸大學去找最頂尖的學者教授，台灣作法不是這樣，台灣是拼

命喊多給“救命錢”，這是強烈對比。  

  他告訴中評社，確實佩服台灣的教授，在這樣艱苦環境依舊繳出不錯學術研

究成績，如果說，政府虧待了我們，只要能夠給更多資源與鼓勵，會做出更好的

成績。  

  葉永烜認為，兩岸的學術研究環境與條件，確實有落差，看到台灣的大學，

在國際學術排名不斷落後，也只能說“非戰之罪”，這不是不努力，而是相對其

他國家投入教育資源更多，造成台灣沒有競爭力。  
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天文學者葉永烜，舉辦“雲的兩邊”油畫個展，獲得好評。（中評社 黃文杰

攝） 

 

天文學者葉永烜，舉辦“雲的兩邊”油畫個展，獲得好評。（中評社 黃文杰

攝） 
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天文學者葉永烜，舉辦“雲的兩邊”油畫個展，獲得好評。（中評社 黃文杰

攝） 
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以天文學家美感創作 葉永烜中大展 50 幅油畫  

 

葉永烜介紹其畫作。（中大提供）  

2017 年 07 月 10 日 20:09 中時  

楊明峰 
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葉

永烜紀錄太空船成功發射之「卡西尼發射後的早晨」作品。（中大提供）  

知名天文學家、中央大學天文所及太空科學所教授葉永烜，10 日起在中大藝文

中心舉辦「雲的兩邊」個人油畫創作展，以其天文學家的獨有美感，造就 50 幅

藝術創作，包括向已故導演齊柏林致敬的「看見台灣」，還有紀錄無人飛行器

成功發射之「卡西尼發射後的早晨」等。 

70 歲德國籍華人天文學家葉永烜，1982 年時與歐美科學家共同提出「卡西尼探

測土星」跨國計畫，這項人類史上首次深入探測土星的計畫，其無人太空飛行

器，1997 年 10 月 15 日發射升空，2004 年抵達土星，預計今年 9 月 15 日任務結

束。 

葉永烜對天文界的重大貢獻，因此曾獲美國 NASA 特殊公共服務榮譽勳章、台

灣教育部終身國家講座、中央研究院院士，也成為華人《Nature》和《Science》

論文發表之最。 

適逢葉永烜今年 70 歲，中大天文所 10 日起一連三天舉辦「太陽系的偶然機遇

與超越」國際學術研討會，邀請國際天文學者與會。另在藝文中心舉辦「雲的

兩邊」葉永烜油畫創作展。 

縱使罹患青光眼、30 年來仍創作不輟的葉永烜指出，曾比較西方油畫與中國水

墨畫對「雲」迵然不同的處理方式，加上歌曲《Both sides now》中的故事，成

<196>



就這次畫作「雲的兩邊」之主題。他將本次畫展獻給他在天上的母親，以及和

她同樣經歷不朽的偉大女性們，「不管在雲的那一邊，她們都和我們在一

起」。 

「卡西尼發射後的早晨」畫出大西洋天空的綺麗朝陽，係葉永烜紀錄 1997 年 10

月 15 日卡西尼太空船成功發射當天，徹夜未眠至翌日清晨，看見的美景。而另

一幅畫作「看見台灣」，畫出台灣原住民孩童在玉山山頂高歌，以此向齊柏林

致敬。 

 

人生七十才開始 葉永烜：好奇心是無價寶 

2017/07/11 聯合財經網  

 經濟日報 曹松清 

集科學家與藝術家於一身的中央大學天文研究所葉永烜院士，今年歡

慶 70 歲生日。  

中大天文所 10 日舉辦一連三天的「太陽系的偶然機遇與超越」國際學

術研討會，邀請國際天文學者與會，感念葉永烜對天文界之卓越貢獻。

另在藝文中心舉辦「雲的兩邊」葉永烜油畫創作展，透過一幅幅真情流

露的畫作，讓人看見天文學家特有的人間美畫。 

研討會中國內外貴賓雲集，葉永烜合作過的學術界先進好友齊聚一堂，

包括三位美國國家科學院院士 Prof. Gary Zank、Prof. David Jewitt 和 Prof. 

Renu Malhotra。另外，卡西尼計畫相關的 Pof. Linda Spilker 和惠更斯號

（Huygens）Prof. Jean-Pierre Lebreton 等，及世界各國的科學家均遠道而

來，表達祝賀之意。 

榮耀輝煌 「卡西尼計畫」人類空前成就 

中央大學天文所所長陳文屏在研討會開場介紹葉永烜院士，「認識葉永

烜的人都知道，他富創意、精力充沛，永遠都有新點子。」中央大學校

長周景揚接者表示，葉教授曾獲美國 NASA 特殊公共服務榮譽勳章、教

育部終身國家講座，更於去年獲選中央研究院院士，榮耀輝煌、實至名

歸。 

<197>



台達電子榮譽董事長鄭崇華讚譽葉永烜是一位「好老師，也是優秀的科

學家。」鄭崇華認為，人類生命短暫，藉由科學家引領我們認識宇宙的

長遠浩瀚，應更懂得珍惜，不該短視近利。他很感謝自 2012 年起葉永烜

協助選拔「台達電子年輕天文學者講座」，推展天文學研究和教育。 

當初延攬葉永烜回台任教的中大前校長劉兆漢回憶，40 年前在德國與葉

永烜的初次相遇也是機緣。他在國際間學術聲望及個人熱忱，促成各項

重要計畫開端和豐碩成果，並引薦不少學生及年輕學者參與國際合作，

功不可沒。 

葉永烜 1982 年與歐美科學家共同提出的「卡西尼探測土星」跨國計畫，

為人類史上首次深入探測土星的計畫，1997 年 10 月 15 日發射升空，

2004 年抵達土星，預計今年 9 月 15 日任務將圓滿結束。這項長達 20 年

的太空船飛行任務，共耗資 34 億美元，全球 5000 多人參與，帶來人類

前所未見的天文重大成就，葉教授也成為華人《Nature》和《Science》論

文發表之最。 

他近期在國家地理雜誌發表的「卡西尼任務的十個突破性發現」，第一

項就是泰坦(土衛六)表面有與地球類似，由甲烷驅動的水文作用。第二

項土衛二南極冰殼裂縫噴發出大量水氣和冰粒子，冰殼下存在著覆蓋整

個衛星的地下海洋，科學家相信那裏可能有生命的存在。 

油畫創作 天文學家特有的人間美畫 

葉永烜除卓越科學成就之外，同時也一位業餘畫家，三十年來創作不輟。

他在 1987 年在一個偶然的機會開始學畫，差不多同時也被診斷患有青

光眼疾，但他逆光飛翔，透過不斷創作，這次在藝文中心展出的「雲的

兩邊」創作個展，有五十幅作畫精彩呈現。 

當中「卡西尼發射後的早晨」，紀錄 1997 年 10 月 15 日卡西尼太空船成

功發射那一天，他徹夜未眠，等到翌日清晨，捕捉那千變萬化灑落在大

西洋天空的綺麗朝陽。另有一幅畫作「看見台灣」，畫的是原住民孩童

在玉山山頂高歌，期盼向導演齊柏林致敬，電影的贊助者台達電創辦人

鄭崇華董事長也到場，場面溫馨。 

葉永烜表示，「雲的兩邊」主題來自他在一次談論中，比較西方油畫與

中國水墨畫對「雲」迵然不同的處理方式，另一則來自瓊妮‧米歇爾在

1968 年撰寫一首歌《Both sides now》中的故事。他將這次畫展獻給他在

天上的母親，以及和她同樣經歷不朽的偉大女性們，不管在雲的那一邊，

她們都和我們在一起。 
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而能在科學與藝術不同領域游刃有餘，葉永烜分享，其實是來自源源不

絕的好奇心。好奇心乃是人類被賦予的無價之寶，取之不盡，用之不竭。

探索宇宙天文一輩子，後來發現宇宙 70%以上是「暗能量」所組成的，

這是我們看不見的，若以人生哲學來看，就象徵著歷史長河，現階段看

不見，但卻無形中一直牽引著我們，要懂得從歷史中記取教訓，學習用

道德與寬容來處世，才能達到「天人合一」的境地。 

原文轉載自【2017-07-11/聯合財經網/經濟日報】  

2017 年春季「年輕天文學者獎」得主 文森博士訪台 

文／天文所  

2017 年

春季獲獎者為德國航空太空中心的文森博士於 24 日訪台。彭國瑛攝  

彗星是太陽系最古老、最原始的天體。由國立中央大學與台達電子文教基金會

共同頒發的「年輕天文學者講座」，2017 年春季獲獎者為德國航空太空中心的

文森博士，於 4 月 24 日起來台接受頒獎，並進行演講，說說前往彗星探險的故

事。 

此講座表彰國際上在天文學領域有卓越表現之年輕學者，邀請具潛力的學術菁

英來台與國內學界互動，並啟發年輕心靈。講座獎金由台達電子文教基金會提

供，由國際甄選委員會推薦候選人，並由中央大學天文所執行邀訪活動。獲獎

者將在中央大學天文所發表學術演講，與國內學者進行交流，另在台達電子文
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教基金會，以及台中一中進行科普演講，讓民眾與學生接觸最前沿的天文課

題，並藉與講者互動景仰其學術風範。 

彗星由冰和少量岩石組成，它們像化石般紀錄了太陽系初期發生的過程。地球

現在生意盎然，很有可能歸功於年幼時期，受到彗星撞擊而帶來有機分子與大

量水分子。人類觀察彗星數千年，古代認為不祥之兆，現在除了利用望遠鏡觀

測，還派遣太空船就近研究，甚至登陸勘查。2014 年開始「羅賽塔」太空船伴

隨著彗星 67P，就近觀察彗星距離太陽由遠而近的變化，以便探討彗核與彗

髮、彗尾的交互關連。有如考古學家利用大英博物館中「羅賽塔石碑」，比對

已知的古希臘文來破解神秘的象形文字，以瞭解古埃及文化。此任務以「羅賽

塔」為名，便是希望透過彗星為基石，來解答太陽系與行星、生命形成的迷

團。本季年輕天文學者講座，將由親身參與羅賽塔太空任務的文森博士闡述這

解謎的過程。 

強-巴蒂斯特･文森 (Jean-Baptiste Vincent) 博士於 2009 年取得德國馬克斯普朗克

研究所天文物理博士學位，之後繼續從事博士後研究。2010 年起擔任 ESA 羅賽

塔任務可見光與紅外相機(OSIRIS)共同主持人之一，以及 NASA 黎明號(Dawn 

mission)的研究人員。2016 年底起，文森博士為德國航空太空中心研究員。 

文森博士的學術演講，講題為”Rosetta’s journey to the origin of the Solar 

System”，時間與場所分別為 (1) 4 月 24 日（週一）下午四點，在東華大學理

工一館理一講堂；(2) 4 月 25 日（週二）下午兩點，在台達電子台北總公司（台

北市內湖路陽光街 256 號）；(3) 5 月 5 日（週五）下午兩點，在中央大學天文

所（健雄館 1013 室）；(4) 5 月 6 日（週六）上午九點，在台中一中（台中市育

才街 2 號）；其中第二場與第四場備有中文導讀，歡迎參加。 
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校長、天文所所長與文森博士等人合影留念。彭國瑛攝 

 
一行人相談甚歡，文森博士將於 5/5 和 5/6 舉辦兩場學術演講。彭國瑛攝  
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鹿林天文台發現小行星，「宜蘭」躋身宇宙明星之

列 

作者 TechNews | 發布日期 2017 年 03 月 06 日 16:30 | 分類 天文 , 自然科

學  

 

 

國立中央大學鹿林天文台發現的第 175411 號小行星，經國際天文學聯合會

（IAU/CSBN）審查通過，命名為「Yilan」，讓宜蘭晉升宇宙明星之一！ 

宜蘭縣長吳澤成 3 日與國立中央大學校長周景揚共同發表此項天文好消息，正

式介紹「Yilan」小行星誕生。 

吳縣長表示，宜蘭縣「幸福宜蘭」縣政願景以「生態」、「創意」及「友善」

為主軸，縣府每年舉辦「童玩節」活動，都吸引數十萬名親子參與，如今在浩

瀚星河裡出現一顆宜蘭小行星，更振奮宜蘭兒童。 

周校長說，能與同為中大校友的吳縣長，攜手見證家鄉宜蘭通過小行星命名，

意義非凡。而位在玉山國家公園的中大鹿林天文台，不僅是國內最重要的光學

天文基地，也是亞洲發現小行星最活躍的地方；這顆「Yilan」是中大以台灣縣

市命名的小行星之一。天文所所長陳文屏補充，中大開始計畫性觀測小行星，

始於 2006 年啟動的「鹿林巡天計畫（LUlin Sky Survey，LUSS）」，此計畫於 
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3 年間（2006 年～2009 年）共發現八百多顆小行星、1 顆近地小行星及 1 顆

彗星，成效卓著。 

「Yilan」小行星發現者鹿林天文台台長林宏欽及加州理工學院葉泉志博士（見

首圖）也出席發表會。他們說宜蘭小行星的大小約在 1-3 公里之間，繞行太陽

一圈 3.78 年（軌道週期），離太陽最近時（近日點）為 3 億公里，最遠時

（遠日點）為 4.2 億公里。這顆「Yilan」是 2006 年 8 月 12 日被發現，當時

是在魔羯座附近，目前 2017 年 3 月位置則在蛇夫座。宜蘭繼 1992 年辦理區

運會之後，將於今年再度承辦全國運動會，適逢「Yilan」小行星第三度遶行至

它被發現的觀測點，似也為「2017 全運會競戰宜蘭」帶來了全宇宙的祝福。 

其實不僅中央大學鹿林天文台在尋找小行星，在堅持環保立縣的宜蘭，許多地

方例如南澳、大同及太平山，都具備空氣品質佳與低光害等絕佳的天文觀測條

件。近年來，宜蘭縣各級學校及社團亦積極發展天文教育及觀星活動，其中，

羅東高中更成立天文社，由老師帶著學生積極進行各項天文觀測活動，於 2012 

年羅高參與國際天文搜尋聯盟主辦之搜尋小行星活動時，有 3 名學生更發現 5 

顆小行星，這也締造當時國內高中學生及高中天文社團觀測並發現小行星最多

的紀錄。 

「Yilan」小行星的發現讓宜蘭在宇宙中也佔有一席之地，不僅進一步開啟了宜

蘭縣各級學校的學生探索天文奧秘的興趣，也為學子心中點亮一盞明燈，當他

們探索浩瀚宇宙之際，都能胸懷寰宇卻時刻不忘宜蘭這方故土。 

天文小知識──小行星命名 

小行星是目前各類天體中唯一可以由發現者進行命名並得到世界公認的天體。

發現小行星後，需先通報國際小行星中心（Minor Planet Center，MPC）；經初

步確認後，MPC 會按發現時的年份與順序配予暫時編號。當該小行星至少 4 

次在回歸中被觀測到，軌道又可以精確測定時，它就會得到一個永久編號。一

旦取得永久編號，發現者便擁有該小行星的永久命名權。但因提出的名稱必須

經過國際天文學聯合會（IAU）的小天體命名委員會（CSBN）審查通過並公告

生效，所以從發現到命名確認往往需時數年。 

（首圖來源：中央大學） 
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中大天文所發現小行星命名"宜蘭 YILAN" 

2017/03/08 人間衛視  

 記者：吳玉茹 賴志慶  宜蘭報導  

一顆由中央大學天文所老師及加州理工學院博士共同發現的小行星，經國際天

文學聯合會通過命名，取名為『宜蘭 Yilan』。除了因為中央大學校長周景揚是

宜蘭人之外，更為了鼓勵學生參與天文探索，宜蘭縣政府與國立中央大學共同

發表這項天文盛事，激發更多台灣學生探索天文奧秘的興趣。 

  

在宇宙運行的星星中，只要是小行星被地球人類新發現，就可以讓發現者命

名。 

  

這顆由中央大學天文所鹿林天文台台長林宏欽及加州理工學院葉泉志博士發現

的 175411 號小行星，是 2009 年在中央大學位在玉山上的天文站所探察到的，

經過漫長的國際命名程序，獲得國際天文學聯合會通過命名為『宜蘭 Yilan』。 

  

中央大學天文研究在國際間相當富有盛名，宇宙中的行星已經有 20 多顆，是中

央大學團隊所發現命名，這次命名為『宜蘭』，希望啟發台灣學生多多觀測天

文。 

  

宜蘭縣政府與國立中央大學共同發表這項天文盛事，讓更多人引發探索天文奧

秘的興趣，鼓勵孩子探索浩瀚宇宙。 

  

原文轉載自【2017-03-08/人間衛視】 
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等了 11 年 這顆小行星叫宜蘭 
 

 

  

【本報

宜蘭

訊】宇

宙間成

千上萬

顆星

系，從

今起有

一顆叫

「宜

蘭」。

十一年

前中央

大學天

文台發

現了編

號

175411 號小行星，經過長期觀測確認它是新的天體後，昨天團隊決定將之

命名為「宜蘭」，表示對宜蘭土地的心意。宜蘭縣長吳澤成代表接下這份珍

貴的禮物，直呼很高興宜蘭從此在宇宙間占了一席之地。 

 

位於玉山國家公園的中央大學鹿林天文台是國內重要天文基地，也是亞洲

發現小行星最活躍的地方。二○○六年啟動為期三年的「鹿林巡天計畫」

（LUSS），期間內共發現八百多顆小行星、一顆近地行星和一顆彗星，成效

卓越。 

 

二○○六年八月十二日天文台台長林宏欽和當時只是高中生的葉泉志，在

天文望遠鏡中發現宇宙中亮眼小行星，備感振奮，通報國際小行星中心

後，左等右盼，小行星中心總算被確認了軌道、獲得永久編號 175411。 

 

「我們已經發現八百多顆，目前命名了一百多顆。」林宏欽說，小行星是

目前各類天體中唯一能由發現者命名的天體，經過日積月累的觀察紀錄，

他和如今已經是加州理工學院的博士葉泉志，決定將滿天星星中的其中一

顆，獻給宜蘭，就此定名為宜蘭（Yilan）。 

 

  

宜蘭成為宇宙間小行星的名字，令學生很振奮。 圖／張

芮瑜  
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中央大學天文所昨天上午在宜蘭成功國小辦理小行星發表會，同為宜蘭人

的中央大學校長周景揚也到場；宜蘭縣長吳澤成接下大禮，感謝他們以這

麼特別的方式愛台灣、愛宜蘭，同時鼓勵在場的小學生，也能勇於探索未

知的宇宙。 

 

林宏欽說，他們發現的小行星，大多以台灣人事物命名，因此不少縣市如

桃園、嘉義、南投、屏東等都已成為小行星名稱；對台灣有貢獻的、值得

永誌不忘的人物，他們也曾以此為名，如陳樹菊。未來也希望持續以這種

方式回饋台灣土地。 
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哈囉 E.T. 歡迎來到宜蘭…宇宙還有哪些台灣星？ 

2017-03-04 09:00:00 聯合報 記者張芮瑜／宜蘭報導 

鹿

林天文台位於鹿林前山，臨近玉山國家公園處，庭院可以望見美麗的夜空。 圖

／中央大學天文所鹿林天文台提供 

宇宙間無數星星，從昨天起有一顆叫「宜蘭」。11 年前中央大學天文研究所發

現編號 175411 號小行星，經長期觀測確認為新的天體，昨天決定命名為「宜

蘭」，向這塊好山好水、堅持環保的土地致敬。 

中大天文所昨在宜蘭縣成功國小辦理小行星發表會，同為宜蘭人的校長周景

揚，將這顆小行星當成「禮物」送給宜蘭縣政府。代理縣長吳澤成說，從此

「宜蘭在宇宙之中也占有一席之地！」感謝中大以這麼特別的方式愛台灣、愛

宜蘭。 
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小

行星發現者葉泉志（右）、林宏欽將小行星命名為宜蘭。 記者張芮瑜／攝影 

● 仰望「宜蘭」星，就在蛇夫座 

時空回到 2006 年 8 月 12 日，中大鹿林天文台台長林宏欽和當時只是高中生的

葉泉志，在天文望遠鏡中發現宇宙中亮眼小行星，備感振奮，通報國際小行星

中心後，左等右盼，小行星中心總算被確認軌道、獲得永久編號 175411。 

林宏欽說，當時是宜蘭小行星距離地球最近的一次，因此光芒才會被天文望遠

鏡這一端的他們看見；經計算，其軌道周期為 3.78 年，每年只有一次機會較靠

近地球，目前位置則在蛇夫座旁。如今想起，他們仍然對這緣分感到振奮。 
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中央大學天文所將 2006 年發現的小行星命名為「宜蘭」，昨天在宜蘭成功國小

舉行命名儀式，令宜蘭學子十分振奮。 記者張芮瑜／攝影 

●小行星命名三部曲：發現、定軌、國際通過 

小行星是目前唯一可由發現者命名的天體。發現後必須先通報國際小行星中心

（MPC）暫時編號，且至少 4 次在回歸中被觀測到，軌道又可以精確測定，才

能得到永久編號，發現者便擁有該小行星的永久命名權，經小天體命名委員會

（CSBN）審查通過並公告才生效。 

林宏欽說，觀測研究員每日觀測星體的移動軌跡，每發現「疑似新的星」便記

錄時間、位置等數據，兩三天後得出初步數據，計算軌道後再比對資料庫並通

報，但外國很多人也在「追星」，「因此每顆星都得來不易，若晚了一步，便

是幫別人的星做白工。」 

● 這些小星星 與台灣有關  
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位於玉山國家公園的中央大學鹿林天文台是國內重要天文基地，2006 年啟動為

期 3 年的鹿林巡天計畫(LUSS)，期間內共發現 800 多顆小行星、1 顆近地行星和

1 顆彗星，目前命名了 100 多顆，成效卓越，國際看得見。 

林宏欽說，他們發現的小行星，大多以台灣人事物命名，因此不少縣市如嘉

義、台中、屏東等都已成為小行星名稱；對台灣有貢獻的、值得永誌不忘的人

物，如陳樹菊、鄭崇華等，也被命名過。未來也希望持續以這種方式回饋台灣

土地，「讓每個地方都有自己的一顆星」。 

小行星是否掠過地球，人們始終充滿想像。 圖／報系資料照 

● 浩瀚星空，追星不易 

彗星、隕石常成為電影題材，每次有小行星與地球擦身而過，也總引起人們好

奇，但小行星的面貌常不如大家想像，在浩瀚天際中也不易搜尋。 
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「台中」小行星（紅色箭頭指處紅點）2015 年出現在台中市南方天空的人馬座

方向。 圖／報系資料照 

中大天文所表示，體積大的小行星才會是球體，如地球；體積小的小行星因常

受碰撞、擠壓，多為不規則狀，充滿坑洞；小行星較易觀測位置也不同，如

「台中」小行星在南方天空的人馬座方向，小行星「吳大猷」則在天秤座附

近，「都很小」，須專業天文望遠鏡才能發現。 

小

行星「吳大猷」2012 年運行至天秤座附近。 圖／中央大學提供 
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天上的星星叫「宜蘭」小學生做見證 

2017/03/04 HiNet 新聞  

 

「宜蘭也在宇宙中占有一席之地！」中央大學今天在宜蘭縣成功國小，舉行第

175411 號小行星命名發布會，在小學生的見證下，小行星正式定名為「宜蘭」。

宜蘭縣代理縣長吳澤成盼開啟學生探索天文奧秘的興趣，鼓勵孩子持續探索浩

瀚的宇宙，也不要忘了宜蘭這方故土。 

  

175411 號小行星在 2006 年 8 月 12 日由中央大學天文所鹿林天文台台長林宏

欽、加州理工學院博士葉泉志發現的，這顆位於太陽系小行星帶的小行星，每

3.78 年才會繞行太陽一次。 

  

發現者決定將小行星命名為宜蘭(Yilan)，上呈國際天文學聯合會(IAU CSBN)後

去年才通過，今年是宜蘭小行星被發現後，第三度運行來到被發現者觀察到的

位置，吳澤成與同為宜蘭人的中央大學校長周景揚，認為「時機對了」，決定共

同發表這項天文好消息，宣布「宜蘭」在宇宙中也占有一席之地。 

  

周景揚說，玉山國家公園的中大鹿林天文台是國內重要天文基地，也是亞洲發

現小行星最活躍的地方。 

  

天文所所長陳文屏表示，中大開始計畫性觀測小行星，此計畫在三年間共發現

800 多顆小行星、一顆近地小行星及一顆彗星，這是中大以縣市命名的小行星

之一，命名為宜蘭，讓它與眾不同。 

  

星球命名 政治人物 NO 

  

陳文屏說，命名星球必須有其意義，人名、地名都可以，唯獨政治人物不行，

台灣的縣市如嘉義、南投、桃園、中壢、苗栗等都曾採用過，屏東是上個被命

名的縣市，慈濟和雲門也曾入名。 

  

此外，以人名命名的小行星有鄧雨賢、李國鼎、鄭崇華等，之前還有兩岸四名

天文愛好者共同發現的小行星，以知名歌手周杰倫命名。 

  

原文轉載自【2017-03-04 /聯合新聞網】 
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〈北部〉小行星命名 「宜蘭」喜入星河  

2017-03-04  

〔記者江志雄／宜蘭報導〕宜蘭縣政府與國立中央大學，昨在羅東鎮成功國小

舉辦第一七五四一一號宜蘭小行星發布會，「宜蘭」名字拜小行星所賜，進入

浩瀚星河。 

二○○六年八月，中央大學天文所鹿林天文台長林宏欽、加州理工學院葉泉志

博士，在魔羯座附近發現一顆小行星，決定命名為宜蘭（Yilan）；經過多方認

證，去年才獲國際天文學聯合會審核通過，校長周景揚、同為中大校友的代理

縣長吳澤成，昨共同發表這個好消息；吳澤成鼓勵小朋友充實自我，持續探索

天文奧秘。 

宜蘭小行星繞行太陽一圈需要三．七八年，目前位置在蛇夫座；中大天文所長

陳文屏說，星球命名排除政治人物，通常採地名、人名，南投、嘉義、桃園、

屏東等十多個縣市陸續被採用，希望每個縣市至少有一個專屬名稱。 

宜蘭縣空氣品質佳、低光害，具有極佳天文觀測條件，南澳、大同、太平山都

是觀星好去處；近年縣內各級學校天文社團如雨後春筍，例如國立羅東高中成

立天文社，老師帶領學生四處觀測，二○一二年國際天文搜索聯盟主辦的搜尋

小行星活動，羅高有三名學生觀測到五顆小行星，締造當年高中生發現小行星

最多的紀錄。 

國際天文學聯合會通過宜蘭小行星命名 
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宜蘭小行星（175411 號小行星）。（曾漢東／大紀元） 

【大紀元 2017 年 03 月 03 日訊】（大紀元記者曾漢東台灣宜蘭報導）國立中央

大學鹿林天文台發現的第 175411 號小行星，經國際天文學聯合會

（IAU/CSBN）審查通過，命名為「Yilan」，讓宜蘭晉升宇宙明星之一。宜蘭縣

長吳澤成 3 日與國立中央大學校長周景揚共同發表此項天文好消息，正式介紹

「Yilan」小行星誕生。 

吳縣長表示，宜蘭縣「幸福宜蘭」縣政願景以「生態」、「創意」及「友善」

為主軸，縣府每年舉辦「童玩節」活動，都吸引數十萬名親子參與，如今在浩

瀚星河裡出現一顆宜蘭小行星，更振奮宜蘭兒童。 

周校長說，能與同為中大校友的吳縣長，攜手見證家鄉宜蘭通過小行星命名，

意義非凡。而位在玉山國家公園的中大鹿林天文台，不僅是國內最重要的光學

天文基地，也是亞洲發現小行星最活躍的地方；這顆「Yilan」是中大以台灣縣

市命名的小行星之一。天文所所長陳文屏補充，中大開始計畫性觀測小行星，

始於 2006 年啟動的「鹿林巡天計畫（LUlin Sky Survey，LUSS）」，此計畫於三

年間（2006 年～2009 年）共發現 800 多顆小行星、1 顆近地小行星及 1 顆彗

星，成效卓著。 
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2006 年 8 月 12 日中央大學天文所鹿林天文台台長林宏欽（左）及加州理工學院

葉泉志博士（右）發現「Yilan」小行星。（曾漢東／大紀元）  

「Yilan」小行星發現者鹿林天文台台長林宏欽及加州理工學院葉泉志博士也出

席發表會。林宏欽說宜蘭小行星的大小約為 1～3 公里，繞行太陽一圈 3.78 年

（軌道週期），離太陽最近時（近日點）為 3 億公里、最遠時（遠日點）為 4.2

億公里。這顆「Yilan」是 2006 年 8 月 12 日被發現，當時是在魔羯座附近，目

前 2017 年 3 月位置則在蛇夫座。 

 

宜蘭縣長吳澤成（右）與國立中央大學校長周景揚（左）正式介紹「Yilan」小

行星誕生。（曾漢東／大紀元）  
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宜蘭繼 1992 年辦理區運會之後，將於今年再度承辦全國運動會，適逢「Yilan」

小行星第三度遶行至它被發現的觀測點，似也為「2017 全運會競戰宜蘭」帶來

了全宇宙的祝福。 

 

宜蘭縣政府吳澤成縣長（右）致贈紀念品給中央大學周景揚校長（左）。（曾漢

東／大紀元）  

「Yilan」小行星的發現讓宜蘭在宇宙中也占有一席之地，不僅進一步開啟了宜

蘭縣各級學校的學生探索天文奧秘的興趣，也為學子心中點亮一盞明燈，當他

們探索浩瀚宇宙之際，都能胸懷寰宇卻時刻不忘宜蘭這方故土。 

 

「古第」（右）與國際天文學聯合會通過宜蘭小行星命名，參加來賓合影。（曾

漢東／大紀元） 
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成功國小美術班小朋友畫出他們心目中的「宜蘭小行星」。（曾漢東／大紀元） 
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鹿林天文台發現小行星命名「宜蘭」 

2017/03/03 中央廣播電台  

記者 陳國維 / 報導  

國立中央大學校長周景揚今天(3 日)與宜蘭縣代理縣長吳澤成共同宣布，由中央

大學鹿林天文台發現的第 175411 號小行星，經國際天文學聯合會(IAU/CSBN)審

查通過，命名為「Yilan」，讓「宜蘭」也在宇宙中占有一席之地。 

  

「Yilan」小行星發現者鹿林天文台台長林宏欽及美國加州理工學院博士葉泉志

在發表會上表示，「宜蘭」小行星的大小約在 1 到 3 公里之間，繞行太陽一圈要

3.78 年，離太陽最近時為 3 億公里，最遠時為 4.2 億公里。這顆「Yilan」是在

2006 年 8 月 12 日被發現，當時是在魔羯座附近，目前的位置在蛇夫座。 

  

周景揚說，能與同為中央大學校友的吳澤成，共同見證家鄉宜蘭通過小行星命

名，意義非凡，相信也將進一步開啟宜蘭學子探索天文奧秘的興趣。 

   

原文轉載自【2017-03-03 /中央廣播電台】 

 

鹿林天文台發現小行星  「宜蘭」躋身宇宙明星之列 

文／宜蘭縣政府、中大秘書室  
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周景揚校長與校友吳澤成縣長，一同見證家鄉「宜蘭」的榮耀。林宏欽攝。  

國立中央大學鹿林天文台發現的第 175411 號小行星，經國際天文學聯合會

（IAU/CSBN）審查通過，命名為「Yilan」，讓宜蘭晉升宇宙明星之一！ 

宜蘭縣長吳澤成 3 日與國立中央大學校長周景揚共同發表此項天文好消息，正

式介紹「Yilan」小行星誕生。 

吳縣長表示，宜蘭縣「幸福宜蘭」縣政願景以「生態」、「創意」及「友善」

為主軸，縣府每年舉辦「童玩節」活動，都吸引數十萬名親子參與，如今在浩

瀚星河裡出現一顆宜蘭小行星，更振奮宜蘭兒童。 

周校長說，能與同為中大校友的吳縣長，攜手見證家鄉宜蘭通過小行星命名，

意義非凡。而位在玉山國家公園的中大鹿林天文台，不僅是國內最重要的光學

天文基地，也是亞洲發現小行星最活躍的地方；這顆「Yilan」是中大以台灣縣

市命名的小行星之一。天文所所長陳文屏補充，中大開始計畫性觀測小行星，

始於 2006 年啟動的「鹿林巡天計畫（LUlin Sky Survey，LUSS）」，此計畫於三

年間（2006 年～2009 年）共發現 800 多顆小行星、1 顆近地小行星及 1 顆彗

星，成效卓著。 

「Yilan」小行星發現者鹿林天文台台長林宏欽及加州理工學院葉泉志博士也出

席發表會。他們說宜蘭小行星的大小約在 1-3 公里之間，繞行太陽一圈 3.78 年

（軌道週期），離太陽最近時（近日點）為 3 億公里，最遠時（遠日點）為 4.2

億公里。這顆「Yilan」是 2006 年 8 月 12 日被發現，當時是在魔羯座附近，目

前 2017 年 3 月位置則在蛇夫座。宜蘭繼 1992 年辦理區運會之後，將於今年再

度承辦全國運動會，適逢「Yilan」小行星第三度遶行至它被發現的觀測點，似

也為「2017 全運會競戰宜蘭」帶來了全宇宙的祝福。 

其實不僅中央大學鹿林天文台在尋找小行星，在堅持環保立縣的宜蘭，許多地

方例如南澳、大同及太平山，都具備空氣品質佳與低光害等絕佳的天文觀測條

件。近年來，宜蘭縣各級學校及社團亦積極發展天文教育及觀星活動，其中，

羅東高中更成立天文社，由老師帶著學生積極進行各項天文觀測活動，於 2012

年羅高參與國際天文搜尋聯盟主辦之搜尋小行星活動時，有三位學生更發現五

顆小行星，這也締造當時國內高中學生及高中天文社團觀測並發現小行星最多

的紀錄。 

「Yilan」小行星的發現讓宜蘭在宇宙中也占有一席之地，不僅進一步開啟了宜

蘭縣各級學校的學生探索天文奧秘的興趣，也為學子心中點亮一盞明燈，當他

們探索浩瀚宇宙之際，都能胸懷寰宇卻時刻不忘宜蘭這方故土。 
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※天文小知識-有關小行星命名 

小行星是目前各類天體中唯一可以由發現者進行命名並得到世界公認的天體。

發現小行星後，需先通報國際小行星中心（Minor Planet Center，MPC）；經初

步確認後，MPC 會按發現時的年份與順序配予暫時編號。當該小行星至少 4 次

在回歸中被觀測到，軌道又可以精確測定時，它就會得到一個永久編號。一旦

取得永久編號，發現者便擁有該小行星的永久命名權。但因提出的名稱必須經

過國際天文學聯合會（IAU）的小天體命名委員會（CSBN）審查通過並公告生

效，所以從發現到命名確認往往需時數年。 

 

 
宜蘭小行星發現者林宏欽台長及葉泉志博士，與成功國小自製的小行星想像模

型合影。邱燕淇攝。  
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宜蘭成

功國小美術班的學生，發揮想像以畫筆勾勒出心目中的宜蘭小行星，巧思十

足。邱燕淇攝。  
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側寫／80 歲鄭崇華熱愛天文 聊星星一秒變小學生 

 

▲年近 70 的鄭崇華一看到博物館新奇的展品，就像個小孩不停發問。（圖／台

達電提供） 

記者周康玉／台中報導 

台達攜手台中科博館打造「物理世界」，除了耗資 3000 萬打造，甚至把台達產

線上最尖端的科技搬到展區，兩造的結盟，其實源起於創辦人鄭崇華和台中科

博館館長深厚的淵源。 

原來，兩人是「以天文會友」，本身就是天文背景出生的孫維新說，20 年前兩

人就認識了，在孫維新眼中這位擁有千億身家的科技創辦人，不僅是個令人無

比尊敬的長者，還是個「心裡住著一顆童心」的孩子。 

孫維新說，20 多年前他回到中央大學服務，當時鄭崇華捐贈了 2000 多萬給中央

大學建置鹿林天文台，也漸漸了解到鄭崇華喜歡天文是因為從小隻身在外，假

日沒飯吃，只能看月亮、數星星這樣令人難過的理由。 

孫維新說，也因此對於鄭崇華後來白手創業至今，還持續回饋社會，是件很不

容易的事情，在他眼裡，鄭崇華是他無比尊敬的長者，但看到鄭崇華在科博館
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看著很多新奇的展品時，仍會像小學生一樣提出很多問題，這時候這位 80 歲的

長者，瞬間又變成了孩子。 

▼台達電創辦人鄭崇華（左 2）和董事長海英俊（左 3）在台下當學生學習物

理。（圖／記者周康玉攝） 

 

鄭崇華：媽媽可能也跟我看同樣的星星 

說到高中時候在操場看星星，鄭崇華也回應，當時在台中一中念書，當時空氣

好，如果晚上睡不著，看天空、東想西想，他想著「會不會媽媽也在看著同樣

的星星？」一解思親之愁；看著看著，他就想著，「每天一定不只有一顆流星

掉下來」；甚至，他想到童話故事中的賣火柴女孩說，「每掉下一顆星星，就

代表一個人死去」，也看出鄭崇華從小細膩和浪漫的性格。 

鄭崇華說，光是「天上到底有多少星星」，為了找到答案，他還會到台北的圖

書館找一堆書來看，也會思索從前的科學和現在的不同，他也直言「科學就是

哲學」已經是陳舊的說法了，以希臘哲學家蘇格拉底為例，他連公積、浮力等

物理知識都沒有，卻能解釋「石頭為什麼會掉下來？」「煙為什麼會往上

飄？」等問題，因為每個時代的人所能看到的範圍就是這麼多。 

▼鄭崇華（中）與科博館館長孫維新（右）20 年前因為天文而結識彼此。（圖

／記者周康玉攝） 
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