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ABSTRACT

Aims. We study the multi-band variability and correlations of the TeV blazar Mrk 421 on year timescales, which can bring additional insight on
the processes responsible for its broadband emission.

Methods. We observed Mrk 421 in the very high energy (VHE) y-ray range with the Cherenkov telescope MAGIC-I from March 2007 to June 2009
for a total of 96 h of effective time after quality cuts. The VHE flux variability is quantified using several methods, including the Bayesian Block
algorithm, which is applied to data from Cherenkov telescopes here for the first time. The 2.3 yr long MAGIC light curve is complemented
with data from the Swift/BAT and RXTE/ASM satellites and the KVA, GASP-WEBT, OVRO, and Metsihovi telescopes from February 2007 to
July 2009, allowing for an excellent characterisation of the multi-band variability and correlations over year timescales.

Results. Mrk 421 was found in different y-ray emission states during the 2.3 yr long observation period: The flux above 400 GeV spans from
the minimum nightly value of (1.3 + 0.4) x 107"! ecm™2 s™! to the maximum flux, that is about 24 times higher, at (3.1 + 0.1) x 1071 cm™2 s7!.
Flares and different levels of variability in the y-ray light curve could be identified with the Bayesian Block algorithm. The same behaviour of a
quiet and active emission was found in the X-ray light curves measured by Swift/BAT and the RXTE/ASM, with a direct correlation in time. The
behaviour of the optical light curve of GASP-WEBT and the radio light curves by OVRO and Metsihovi are different as they show no coincident
features with the higher energetic light curves and a less variable emission. Overall, the fractional variability increases with energy. The comparable
variability in the X-ray and VHE bands and their direct correlation during both high- and low-activity periods spanning many months show that
the electron populations radiating the X-ray and y-ray photons are either the same, as expected in the synchrotron-self-Compton mechanism, or at
least strongly correlated, as expected in electromagnetic cascades.

Key words. astroparticle physics — BL Lacertae objects: individual: Markarian 421 — radiation mechanisms: non-thermal
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1. Introduction

Markarian 421 (Mrk 421) is a high-frequency peaked BL Lac
object (HBL) at a redshift of z = 0.030 (Piner et al. 1999). It was
the first extragalactic TeV emitter to be detected (Punch et al.
1992).

Blazars are active galactic nuclei (AGN) where the jet is
aligned to our line-of-sight. This means that it is possible to ob-
serve very high energy (VHE) y-rays that are produced inside
the jets and relativistically beamed in our direction. Addition-
ally, AGN emit radiation over the whole electromagnetic spec-
trum, from radio wavelengths to VHE +y-rays.

Blazars feature a spectral energy distribution (SED) with
a two-bump structure. The low energy component is due to
the synchrotron radiation caused by electrons of the relativis-
tic beam, while the high energy peaked bump is attributed to
other interactions. This could be the Compton scattering of less
energetic photons by the same electron population in leptonic
scenarios or these photons could be produced inside hadronic
interactions of, for example, protons in the jet. In HBL objects
as Mrk 421, the Synchrotron bump covers the energy range from
radio to X-ray wavelengths while the peak can be found between
UV and X-ray wavelengths. The second bump extends from low-
energy y-rays to VHE y-rays.

A characteristic feature of blazars, and of Mrk 421 in particu-
lar, is that they show states of high activity in which the emitted
electromagnetic radiation can increase by more than one order
of magnitude on timescales ranging from years down to min-
utes. During high states blazars often show significant spectral
flux changes, and up to some extent, correlated flux variations in
the low- and high-energy bumps. This blazar variability is an ex-
traordinary opportunity to break degeneracies between the var-
ious emission models. Different models produce flux variations
(at a given energy band) with particles of different energies, cool-
ing times, and cross sections for different processes, and thus are
in principle distinguishable. It is also important to note that the
blazar emission zone is unresolved for all instruments (with per-
haps the exception of radio Very Long Baseline Array (VLBA)
interferometric observations), and hence variability is the only
way of probing its structure. Therefore, while “snapshot” multi-
wavelength (MWL) spectra provide us with clues on the emis-
sion mechanisms and physical parameters inside relativistic jets,
detailed studies of time variability bring us additional informa-
tion on the emission mechanisms and on the structure and the
dynamics of the jet itself.

Mrk 421 has shown periods of large X-ray and y-ray activity
of various timescales, as reported previously in various publica-
tions (e.g. Gaidos et al. 1996; Cui 2004; Tluczykont et al. 2010).
Mrk 421 has been the target of several past MWL campaigns,
with the correlation between X-rays and TeV y-rays as one of
the key features under investigation. The details in the correla-
tion between these two bands in Mrk 421 is crucial because it
relates to the energy regions where most of the power is emitted
(approximately the peaks of the two SED bumps), and hence the
regions of the SED which can best distinguish between different
theoretical scenarios.

A direct correlation between X-rays and TeV y-rays has
been reported multiple times during flaring activity
(Macomb et al. 1995; Buckley et al. 1996; Fossati et al. 2004,
2008; Albert et al. 2007; Bartoli et al. 2011; Donnarumma et al.
2009; Abdoetal. 2011; Acciarietal. 2011; Cao & Wang
2013; Aleksi¢ et al. 2015b). Recently, Aleksi¢ et al. (2015a)
and Balokovié et al. (2016) also reported the existence of this
correlation during low activity. Btazejowski et al. (2005) and
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Horan et al. (2009) were able to constrain the correlation to
time differences below 1.5 days. These results are in agreement
with the synchrotron-self-Compton (SSC) model, where the
photons from both X-ray and y-ray energies are produced by
the same electron population. Other authors reported orphan
flares in TeV y-rays without an X-ray counterpart, which were
observed in Mrk 421 during a MWL campaign in 2003 and
2004 (Btazejowski et al. 2005), unable to be explained by the
SSC model. In Acciari et al. (2009) a correlation between TeV
and X-rays is not found, and a possible hadronic origin of the
emission is discussed. However, this correlation study relates to
short observations (two half-day long observations) with very
low variability. The X-ray emission was accurately character-
ized with continuous XMM observations, and flux variations at
the level of 10% could be significantly resolved. Yet the TeV
y-ray measurements covered only a small fraction of the XMM
observations, and had relatively large error bars. Therefore, the
presented X-ray/TeV correlation results in Acciari et al. (2009)
were not conclusive, and show very clearly the importance of
having long, well sampled and sensitive TeV vy-ray observations
to perform this kind of study.

Other energy bands are not evidently correlated with X-rays
and TeV +y-rays. Macomb et al. (1995), Albertetal. (2007),
Cao & Wang (2013) report a missing correlation of the optical
and UV emission to the X-ray and TeV y-ray emission. Confirm-
ing the trend of a strong correlation between X-rays and VHE,
the work of Balokovi¢ et al. (2016) also reports a lack of cor-
relation between optical/UV and X-rays, and moreover ascribes
the observed broadband variability features during low activity
to in situ electron acceleration in multiple compact regions. In
Horan et al. (2009) a correlation with a time lag between the op-
tical and the TeV y-ray light curves is found, once with the op-
tical features leading the TeV features and once vice versa, but
the likelihood of having observed the optical leading and lag-
ging the TeV features by chance is 20% and 60% respectively.
In Aleksié et al. (2015a) an anti-correlation between the optical
and UV light curves with the X-ray light curves is reported, but
with the possibility that it might have been found by chance,
proposing a dedicated correlation analysis over many years to
properly characterize the temporal evolution of the optical and
X-ray/TeV y-ray bands.

Evidence of a correlation between radio and y-ray activity
was reported in Katarzynski et al. (2003), where the study of a
single radio outburst with a X-ray and TeV y-ray counterpart in
February—March 2001 is presented. The author models a sce-
nario in which the acceleration of electrons in the middle part of
the jet describes well the temporal evolution of such a multispec-
tral flare.

In the more recent work of Lico et al. (2014) a marginally
significant correlation between radio and GeV y-rays (without
time lag) is reported. This study used observations spanning
many months from 2011, when Mrk 421 did not show any flar-
ing activity, hence suggesting a co-location of the radio and y-ray
emission of Mrk 421 during typical (low) activity.

A different result is derived from the outstanding radio ac-
tivity observed in September 2012, where Mrk 421 showed a
particularly symmetric flare profile, with the highest radio flux
measured in three decades, as reported in Max-Moerbeck et al.
(2014) and Hovatta et al. (2015). Both works assume that this
giant radio flare is physically connected to a large y-ray flaring
activity measured by Fermi-LAT about one month before, and
Max-Moerbeck et al. (2014) uses this time difference to locate
the origin of the y-ray emission upstream of the radio emission.
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Because of the above-mentioned complexity and sometimes
controversy in the multi-band flux variations and correlations ob-
served during relatively short (weeks to months) campaigns, we
need very long (multi-year) campaigns to put things into context.
In this paper we report an extensive study of the multi-band flux
variability of Mrk 421 during the 2.3 yr long period that spans
from February 2007 to July 2009. We adopted the methodology
reported in Aleksi¢ et al. (2015a), which had been applied in a
much shorter multi-instrument data set.

There are several publications that report studies with the
VHE 7y-ray emission of Mrk 421 during the above-mentioned
2.3 yr long period; yet they typically relate to smaller tem-
poral intervals. For instance, Aleksi¢etal. (2012) reported
MAGIC observations of a high active state performed from
December 2007 to June 2008, and Abdoetal. (2011) and
Aleksi¢ et al. (2015a) reported results related to observations
from a 4.5 month long time interval from January to June 2009.
A very interesting study using Whipple 10 m observations per-
formed from December 1995 to May 2009 was reported in
Acciari et al. (2014), which allowed study of the duty cycle and
evaluation of the VHE emission and its correlation with the
X-ray emission. The study that we report in this paper relates to
a time period that is (almost) contained in Acciari et al. (2014),
but it provides a large number of improvements such as the larger
sensitivity of MAGIC with respect to Whipple 10 m, which
allows us to resolve the VHE flux with smaller uncertainties,
and hence to study the variability and its correlation on shorter
timescales (two days). Moreover, in this paper we apply a more
sophisticated treatment to quantify variability and correlations
(adopted from Aleksic et al. 2015a), and we extend the study to
extensive light curves collected at radio, optical and hard X-rays
(above 15 keV), hence giving a more complete overall picture
of the year-long multi-band flux variability of Mrk 421 than that
given in Acciari et al. (2014).

The paper is organized as follows. Section 2 describes the
MAGIC observations, as well as the analysis and results ob-
tained. Section 3 describes the application of the Bayesian Block
algorithm to the MAGIC data, and the resulting quantification
of the flux variability and identification of several VHE flares.
The Bayesian Block is a well established methodology, but this
is the first time that it is applied to VHE data. Section 4 de-
scribes the extensive observations of Mrk 421 performed at ra-
dio, optical and X-rays, and in Sects. 5 and 6 we report the
quantification of the multi-band variability and its correlations.
Finally, in Sects. 7 and 8 we summarise and discuss the results
presented.

2. MAGIC observations of Mrk 421
2.1. The MAGIC telescopes

The Major Atmospheric Gamma-ray Imaging Cherenkov
(MAGIC) telescopes are a system of two Cherenkov telescopes
with a mirror diameter of 17 m each. They are situated at the
ORM (Observatory Roque de los Muchachos) on the Canary Is-
land of La Palma at a height of 2200 m above sea level.

In 2004 the MAGIC-I telescope was commissioned and
started its observations in single telescope mode. The perfor-
mance during the stand-alone operation of MAGIC-I was pre-
sented in Albert et al. (2008) and Aliu et al. (2009). Stereoscopic
data were taken after the second telescope, MAGIC-II, was com-
missioned in 2009, and a major upgrade of the MAGIC tele-
scopes was performed in 2012 (Aleksi¢ et al. 2016a,b).

2.2. Observations and data analysis

Mrk 421, one of the strongest and brightest extragalactic sources,
is observed by MAGIC on a regular basis. The source is observ-
able from late November to June from the MAGIC latitude. In
this analysis we examined data of Mrk 421 from MAGIC-I in
single-telescope operation from 8th March 2007 (MJD — modi-
fied Julian date — 54 167) to 15th June 2009 (MJD 54 997), a time
span of over two years. The overall amount of good quality data
taken in wobble mode (Fomin et al. 1994) are 95.6 h distributed
over 95 observation nights. The data cover a zenith angle range
from 9° to 45°. Data with too-bright sky conditions and bad
weather conditions were excluded. The data analysis was carried
out using the standard MAGIC analysis chain MARS (MAGIC
Analysis and Reconstruction Software; Zanin et al. 2013). Dur-
ing the selected time span an integral sensitivity as low as 1.6%
of the Crab Nebula flux is reached and the energy resolution is
~20% (Aliu et al. 2009).

2.3. Measured VHE y-ray flux

The light curve of Mrk 421 measured by MAGIC-I is binned
nightly and is shown in both Fig. 1 and in the top panel of Fig. 2.

The light curve is naturally divided into three observation
cycles due to the observability gaps of Mrk 421 from the end of
June to the end of November each year with the MAGIC tele-
scopes. Data from February 2007 to August 2007 will be called
Period 1, data from September 2007 to the beginning of Septem-
ber 2008 will be called Period 2, and data from beginning of
September 2008 to July 2009 will be called Period 3. In Fig. 2
these three periods are indicated. The light curve shows different
levels of source flux and variability in these three time spans. In
Period 1 and in Period 3 the flux is clearly at a lower level than
in Period 2.

During Period 1 the average flux of the six data points is at a
level of (0.38 + 0.03) Crab units (CU)'. The flux is variable with
variations up to a factor of two around the average flux. During
Period 2 the flux is at a high average level of (1.38 + 0.02) CU
and it seldomly falls below 1 CU. The light curve shows a
high variability with flux variations of about a factor of three
around the average. The flux varies between the lowest value of
(0.4 £0.1) CU on 17th December 2007 and the maximum value
of (3.8 £0.1) CU on 31st March 2008 (MJD 54 556). During
Period 3 the average VHE +y-ray flux is (0.61 + 0.01) CU with
variations of up to a factor of approximately two.

The time-averaged fluxes detected by MAGIC for the three
identified observation periods are comparable to the ones mea-
sured by the Whipple 10 m telescope for the seasons 2006—-2007,
2007-2008, and 2008—2009 respectively, which were reported
in Acciari et al. (2014). The Whipple telescope detected a flux
of (0.28 + 0.02) CU for the 2006—2007 data, which is at a com-
parable level with the (0.38 +£0.03) CU for Period 1 of the
MAGIC data (here we note that the Whipple observations cover
a larger time span, which started in 2006). Then an average flux
of (1.46 + 0.09) CU is reported by Whipple in 2007—-2008, sim-
ilar to the value of (1.38 + 0.02) CU for Period 2, confirming the
higher flux state. For the 2008—2009 season, the Whipple flux
was (0.55 + 0.03) CU, which is comparable to the average flux
of (0.61 + 0.01) CU in Period 3 measured by MAGIC.

In summary, during the three observation periods covered
in this paper, Mrk 421 showed three clearly distinct VHE flux

1A Crab unit is defined here as a flux of 8.08 x 10~'' cm™2 s~! in the
energy range from 400 GeV to 50 TeV (Albert et al. 2008).
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Fig. 1. Bayesian Blocks representation of the MAGIC light curve (black dots) from March 2007 to June 2009. The red dotted line defines the
different identified blocks. The inlay shows a magnified version for the time range from December 2007 to June 2008, the high active Period 2.
The long flat lines with no sampling between a data point and a new block do not guarantee a stable flux.

levels, with different apparent levels of variability. A quantita-
tive evaluation of the VHE flux variability in these three periods
is reported in Sects. 3 and 5, following the prescriptions given in
Scargle (1998), Scargle et al. (2013) and Aleksic et al. (2015c¢).

3. Bayesian Blocks

We applied the Bayesian Block algorithm (Scargle 1998;
Scargle et al. 2013) to the TeV light curve of Mrk 421. The al-
gorithm generates a block-wise constant representation of a se-
quential data series by identifying statistically significant vari-
ations, and is suitable for characterizing local variability in
astronomical light curves, even when not evenly sampled.

The optimal segmentation (defined by its change points)
maximizes the goodness-of-fit with a certain model for the data
lying in a block. The method requires a prior probability distribu-
tion parameter (n¢pprior) for the number of changing points (Np),
a kind of smoothing parameter derived from the assumption
that N, < N, the number of measurements. A false-positive
rate (po) is associated to the choice ncpprior.

The false-positive rate was chosen to be py = 0.01, leading
0 a nCPprior = 3.92. We obtained the 39 blocks representation for
95 data points shown as a red dotted line in Fig. 1 on top of the
flux points measured by MAGIC (black dots). The height of each
block is the weighted average of all integral fluxes belonging
to 1t.

An advantage of the Bayesian Block algorithm is that it is
able to identify significant changes in data series independently
of variations in gaps or exposure. Therefore, no information on
true or important flux changes is lost, as can happen when apply-
ing other techniques where the data series is binned in predefined
temporal intervals.

This is the first time that the Bayesian Block algorithm has
been applied to a VHE y-ray light curve. We use the results to
estimate the variability level of the light curve in the different ob-
servation periods and to define flares. To quantify the variability
for each period, we can simply determine the ratio of resulting
number of blocks and the number of data points. A higher ratio
implies a higher flux variability. All six data points from Period 1
belong to the same initial block. This ratio of 1/6 indicates a low
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variability during this period. The lack of additional blocks dur-
ing this period may also be related to the very low number of data
points. The high activity in Period 2 is evident by the 30 blocks
detected for 56 data points during this time period by the algo-
rithm (see inlay of Fig. 1). The resulting ratio of 30/56, which
is slightly above 0.5, shows that the light curve is substantially
more variable than Period 1. In Period 3 we have an eight-block
representation for 33 data points, which is a ratio of ~0.24. This
lower variability of the light curve during this period shows a
milder activity of the AGN than in Period 2. An additional dis-
cussion of the variability will be given in Sect. 5.

It is of great interest to identify flaring activities in light
curves, but the definition of a flare is somewhat arbitrary and,
since blazars vary on timescales from years down to minutes, a
definition is strongly biased by the prejudice of the temporal bins
used to produce the light curves. It is easy to miss flaring activ-
ities in light curves with too-large temporal bins (if the variabil-
ity occurs on small timescales) or in light curves with too-small
temporal bins (if the flux values are dominated by statistical un-
certainties). In this context, the Bayesian Block algorithm ben-
efits from a more suitable temporal split (according to the true
variability), and hence it can be used as a very efficient method
to find flares. In the following, VHE +y-ray flares are defined as
a flux rise of at least a factor of two. This comparison is based
on the block heights, that is the weighted average flux of all data
points in one block. A flare can include several rising steps in
a row, which add up to a local maximum in flux. Subsequently,
the flux decreases to a lower flux, which can happen on a daily or
longer timescale. By using this flux-doubling threshold we have
been able to identify several flares, which are reported in Table 1.

We estimate the flux-doubling times using the height differ-
ence between consecutive blocks and the time between the last
data point of a given block and the starting point of the next
block, which is a conservative measure of the rise time between
blocks. In the case of several consecutive flux rises among con-
tinuous blocks, the flux-doubling time reported in Table 1 con-
siders the rise as a single increase from minimum to maximum. It
can be seen that the flux doubles its value on different timescales.
The flux-doubling can occur during just one night, for example
for the block starting on MJD 54 502, but it can also take many
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Table 1. Dates, factor of flux increase, and flux-doubling times of flares found by the Bayesian block algorithm for the MAGIC light curve.

MIJD Increase Flux-doubling  Notes
time [days]

54438 3.0+03 139* The flux rise follows the low flux in the beginning of 2007

54467 22+03 15 Two subsequent rises

54481 25+03 3 Two subsequent rises

54502 2.0+03 1 Flux rise in just one night

54556 4.0+0.6 10 Rise to the overall maximum flux value. The last given data point before this block
was taken 19 days before

54560 23+0.5 2

54613 55=+1.7 20 The rise to the maximum takes place in three single steps. The first rise of a factor
of 2.1 follows an observation 21 days before. The following block has a length of
19 days. Subsequently, the flux rises by a factor of 1.4 in just two days and by a factor
of 1.9 during the same time interval

54622 20+0.2 2

Notes. The given MJD identifies the first day of the highest block. See definition of VHE flare in the text. ® Includes an observation gap of about

half a year.

days. Additionally, it should be noted that it cannot be ruled out
that the flux might fall between two measurements. All deter-
mined flux-doubling times are subject to this possibility. For the
first entry in the table the flux-doubling time of 139 days is not
meaningful because the time interval includes the long obser-
vation gap from May to December 2007 where the source be-
haviour in y-rays is unknown. Therefore, the flux-doubling times
reported in Table 1 should be considered as upper limits to the
actual time needed to double the flux. That is, the actual flux-
doubling times could be shorter than the ones reported.

The flares identified using the Bayesian Block algorithm are
marked in Fig. 2 by vertical dotted lines so that it is possible to
compare these positions with features in the light curves in the
other wavelengths.

4. Observations at X-ray, optical and radio
wavelengths

To study the variability and correlation between the TeV y-ray
data and other wavebands, data from several other instruments
were considered. In the X-ray range data from Swift/BAT and
RXTE/ASM were selected. The optical data shown here is from
the GASP-WEBT consortium (which includes data from the
KVA telescope located at the ORM close to MAGIC). Data from
the Metsidhovi and OVRO telescopes are used in the radio range.

4.1. Hard X-ray observations with Swift/BAT

The Burst Alert Telescope (BAT) on board the Swift satellite ob-
serves Mrk 421 in the hard X-ray regime, from 15 to 50 keV
(Krimm et al. 2013). The Swift/BAT transient monitor results are
provided by the Swift/BAT team”. Considering only averaged
daily rates with a rate to rate error ratio greater than two, and ad-
ditionally discarding six measurements with negative rates (on
MIJD 54288, 54476, 54638, 54750, 54914, and 54 981), re-
sults in a total of 821 h of data distributed over 168 nightly flux
measurements between 23rd February 2007 (MJD 54 154) and
17th June 2009 (MJD 54 999).

2 http://swift.gsfc.nasa.gov/results/transients/weak/
Mrk421.1c.txt

The Swift/BAT light curve of Mrk 421 is shown in Fig. 2.
The overall hard X-ray flux behaviour is comparable to that of
the MAGIC light curve, with a higher activity in Period 2 and
several features that appear to be coincident, such as the peak
structure around MJD 54 560.

4.2. Soft X-ray observations with RXTE/ASM

The all-sky monitor (ASM) was an instrument on board the
RXTE satellite. It observed Mrk 421 in the energy range from
2 to 10 keV (Levine et al. 1996).

The results shown here are provided by the ASM/RXTE
teams at MIT and at the RXTE SOF and GOF at NASA’s GSFC>.
Only averaged daily count rates, each consisting of several so-
called observation dwells of 90 s length, with a rate to rate error
ratio greater than two are considered for the following studies.
Additionally, two negative rates, on MJD 54 371 and 54 914, are
discarded. This results in a total of 532 daily flux measurements
with a total observation length of 260 h between 10th February
2007 (MJD 54 141) and 16th June 2009 (MJD 54 998).

The RXTE/ASM light curve of Mrk 421 is shown in Fig. 2.
The soft X-ray flux shows a similar behaviour to that of the
hard X-rays and VHE y-rays, which includes several overall flux
levels and peak structures that are present also in the Swift/BAT
and MAGIC light curves.

4.3. Optical observations

The optical data in the R-band shown here were recorded by the
KVA (Kungliga Vetenskapsakademien) telescope and a collec-
tion of telescopes, which work together in the GASP-WEBT
(Whole Earth Blazar Telescope)* consortium (Villata et al.
2008). The KVA telescope is situated at the ORM on La Palma
close to the MAGIC telescopes. Photometric observations in the
R-band are made with a 35 cm telescope. Observations are car-
ried out in the same time intervals as MAGIC observations.
Optical observations of Mrk 421 by the KVA telescope started
in 2002, and show a variable optical light curve (Takalo et al.
2008).

3 xte.mit.edu/asmlc/ASM.html
4 http://www.oato.inaf.it/blazars/webt/
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Fig. 2. Light curves of MAGIC, Swift/BAT, RXTE/ASM, GASP-WEBT, Metsihovi and OVRO from top to bottom in the time range from
February 2007 to July 2009. The vertical dotted black lines denote the position of the TeV y-ray flares as identified with the Bayesian Block
algorithm (see Sect. 3). The vertical black lines mark the division between the three time periods (Period 1, Period 2, Period 3).

Mrk 421 is regularly monitored by telecopes of GASP-
WEBT, and KVA in particular. The optical data reported in this
paper relate to the period from 18th February 2007 (MID 54 149)
to 23rd July 2009 (MJD 55035), which were recorded by
the following instruments: Abastumani, Castelgrande, Crimean,
L’ Ampolla, Lulin, KVA, New Mexico Skies (now called iTe-
lescopes), Sabadell, St. Petersburg, Talmassons, Torino, and
Tuorla observatories. It should be mentioned that the flux
measurements are corrected for the contribution of the host
galaxy (see Nilsson et al. 2007) as well as for galactic extinction
(Schlafly & Finkbeiner 2011).

The GASP-WEBT light curve shown in Fig. 2 includes a to-
tal of 815 observations distributed over 353 nights. When com-
paring the optical light curve to the y-ray and X-ray light curves
it is important to note that the optical light curve cannot be sep-
arated into different activity phases as the other light curves can
be. The flux varies by the same amount throughout the whole
observation length of more than two years. It can be seen that
the features in the GASP-WEBT light curve are longer than
and not coincident with those of the MAGIC, RXTE/ASM and
Swift/BAT light curves.

4.4. Radio observations with Metsdhovi

Radio data at 37 GHz are recorded by the 13.7 m telescope at
the Metsihovi Radio Observatory in Finland (Terdsranta et al.
1998).

A91, page 6 of 12

Considering only data points with a flux to error ratio greater
than four of the Metsédhovi light curve, leaves 49 nightly flux
measurements between 13th February 2007 (MJD 54 144) and
24th June 2009 (MJD 55 006). The light curve is shown in Fig. 2.
In comparison to the VHE +y-ray, the X-ray and the optical light
curves mentioned above, the overall radio flux measured by
Metsidhovi is rather stable, yet with a slight decrease in Period 3.

4.5. Radio observations with OVRO

The Owens Valley Radio Observatory (OVRO), located in the
USA, operates a 40 m radio telescope measuring at 15 GHz.
It started observations in January 2008 and therefore does
not cover the whole time span of MAGIC observations’
(Richards et al. 2011).

In the available data set, often two observations were made
during one day, which were only separated by ~2 min. These
data points were averaged, which results in a total of 119 data
points. The light curve with data points between 8th January
2008 (MJD 54 473) and 8th June 2009 (MJD 54 990) is shown
in Fig. 2. As it occurs with the Metsihovi light curve, the flux is
rather stable, with a small decrease in Period 3.

> www.astro.caltech.edu/ovroblazars/data/data.php
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5. Multi-band flux variability

In order to quantify the variability in the emission of Mrk 421,
the fractional variability Fy,, as it is given in Eq. (10) in
Vaughan et al. (2003), is used. It is calculated using

2 2
S — 08y

Fva.l” = —7
xz

ey

and represents the normalized excess variance. S is the standard

deviation and o2, the mean square error of the flux measure-
ments. X stands for the average flux. The uncertainty of Fy,, is
given by Eq. (2) in Aleksi¢ et al. (2015c), after Poutanen et al.
(2008):

AFvar = '\,F\Zlar + eH(O—IZ\]XS) - Fyar,

where err(crixs) is given by Eq. (11) of Vaughan et al. (2003):

2
—\2 J—
/ 2 oy ’0_2 2F
2
err(oyxs) = ( 5 . ;2“) + ﬁ' }var )

Here, N is the number of data points in a light curve. Note from
Eq. (1) that Fy,, is not defined (and hence cannot be used) when
the excess variance is negative, which can occur in the absence of
variability, or when the instrument sensitivity is not good enough
to detect it (i.e. large flux uncertainties).

Fya 1s calculated for all the light curves shown in Fig. 2 and
the results are shown in Fig. 3 with open markers. For MAGIC,
Swift/BAT, RXTE/ASM, Metsdhovi and OVRO, the shown light
curves feature one data point per night. For GASP-WEBT, the
light curve contains nights with more than one data point. For the
calculation of Fy,, the multiple GASP-WEBT optical fluxes re-
lated to single days were averaged, thus obtaining a single value.

In order to improve the direct comparison of the variability
determined for the various energy bands, we also computed Fy,,
using only the multi-instrument observations that are strictly si-
multaneous to those performed by MAGIC. These F, values
are depicted by the filled markers in Fig. 3, and remove potential
biases due to the somewhat different temporal coverage of the
various instruments.

The overall behaviour of the fractional variability shows a
rising tendency with increasing frequency. Considering only the
F . values determined with simultaneous multi-instrument ob-
servations (filled markers in Fig. 3), the highest variability oc-
curs in the VHE +y-ray band measured by MAGIC (Fy, =
0.64 + 0.01), although it is quite similar to the variability mea-
sured in the soft X-ray band (Fy,; = 0.50 + 0.01) and hard
X-ray band (Fy,r = 0.54++0.02) by RXTE/ASM and Swift/BAT
respectively.

As mentioned in the previous sections (e.g. see Fig. 2), the
overall flux levels and source activity appear different for the
three different observation periods. Figure 4 reports the multi-
band fractional variability determined separately for Periods 1, 2
and 3. The main trend observed in the 2.3 yr long time span re-
ported in Fig. 3 is also reproduced when splitting the data in the
three different periods: Fy, always increases with energy, with
the highest variability occurring in the X-ray and VHE vy-ray
bands. The Swift/BAT light curve with one-day temporal bins
reported in Fig. 2 has large statistical uncertainties, that, because
of the relatively low activity and low variability of Mrk 421 dur-
ing Periods 1 and 3, yielded a negative excess variance, hence
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Fig. 3. Fractional variability (F,:) as a function of the frequency for
the 2.3 yr long time range from February 2007 to July 2009. The frac-
tional variability was computed in two different ways: using all the flux
measurements from the light curves reported in Fig. 2 (depicted with
open markers), and using only those observations simultaneous to the
VHE y-ray measurements from MAGIC (depicted with filled markers).
Vertical bars denote 10~ uncertainties and horizontal bars indicate the
width of each energy bin.
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Fig. 4. Multi-instrument fractional variability (F,,) for the three pe-
riods defined in Fig. 2. The fractional variability was computed using
only those observations simultaneous to the VHE y-ray measurements
from MAGIC. Vertical bars denote 10~ uncertainties and horizontal bars
indicate the covered time span of each instrument.

preventing the calculation of the fractional variability for these
two periods. On the other hand, the RXTE/ASM light curve
with one-day temporal bins reported in Fig. 2 have somewhat
smaller uncertainties and a better temporal coverage than that of
Swift/BAT, which permitted the quantification of the fractional
variability in the soft X-ray energy band for the three temporal
periods considered.

In Fig. 4 it can also be seen that the variability for the
MAGIC light curve is higher for Period 2 than in Periods 1 and 3
as it was already shown by the quantification of the variability
with the results of the Bayesian Block algorithm (see Sect. 3).
Due to the lower average flux in Period 1 compared to Period 3,
the fractional variability in Period 1 is higher than in Period 3.
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It is worth noticing that the fractional variability in the op-
tical band is comparable to that at X-rays and VHE y-rays dur-
ing Period 3, which did not happen during Periods 1 and 2. In-
specting the light curves reported in Fig. 2, one can see that the
timescales involved in the reported variabilities are very differ-
ent. While the X-ray and VHE y-ray light curves show day-long
flux variations on the top of a rather stable flux level, the opti-
cal flux shows many-day-long flux variations on the top of a flux
level that increases by about a factor of two throughout Period 3.
Therefore, despite the very comparable F., values during Pe-
riod 3, the emission in the optical band is probably not related to
that in the X-ray and VHE y-ray bands.

These results are consistent with results from previous publi-
cations. This includes the rising fractional variability of Mrk 421
from optical to X-ray energies in 2001 (Giebels et al. 2007) and
the same increase from optical to X-ray energies in March 2010
during a flare with a comparable variability of the VHE and the
X-ray light curves (Aleksi¢ et al. 2015b). These results are com-
plemented by Aleksic et al. (2015a) and Balokovic et al. (2016),
which presented multi-wavelength data during the relatively low
activity observed from January to June 2009 and from January to
March 2013 respectively. These include results from the Fermi-
LAT closing the gap between the X-ray and TeV y-ray energy
bands. They report a low flux in radio energies, rising to a max-
imum in the X-ray energy band. For GeV y-rays measured by
the Fermi-LAT the variability drops to a level comparable to the
optical and UV wave band. The variability in the TeV y-ray light
curves increases to a level comparable to X-rays, which is con-
sistent with the result from this study, that uses a much larger
time span.

6. Multi-band correlations

To quantify the correlation of two light curves, the dis-
crete correlation function (DCF), which was introduced by
Edelson & Krolik (1988), is used here. A study of the correla-
tions of the MAGIC light curve with light curves of other wave-
lengths has already been carried out for Mrk 421 for the first half
of 2009 in Aleksic et al. (2015a). In that publication a method to
determine confidence intervals for the resulting correlation is de-
scribed in detail. Here, a short introduction to the method will be
given. For more detailed information on that method the reader
is referred to the cited publication and references therein.

The errors of the DCF values as stated by Edelson & Krolik
(1988) might not be appropriate when the individual light-curve
data points are correlated red-noise data (Uttley et al. 2003).
Red-noise data are characterized by a power spectral density per
unit of bandwidth proportional to 1/f2, where f is the frequency
(Chatterjee et al. 2012). Since this is not the case for the given
light curves, a Monte Carlo based approach is applied here to
determine confidence intervals for the DCF values. Therefore,
1000 light curves are simulated for each telescope which fea-
ture the same sampling pattern and comparable exposure times
as the original light curve. In addition, the power spectral density
(PSD) should be as similar as possible to the PSD of the original
light curve. Therefore, the light curves are simulated with PSDs
following a power law with spectral indices in a range from —1.0
to —2.9 in steps of 0.1. The light curves with the PSD which
match the PSD of the original light curve best, are determined
using the PSRESP method (Chatterjee et al. 2008).

The DCEF itself is calculated for sets of original light curves.
With the calculated DCF of 1000 simulated light curves of
one telescope and the original light curve of a second tele-
scope, finally the confidence bands can be determined. Here,
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Fig. 5. Discrete correlation function for the light curves of RXTE/ASM
and MAGIC for the 2.3 yr long period (Period 1, 2 and 3). Time lags
from —50 to +50 days in steps of two days are considered. Black
dots represent the DCF values with the error bars calculated as in
Edelson & Krolik (1988). The green (blue) lines represent the 99% and
1% (95% and 5%) confidence limits for random correlations resulting
from the dedicated Monte Carlo analysis described in Sect. 6.

the confidence limits are determined as the 1%, 5%, 95% and
99% quantiles of the 1000 resulting DCFs.

In the following plots, the black dots and error bars are the
DCF and its error calculated after Edelson & Krolik (1988). The
blue and green lines represent the confidence limits of 95% and
5% and of 99% and 1% respectively determined with DCFs
of the 1000 simulated light curves of the first telescope and
the original light curve of the second telescope. A value above
the 99% confidence limit is considered as a significant correla-
tion, a significant anti-correlation is given for a value below the
1% limit.

A binning of two days is chosen in this case. The reason for
this is the unequal binning of the light curves which might lead to
shifts in the correlations by one day when the time difference in
the two light curves is larger than half a day. Time lags between
—50 and +50 days are examined. The time lag At is defined as the
time difference of the second light curve to the first light curve
(Instrument; vs. Instrument,).

In the following subsections we report the results from
our study on the correlation between the optical, X-ray and
VHE vy-ray bands. The radio bands do not show significant vari-
ability and hence the radio fluxes cannot be correlated to the
fluxes in the other bands.

6.1. RXTE/ASM and MAGIC

The RXTE/ASM and MAGIC cross-correlations were exam-
ined at first for the whole time range from February 2007 to
June 2009. This is reported in Fig. 5.

There is positive and significant correlation for the entire
range of time lags considered, that is from —50 to +50 days. The
main cause of this positive correlation is the substantially larger
flux level in Period 2, compared with that in Periods 1 and 3. If
the light curves are shifted by a time lag smaller than the dura-
tion of these periods (e.g. 50 days), the pairing of VHE y-ray
fluxes and X-ray fluxes occurs always (for all time lags) within
the observations from the same period, and hence one gets high
VHE flux values related to high X-ray flux values, that is all from
Period 2, and low VHE flux values matched with low X-ray flux
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Fig. 6. Discrete correlation function for the light curves of RXTE/ASM
and MAGIC for Period 2 (top) and for Period 3 (bottom). The descrip-
tion of data points and contours are given in the caption of Fig. 5.

values, that is all from Periods 1 and 3. And this effect naturally
produces a positive correlation.

To remove the effect of the substantially different flux lev-
els between the different periods, as well as to test the influence
of the different states of activity and flux strength reported in
the previous sections, the DCF is determined separately for Pe-
riods 2 and 3. The MAGIC light curve in the quiet Period 1 con-
tains only six data points and is therefore not included in this
study. The results are shown in Fig. 6. We note that there is still
an overall positive correlation for both Periods 2 and 3, however
the DCF values are typically within the 95% confidence con-
tours. This positive (but not significant) correlation for all time
lags is due to the fact that the two light curves considered here
have the same overall trends: in Period 2 the VHE y-ray and
the X-ray light curves show an overall flux increase throughout
the entire period, whereas in Period 3 they both show an overall
decrease.

The quiet Period 3 shows a marginally significant correla-
tion around a time lag of zero, while the active Period 2 shows
a prominent correlation, with some structure around a time lag
of zero. The DCF structure depicted in the top panel of Fig. 6
resembles that in Fig. 5, which indicates that the correlations
in the high-activity Period 2 dominate the DCF values reported
in Fig. 5, that relate to the full 2.3 yr time interval. In both
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Fig. 7. Discrete correlation function for the light curves of Swift/BAT
and MAGIC for Period 2. The description of data points and contours
are given in the caption of Fig. 5.

cases, one finds a peak at Ar = 0 and Ar = —6 days. The
first peak is due to the direct correlation dominated by simul-
taneous prominent features in both light curves (i.e. flares on
MIJD 54556 and 54 622). On the other hand, the DCF peak at
—6 days is dominated by the remarkable three-day long X-ray
flaring activity around MJD 54 630, which is the highest flux
value in the RXTE/ASM light curve. There is no counterpart
in the VHE y-ray light curve because MAGIC did not observe
around that date, but this prominent X-ray flaring activity is
matched with the large VHE flaring activity around MJD 54 622
for time lags of around —6 days. The relatively broad structure
of positive DCF values, extending from —10 days to +6 days,
is dominated by the remarkable and asymmetric flaring activity
in the X-ray light curve in a broad region around MJD 54 556,
which is coindicent with the relatively short VHE flare at the
same location.

6.2. Swift/BAT and MAGIC

The sensitivity and temporal coverage of Swift/BAT is some-
what lower than that of RXTE/ASM, which reduces the accu-
racy with which one can study the correlation between the hard
X-ray band above 15keV and the VHE y-rays. For Period 3,
we could only find a marginally significant correlation domi-
nated by the somewhat higher X-ray and VHE flux values in
the MJD range from 54 858 to 54 864. In Fig. 7 the correla-
tion results of the Swift/BAT and the MAGIC light curves in the
high-activity Period 2 are shown. When considering this period,
we find DCF values above the 95% confidence level for time
lags between —8 days and +2 days, with two peaks above the
99% confidence level for the time lags of 0, and also —8 and
—6 days. The explanation of these two peaks is essentially the
same as was given for the correlations between RXTE/ASM and
MAGIC reported in Sect. 6.1. The peak at Ar = 0 is dominated by
several features appearing simultaneously in both light curves,
the peak at —6 to —8 days is dominated by the large three-day
long X-ray activity around MJD 54 630 (where we do not have
MAGIC observations), and the broad and somewhat asymmetric
structure in the DCF plot is dominated by the large and broad
and asymmetric X-ray flaring around MJD 54 556.
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Fig. 8. Discrete correlation function for the light curves of GASP-
WEBT and MAGIC for Period 2. The description of data points and
contours are given in the caption of Fig. 5.

6.3. GASP-WEBT and MAGIC

The correlation between the GASP-WEBT and MAGIC light
curve for the high-activity Period 2 is shown in Fig. 8. There
is a positive correlation for time lags between 0 and +28 days,
as well as around —44 days, and a negative correlation for time
lags around —28 and around +44 days. This alternation of cor-
relation and anti-correlation is caused by the fact that the vari-
ability in the optical and VHE emission is dominated by two to
three prominent features. And hence the alternating presence of
rises and drops in flux in both light curves creates these features
in the DCF. For instance, when shifting the optical light curve
by e.g. +24 days or —44 days, minima and maxima in the two
light curves become aligned yielding a significant correlation,
while when the optical light curve is shifted by —28 or +44 days,
the minima in one light curve are aligned with maxima in the
other light curve, hence yielding a significant anti-correlation.
Although the reported correlations for some time lags are sig-
nificant from the statistical point of view, they are based on the
alignment or misalignment of only two to three prominent and
relatively broad features, and these prominent features are not
necessarily related to each other.

In the quiet Period 3, we find an overall anti-correlation dur-
ing the entire range of time lags proved. This result is produced
by the overall flux decrease in the VHE light curve and the over-
all flux increase in the optical light curve throughout the en-
tire Period 3. The same result was reported and discussed in
Aleksic et al. (2015a).

6.4. GASP-WEBT and RXTE/ASM

The DCEF results of GASP-WEBT and RXTE/ASM in Period 2
are shown in Fig. 9. A correlation is seen for positive time lags
between +6 and +30 days, as well as for negative time lags be-
tween —50 and —38 days. Anti-correlations are seen between
—28 and —10 days and between +44 and +50 days. These re-
sults are comparable to the results between GASP-WEBT and
MAGIC. This again shows the alternation of rises and drops in
flux produced by the fact that the variability in the optical and
X-ray emission is dominated by only two to three prominent fea-
tures. When shifting the optical light curve by the time lags, for
which correlations are found, maxima in both light curves are
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Fig. 9. Discrete correlation function for the light curves of GASP-
WEBT and RXTE/ASM for Period 2. The description of data points
and contours are given in the caption of Fig. 5.

aligned. When shifting the light curve by the time lags, for which
anti-correlations are found, minima in the optical light curve are
aligned with maxima in the X-ray light curves. Again, these cor-
relations and anti-correlations might have been found by chance.

In Period 1 no correlations nor anti-correlations are seen
for this pair of instruments. However, in Period 3 the GASP-
WEBT light curve shows an overall anti-correlation with the
RXTE/ASM light curve, which occurs due to the overall slow
decrease of the X-ray rate and the flux increase in the opti-
cal light curve. This result is comparable to the overall anti-
correlation for the X-ray and TeV 7y-ray light curves discussed
in Aleksi¢ et al. (2015a), which used a part of the data set used
in this paper.

7. Summary of results

i) Between March 2007 and June 2009, MAGIC-I accumu-
lated 96 h of VHE y-ray data of the blazar Mrk 421: the
VHE flux varied around the typical flux baseline of about
0.5 CU, with the highest flux of about 3.8 CU occurring
during the active state in 2008.

ii) For the first time the Bayesian Block algorithm was applied

to the VHE y-ray light curve from a Cherenkov telescope to

identify different flux emission states, as well as to quantify
the variability and to search for flaring activity.

The MAGIC y-ray light curve was compared to light curves

of other wavebands, including the hard and soft X-ray

wavebands from SwiffBAT and RXTE/ASM, the optical

R-band from GASP-WEBT, and two radio wavebands from

Metsidhovi and OVRO.

The VHE and X-ray light curves resemble each other, show-

ing a number of few-day long structures, while the optical

and radio light curves show smaller flux variations and oc-
curring on longer timescales.

v) The fractional variability is low for radio and optical wave-

bands, and high for the X-ray and VHE y-ray bands during

both low and high activity.

The discrete correlation function shows a direct relation be-

tween the two X-ray bands and the VHE y-ray band, while

no correlation was found between the optical and the X-ray
and VHE bands.

iif)

iv)

Vi)
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8. Discussion and conclusions

We have peformed a comprehensive variability and correla-
tion study with 2.3 yr of multi-band data from Mrk 421. The
measured variability as a function of energy, with the highest
variability in the X-ray and VHE bands, and the observed di-
rect X-ray-to-VHE correlation, both occuring comparably dur-
ing high- and low-activity, suggests that the processes that dom-
inate the flux variability in Mrk 421 are similar for the different
activity levels. The pattern characterized by a high variability in
the X-ray and y-ray emission, accompanied by a low variability
in the optical and radio emission, occurs in both quiescent and
excited states, qualifying this behaviour as typical of Mrk 421.
The low variability and different timescales observed both in the
radio and optical emission may be explained by different emis-
sion regions, or by cooler electrons in the jet at a later time. Ad-
ditionally, the correlation between the X-ray and the VHE y-ray
emission extending over many months suggests that the broad-
band emission of Mrk 421 is predominantly produced by the
same particles, for example via the SSC process. Alternatively,
the X-rays and y-rays could both result from the same radiation
process (e.g. synchrotron radiation), but from two different elec-
tron populations varying together most of the time, but not nec-
essarily always. This is the case in hadronic scenarios where the
X-ray and y-ray photons result from the synchrotron radiation
of electrons in subsequent and therefore coupled cascade gener-
ations (Mannheim 1993). The cascade generations are driven by
the pair production in photon-photon scatterings involving low-
energy photon fields, which can vary themselves, thereby mod-
ulating the variations of flux of the primary photo-mesons at the
top of the cascades.
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ABSTRACT

We report the detection of orbital modulation, a model solution, and the X-ray properties of a newly discovered
contact binary, Two Micron All Sky Survey (2MASS) J11201034—2201340. We serendipitously found this X-ray
point source outside the error ellipse when searching for possible X-ray counterparts of y-ray millisecond pulsars
among the unidentified objects detected by the Fermi Gamma-ray Space Telescope. The optical counterpart of the
X-ray source (unrelated to the -ray source) was then identified using archival databases. The long-term Catalina
Real-Time Transient Survey detected a precise signal with a period of P = 0.28876208(56) days. A follow-up
observation made by the Super Light Telescope of Lulin Observatory revealed the binary nature of the object.
Utilizing archived photometric data of multi-band surveys, we construct the spectral energy distribution (SED),
which is well fit by a K2V spectral template. The fitting result of the orbital profile using the Wilson—Devinney
code suggests that 2MASS J11201034-2201340 is a short-period A-type contact binary and the more massive
component has a cool spot. The X-ray emission was first noted in observations made by Swift, and then further
confirmed and characterized by an XMM-Newton observation. The X-ray spectrum can be described by a power
law or thermal Bremsstrahlung. Unfortunately, we could not observe significant X-ray orbital modulation. Finally,
according to the SED, this system is estimated to be 690 pc from Earth with a calculated X-ray intensity of

(0.7 — 1.5) x 10®ergs ™', which is in the expected range of an X-ray emitting contact binary.

Key words: binaries: close — binaries: eclipsing — stars: individual (2MASS J11201034-2201340)

1. INTRODUCTION

A W UMa-type system is a contact binary system where
both components share a common envelope and are typical
main-sequence stars with similar surface temperatures. Astron-
omers have been aware of the optical variability of prototypical
W UMa-type systems for more than a century (Miiller &
Kempf 1903). To date, thousands of known W UMa-type
variables have been found. The spectral type of this kind of
system usually ranges from A to K, with a period that ranges
from 0.2 to 1.4 days and variability amplitudes typically less
than 1 mag. Contact binaries can be further classified into two
major types: A and W (Binnendijk 1970). The primary
minimum in the folded light curve of an A-type contact binary
is caused by the less massive component transiting the more
massive one; otherwise, the contact binary is a W-type. In
general, an A-type system has a relatively longer orbital period
(P 2 0.3day), a lower mass ratio (¢ < 0.3), and an earlier
spectral type (typically from A to G). On the other hand, a
W-type system usually has a later spectral type. A- and W-type
contact binaries are possibly related with respect to their
evolution. For example, Hilditch et al. (1988) suggested that a
W-type system evolves to an A-type system; however, Gazeas
& Niarchos (2006) proposed an opposite evolutionary track.

W UMa-type systems are expected to have high chromo-
spheric activity and coronal emission; hence, some systems are
strong X-ray emitters, e.g., VW Cep (Carroll et al. 1980;
Huenemoerder et al. 2006). The strength of the X-ray emission is
related to the binary orbital period and the spectral type (Stepieri
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et al. 2001; Chen et al. 2006). Chromospheric activity is related to
the presence of cool spots, which cause asymmetry, known as the
O’Connell effect (O’Connell 1951; Wilsey & Beaky 2009), in the
orbital profile. In addition, the variability of the Ha equivalent
width along with the orbital phase is an indication of chromo-
spheric activity (Kaszas et al. 1998). A detailed investigation of
the X-ray timing and spectral variability, as occurred with the
brightest contact binary VW Cep (Huenemoerder et al. 2006),
can reveal the position and geometry of the corona.

We present the detection of the contact binary 2MASS
J11201034—2201340 in the X-ray, optical, and infrared bands in
Section 2. Section 3 presents the results of optical band analysis,
including the determination of the orbital period and the spectral
energy distribution (SED). We also present the photometric
solution to determine the basic physical parameters of this
system, utilizing orbital profile fitting. Section 4 presents X-ray
timing and spectral behaviors determined from the results of
X-ray data analysis, e.g., the non-detection of orbital modulation
and the non-thermal spectral nature. We also estimate X-ray
intensity and discuss the relationship between X-ray and optical
luminosities. Finally, we summarize our results and future aspects
in Section 5.

2. SOURCE DETECTION
2.1. Swift Observations

After the detection of 1FGL J1119.9—2205 (also named
2FGL J1120.0—2204 and 3FGL J1119.9—-2204), the Swift XRT
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Figure 1. (a) Swift image of the field containing 2MASS J11201034—2201340 and 3FGL J1119.9—2204. This image is smoothed with a Gaussian kernel of o = 3"/
to enhance the visibility of faint sources. The blue circle encompasses the 95% error ellipse of 3FGL J1119.9—2204 and the green box is the region of the cropped
XMM-Newton and Lulin LOT -band images in the center and right panels, respectively. (b) Enlarged view of the XMM-Newton image. The center of the cyan circle
is located at the XMM-Newton determined position, with coordinates R.A. = 11"20™m10%32 and decl. = —22°01/35”6 and the diameter of the circle is the XMM-
Newton half-energy width. (c) The r/-band image of the same field in the center panel taken by the LOT.

took 27 exposures of this field for a total exposure time of
~67 ks between 2010 and 2013. Hui et al. (2015) studied all of
the Swift observational data and found two millisecond pulsar
candidates within the 95% error ellipse of 3FGL J1119.9
—2204. On the other hand, several uncataloged X-ray point
sources outside the error ellipse were also detected, but their
properties were not further investigated. 2MASS J11201034
—2201340, which has relatively faint X-ray emission, is one of
the outliers unrelated to the y-ray source 3FGL J1119.9—2204.

The energy range of XRT is 0.2-10keV, the pixel scale is
2”36, and the FWHM of the point-spread function (PSF) is
roughly 7” in 1.5keV (or a half-power diameter of 18”). All
the data, including two target IDs (41371 and 49351), were
used to determine the X-ray positions of the point sources. We
extracted photon events and X-ray images from the standard
products of all the XRT observations using xselect version 2.4.
The point sources were detected using the detect task of the
multi-mission X-ray image analysis program XIMAGE, for
which the signal-to-noise threshold was set to 3.0. The position
and corresponding uncertainty were determined using the
xrtcentroid task. We found an X-ray point source located at R.
A. = 11"20™10%65 and decl. = —22°01’30”7 with a 90%
uncertainty of ~ 7”6. Figure 1(a) is the Swift image of the field
containing 2MASS  J11201034—-2201340 and 3FGL
J1119.9-2204.

2.2. XMM-Newton Observation

2FGL J1120.0—2204 was observed by the XMM-Newton
observatory on 2014 June 14 for a total exposure time of ~70
ks (ObsID 0742930101). All three detectors of the European
Photon Imaging Camera (EPIC) were used in this observation.
The MOS1 and MOS2 detectors were operated in full-frame
mode with a timing resolution of 2.6 s and an on-axis PSF
FWHM of 6" (half-energy width 13”6). The pn detector was
operated in timing mode with an extreme timing resolution of
0.03 ms. In this mode, all X-ray photons are compressed in one
dimension. However, this observation was performed to
investigate the timing properties of the millisecond pulsar
candidate 2FGL J1120.0-2204. The pn data were useless
because the target is far from the aim point of the observation.
The optical /UV monitor also was used in this observation but
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our target was outside the field of view and the optical/UV
monitor data were unavailable. We applied the pipeline task
emproc of the XMM Science Analysis Software (XMMSAS
version 15.0.0) program to the MOS data using the latest
instrumental calibration database. Events with patterns <12
were adopted in this research, and the flaring background was
filtered out when the entire count rate was >3.5 counts s '. We
performed source detection using the maximum likelihood
fitting with the aid of the XMMSAS task edetect_chain and the
signal-to-noise threshold set to 4o.

We found a source located at R.A. = 11"20™10¢32 and
decl. = —22°01'35”6 with a 90% uncertainty of 2”. The
detection likelihood is 34.5, which corresponds to a 8o
significance level. This source is likely a point source because
the likelihood of source extent is not determined. Figure 1(b)
shows the XMM-Newton image of the region containing
2MASS J11201034—2201340 where a point source is
clearly seen.

2.3. Optical and Infrared Counterparts

The field around the X-ray source was surveyed in the
optical and infrared bands by USNO-B-1.0, the Two Micron
All Sky Survey (2MASS), and the Wide-field Infrared Survey
Explorer (WISE). All three catalogs are well organized by the
the NASA/IPAC Infrared Science Archive (IRSA). Each
catalog has only one source that is within the PSF of the XMM-
Newton: USNO-B1.0 0679—0311979 at R.A. = 11"20™10:36
and decl. = —22°01'34” 14, 2MASS J11201034—2201340 at
R.A. = 11"20™10:35 and decl. = —22°01/34704, and WISE
J112010.35—-220134.1 at  R.A.=11"20"10:35 and
decl. = —22°01'34"16. 2MASS J11201034—2201340 is 5”3
from the Swift determined X-ray source and 1”5 from the
position determined by XMM-Newton. Hence, 2MASS
J11201034—2201340 is likely to be the optical counterpart of
the X-ray source because the angular separation between the
optical and X-ray positions reside well within the uncertainties
of Swift and XMM-Newton.

We also observed the field with the Lulin One-Meter
Telescope (LOT), located at Central Taiwan, using the ALTA
U42 CCD with SDSS /-band and g'-band filters. This
configuration has a pixel scale of 07”32 and a limiting
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Figure 2. CRTS light curve (a) and the corresponding Lomb-Scargle power spectrum (b) of 2MASS J11201034—2201340. A significant peak located at f = 6.926 1/
day and its two associated 1 year aliases are clearly seen. The 30 white noise level is indicated by the dashed line.

magnitude of ~19.5 at the detection level of 5 o. Figure 1(c)
shows the cropped r-band image. Only one source is detected
in the region of the PSF of XMM-Newton.

3. DETAILED OPTICAL INVESTIGATION
3.1. Timing Analysis

To investigate the temporal variation of 2MASS J11201034
—2201340, we first collected the multi-epoch photometric data
obtained by the Catalina Real-Time Transient Survey (CRTS)
to search for periodicity. The CRTS data set contains the
observations made by the Siding Springs Survey 0.5 m Schmidt
telescope (218 exposures) and by the Catalina Sky Survey
0.7 m Schmidt telescope (76 exposures). We found a significant
periodicity with a period of 0.144 day by applying the Lomb—
Scargle periodogram (Scargle 1982; Horne & Baliunas 1986).
Figure 2 shows the light curve from the CRTS and the power
spectrum. One-year aliases due to the observational window
function also were detected in the power spectrum.

To check the robustness of the detected result and the
possibility that the true periodicity is twice the detected value,
we observed the field using the R and V bands of the 0.4 m
Super Light Telescope (SLT) at the Lulin Observatory on 2015
April 24-27. The SLT was equipped with an Andor iKon-L
936 CCD with a field of view of 28 x 28’ and a pixel scale of
0”82. The exposure time for each frame was 5 minute, and the
observation lasted ~5 hr on April 24, 27, and 2.2 hr on April
26. The R band had 117 exposures and the V band had 115. For
comparing the phase alignment of the CRTS data, the SLT
data, and the data from other wavelengths, the observation
times were corrected from the Earth to the solar barycenter. The
CCD reduction package of the Image Reduction and Analysis
Facility was used for standard image reduction, including bias,
dark current, and flat-field corrections. We then compared the
instrumental magnitude of 2MASS J11201034—2201340 with
that of four comparison stars in the same field to obtain
differential photometric data. The light curves clearly showed
variability on a timescale of several hours. After folding both
the light curves and the B — V color curve using 0.144 and
0.288 day, respectively, we found that the color seemed to vary
with a period of 0.288 day (see Figure 3). The true period of
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0.28876208 + 5.6 x 1077 day is twice that detected by the
Lomb-Scargle periodogram from the CRTS light curve. The
uncertainty was estimated by a combination of the limited time
span and photon statistical error. The uncertainty caused by
limited time span and the strength of the signal was estimated
using Equation (3) in Levine et al. (2011) and the statistical
error was estimated using a 10* times Monte Carlo simulation.

From the archived multiepoch photometry data of WISE
observations of this field, we found 52 W/-band (3.4 ym) and
42 W2-band (4.6 um) significant detections and folded them
with the best-determined periodicity. Figure 3 shows that there
is still modulation and it is coherent in the mid-infrared bands.

3.2. Spectral Energy Distribution

We further investigated the physical properties of this system
using currently available broadband SED data. For the optical
band, we used the photometric B-, R-, and I-band data in the
USNO-B 1.0 catalog, where Bl = 164, B2 = 16.03,
R1 = 14.36, R2 = 14.96, and I = 14.55. To describe the
spectral behavior of a contact binary system, it is better to use
one of the flux minimum in the folded light curve that has all of
the photons from the primary component. However, the
amount of current data is insufficient because only one or
two measurements were made for individual bands. Therefore,
we took the average of the detected magnitudes for the B and R
bands, for which there were two measurements, and applied a
typical photometric uncertainty of 0.3 mag (Monet et al. 2003).
The near-infrared data were from 2MASS in the J, H, and Ks
bands, where J = 13.875 + 0.03, H = 13.354 4+ 0.03, and
Ks = 13.276 £ 0.04. The mid-infrared data were from WISE
in the WI and W2 bands, where W1 = 13.286 £ 0.025
and W2 = 13.331 + 0.031.

The SLT did not observe standard stars, and so calibration in
the V and R bands was not possible. Instead, to estimate the
apparent magnitude of 2MASS J11201034—2201340, we used
the cataloged star TYC 6090-207-1, which is a bright star with
a coordinate of R.A. = 11"19™56983 and decl. = —22°04/
43794 and magnitudes of B =13.09 £ 026 and a
V=12.20 £ 0.16 (Hgg et al. 2000). By scaling of the
brightness of 2MASS J11201034—2201340 and TYC 6090-
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by XMM-Newton with energy of 0.2—-10 keV.

207-1, we estimated the V-band magnitude of 2MASS
J11201034—2201340 as 15.37 &+ 0.16.

Before constructing the SED, the measured magnitudes
underwent extinction correction using the online Galactic dust
extinction tool provided by IRSA. We assumed that the
relationship between the extinction (Ay) and reddening
(E(B—V)) is Ay = 3.1E(B — V) (Giiver & Ozel 2009).
We estimated the extinction for individual bands according to
the latest measurements provided by Schlafly & Finkbeiner
(2011). Figure 4 shows the constructed SED of 2MASS
J11201034—-2201340. We compared the SED with various
stellar spectral templates presented in Pickles (1998) and
found that our SED fit that of a K2V star that has a typical
surface temperature of 4960 K. This indicates that the
major component of 2MASS J11201034—2201340 is a late-
type star.

1.0

St

1.5

N

Phase

Figure 3. Multi-band light and color curves of 2MASS JJ11201034—2201340 folded according to a period of 0.288 day. (a) and (b) Folded R-band and V-band light
curves obtained by SLT, (c) V — R color variability, (d) and (e) folded Wi-band and W2-band light curves obtained by WISE, and (f) folded X-ray light curve obtained
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3.3. Photometric Solution

To determine the physical nature of this contact binary
system using the available data, we fit the observed V-band and
R-band light curves using the Wilson—Devinney code (Wilson
& Devinney 1971; Wilson 1979, 1990, 1994) to obtain a
photometric solution. The surface temperature of the more
massive star (7)) was fixed at 4960 K as suggested by the SED
fitting. The gravity darkening parameters were fixed at
g = & = 0.32, according to the prediction made by Lucy
(1967), and the bolometric albedos were fixed at
A = A, = 0.5 (Rucinski 1969) on the basis of the assumption
that both components have convective envelopes. The limb-
darkening coefficients for bolometric and individual bands
(Xtbols X2bols Yipol> Yabols X1Vs X2vs Y1vs Y2vs X1Rs X28> V1R, a0d Y2r)
were estimated using the values provided by van Hamme
(1993; see Table 1). The remaining free parameters were the



THE ASTRONOMICAL JOURNAL, 151:170 (8pp), 2016 June

10 T T T T

O Data

Flux (10 - ergs s 1 em? ;Lrﬁ1)
o

1 1 1 1

100 2 3 4 5
Wavelength (pm)

Figure 4. Spectral energy distribution of 2MASS J11201034—-2201340. The
data points were obtained from the USNO-B 1.0 catalog, the 2MASS catalog,
and the WISE All-Sky Point Source catalog. The red dashed line is the best-fit
K2V spectral template and the blue line is the corresponding blackbody
radiation spectrum.

mass ratio (g), the inclination angle of the orbital plane (i), the
surface temperature of the less massive component (75), the
phase shift of the V and R bands, the dimensionless potential of
the more massive star (£2; = 2,), and the relative luminosity
(Ly and L,) of each star in the V and R bands.

Because the spectral mass ratio could not be determined
using the radial velocity method, we searched for a proper
initial guessing value before fitting the light curves. We
estimated the sum of the weighted square deviations () with
respect to different trial values of ¢, ranging between 0.1 and 6.
A minimum of ¥ was clearly seen at ¢ = 0.3, so we chose that
as the initial ¢ values for the fitting. Moreover, the profile
seemed to be asymmetric, so we introduced a cool (dark) spot
in the fitting to compare against the model without a cool spot.
The cool spot model included three additional parameters: the
colatitude (), longitude (z), and radius (£2) of the spot. The
best-fit parameters are given in Table 1 and the model light
curves are shown in Figure 5.

The result of the fitting indicates that 2MASS J11201034
—2201340 is a short-period A-type contact binary with a nearly
edge-on orbital plane. It is necessary that there be a cool spot
on the more massive component to explain the O’Connell
effect. In this scenario, the best-fit mass ratio is ¢ = 0.317 and
a fill-out factor is estimated to be f = 14.8%, which suggests a
low degree of over contact. From the averaged value of the
phase shift, we proposed a linear ephemeris for the primary
minimum defined as

Toimary = MJD (TDB) 53791.3984(1) + 0.28876208(56) x N,

where N is the number of cycle count.

The magnitude of the secondary minimum (phase ~0.5),
which is not much different from that of the primary in the
folded light curve, indicates that the less massive star is
completely obscured and only the more massive star con-
tributes to the flux. The V-band magnitude of the secondary
minimum is estimated as 15.75 £ 0.16 in this measurement.
Therefore, the distance can be roughly estimated as
690 £ 50 pc after considering the extinction and assuming
that the more massive component is a K2V star.

Hu ET AL.
Table 1
Photometric Solutions for 2MASS J11201034—2201340
Photometric Photometric
Parameters Elements Errors Elements Errors
Without Cool Spot
Cool Spot Solutions
8=& 0.32 assumed 0.32 assumed
A=A 0.50 assumed 0.50 assumed
Xibols X2bol 0.299, 0.299 assumed 0.299, 0.299 assumed
Vibol» Yabol 0.396, 0.396 assumed 0.396, 0.396 assumed
Xy, Xov 0.581, 0.581 assumed 0.581, 0.581 assumed
v Yav 0.249, 0.249 assumed 0.249, 0.249  assumed
XiR> X2R 0.356, 0.356 assumed 0.356, 0.356 assumed
Yirs Yar 0.413, 0413 assumed 0.413, 0.413 assumed
T, 4960K fixed 4960K fixed
Phase Shift —0.0153 +0.0005 —0.0155 40.0004
q 0.291 +0.006 0.317 +0.004
=0 2.4253 +0.0126 2.4735 +0.0111
Qin 2.4464 e 2.5026
Qout 2.2645 = 2.3060 -
T 5125 K +20 K 5124 K +16 K
i 8924 +3.3 88°5 +2.7
Li/(Li + Ly)(V) 0.7180 40.0051 0.7019 +0.0046
Li/(Li + Ly)(R) 0.7259 +0.0045 0.7100 +0.0042
0 (°) 86.5 +2.6
P (©) 922 +4.7
Q) 11.9 +1.2
T,/ Ty 0.80 +0.09
f 11.6% +6.9% 14.8% +5.7%
T T T T T T T T T T T
-02 |- without spot 1

s — with spot &%

Am (mags)

0.00 0.25 0.50 0.75 1.00 1.25
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Figure 5. Observed folded R-band light curve (blue), folded V-band light curve
(red) with a shift of 0.1 mag, and the corresponding best-fit contact binary
model estimated using the Wilson—-Devinney code. The green dashed line is the
best-fit model without a cool spot and the black line is the best-fit model with a
cool spot.

4. RESULTS FROM X-RAY OBSERVATIONS
4.1. X-Ray Profile and Spectrum

Investigation of the timing and spectral properties of the
X-ray emission from 2MASS J11201034—-2201340 detected

<ﬁ)>



THE ASTRONOMICAL JOURNAL, 151:170 (8pp), 2016 June

by XMM-Newton will add to our understanding of the nature of
this system. After filtering out the flaring background, the
effective exposure time was ~57 ks. We extracted 238 X-ray
photons from a 20 arcsec radius circular region centered at the
detected centroid of 2MASS J11201034—2201340 (see
Figure 1). Because the effective exposure time encompassed
only approximately two orbital cycles of 2MASS J11201034
—2201340, we needed to carefully examine background
variability. We selected 10 backgrounds with the same area
in the source-free region on the same chip and found that the
background counts were ~150. Therefore, only ~90 X-ray
photons that originated from the source were available for use
in a marginal investigation of the timing and spectral analysis.
First, we individually folded the source and all the backgrounds
according to the best period determined in the optical band.
Then, we obtained a mean folded light curve by averaging all
the folded background light curves to obtain the fluctuation of
the background in the phase domain. The clean folded light
curve shown in Figure 3(f) was obtained by subtracting the
background profile from the folded source light curve. Another
way to compute the background contribution is by weighting a
larger source-free region, e.g., a circle with an 80 arcsec radius
or a large annulus around the source. Both methods yield
similar results. The folded light curve showed no detection of
significant X-ray variability. We used different bin sizes and
applied the Y2 test to the folded profile and found that the
detection significance in all cases was <lo. The lack of
detection of variability means that the geometry of the X-ray
emission area may differ from that of the optical area.

The high-energy emission mechanism can be investigated by
X-ray spectral analysis, despite the small number of X-ray
photons. The source selection criterion was the same as that for
the X-ray timing analysis above, while we used an 80 arcsec
radius circle around a source-free region to estimate the
background spectrum. The response matrix was created using
the XMMSAS task rmfgen and the ancillary response file was
created using arfgen. The X-ray photons were further grouped
to have at least 15 counts per spectral bin. No pile-up issue was
addressed for this faint source.

The X-ray spectral fitting was achieved using XSPEC
v12.9.0. The X-ray emission from a contact binary system
may come from a hot coronal plasma and may be represented
with a thermal or non-thermal model. We tried two typical
spectral models: non-thermal power law (XSPEC model power-
law), and the thermal Bremsstrahlung (XSPEC model bremss)
to fit the X-ray spectrum. The spectral fitting was calculated
within the energy range 0.2-10keV. We first set the Ny to be a
free parameter and yielded a best-fit value of 2.7 x 10720 cm ™2,
which is not very far from 3.65 x 10720 ¢cm ™2 derived from
Leiden/Argentine/Bonn (LAB) Survey (Kalberla et al. 2005).
However, the uncertainty is 5 X 102! cm_z, which is too large
to well constrain the Ny value. Therefore, we fixed the Ny value
at the galactic one of 3.65 x 1072 cm 2 in the following
analysis. The power-law model yielded an acceptable fitting with
a photon index of 2.4 + 0.5 and a X,Z/ = 1.09. The uncertainties
of spectral parameters are estimated within the 90% confidence
interval. On the other hand, the thermal Bremsstrahlung model
result in an equally good fitting with a slightly larger Xi of 1.15
and a plasma temperature of kT = 0.87}% keV. Both of the
single component model can describe the X-ray spectrum of
2MASS J11201034—2201340 very well and no additional
components are required. The best-fit parameters for the two
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Table 2
The Best-fit Parameters of two Different Models for the X-ray Spectrum
of 2MASS J11201034—2201340 Obtained with XMM-Newton

Power Law Bremsstrahlung
T 24 +05
kT (eV) 0.8734
Normalization 42412 % 1070 11750 x 107¢
Xf (dof) 1.09(12) 1.15 (12)

models are given in Table 2, and the spectral data and
corresponding best-fit models are shown in Figure 6. The
X-ray flux in the 0.3-10keV energy range was estimated as
1.7702 x 10 ergem ?s!

4.2. Indications from X-Ray Emission

Because the fitting of the optical folded light curve suggested
the presence of a cool spot, the existence of X-ray emission
suggests chromospheric activity. The result of the X-ray
spectral fitting also suggests a possible non-thermal or thermal
Bremsstrahlung origin for the X-ray emission. However, the
X-ray orbital profile shows no significant variations, but this
may be due to an insufficient number of X-ray photons.
Considering the stability of star spots, it is possible that their
position and size in these two observations are quite different.
To investigate the origin of the X-ray emission and its
connection to the star spot, simultaneous X-ray and optical
observations using an X-ray telescope with a large effective
area are necessary.

Although only ~ 30X-ray photons were detected in all the
Swift observations, we were able to estimate a crude X-ray
spectrum and the corresponding X-ray flux by using the online
tool provided by UK Swift Science Data Centre. The flux of
X-rays between 0.3 and 10keV determined by Swift was
1.075¢ x 107 ergem 25!, which is consistent with the
value obtained by a single XMM-Newton observation
(17752 x 107" ergem *s~"). This may indicate that no
significant X-ray flare was detected during the Swift
observations.

Using the distance estimated from the SED, the X-ra
intensity was estimated to be (0.7 — 1.5) x 103 ergs™".
Factoring in the relationship between the X-ray intensity and
the orbital period (Chen et al. 2006), 2MASS J11201034
—2201340 is within a reasonable range on the X-ray intensity
versus orbital period plot (see Figure 7). Stepien et al. (2001)
categorized W UMa-type stars into hot [(B — V)¢ < 0.6] and
cool [(B — V)y > 0.6] groups. The X-ray flux seems to
positively correlate with the color index for the hot group,
whereas it reaches a constant value after (B — V) > 0.6.
Judging from the SED fitting, 2MASS J11201034—-2201340 is
likely to be in the cool group. The ratio of the X-ray and
bolometric fluxes, log(L,/Ly), is roughly estimated to be
between —3 and —3.3, which is reasonably close to the value
presented in Stepiedt et al. (2001). Accurate multi-band
photometric observations and standard star calibration are
required to investigate the nature of this system in detail.

5. SUMMARY

While searching for the X-ray and optical counterparts of
millisecond pulsar candidates, we serendipitously detected the



THE ASTRONOMICAL JOURNAL, 151:170 (8pp), 2016 June

- 1070 (a) Power Law

3

4

»

£ 10+ b — 4
5 F «?»
8 ¥ 1
§ L 4
5 10° & by E
£ ]
= i
S 1

LT

(data—model)/error
o -
4“““““\““““““‘

n n n n 1 — n n n
0.5 1 2 5
Energy (keV)

Hu ET AL.

10° ———7— T+ ] ‘ "(b) Bremsstrahlung 4
£ ]
10+ |

normalized counts s™' keV~'
N
o
&
T
L

(data—model)/error
“H |
—t— 1
ﬂ‘i
4’7
—
4’7
|
\

Energy (keV)

Figure 6. (a) X-ray spectral data (crosses) and the best-fit power-law model (steps) of 2MASS J11201034—2201340 obtained with XMM-Newton. The lower panel
shows the deviation of each data point from the best-fit model. (b) The same as (a) for the thermal Bremsstrahlung model.
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Figure 7. Relation between the X-ray luminosity and orbital period for contact
binaries. The red star denotes 2MASS J11201034—2201340 and the open
circles are historical data adopted from Chen et al. (2006).

modulation of the uncataloged X-ray-emitting contact binary
2MASS J11201034—2201340. We presented a multi-wave-
length investigation of the object because it is detectable from
infrared to X-ray bands. We first detected 2MASS J11201034
—2201340 after we combined all of the Swift observations of
2FGL J1120.0—2204. The exact X-ray position was further
confirmed by an XMM-Newton observation. For the optical
band, the long-term CRTS light curve and SLT color
measurements confirmed that the orbital period of this system
is 0.288 day, which is between the values for A-type and
W-type contact binaries. Photometric measurement data in the
USNO-B 1.0, 2MASS, and WISE catalogs indicate that the
broadband SED of 2MASS J11201034—2201340 is that of a
K-type star. We used the Wilson—Devinney code to fit the
orbital profile in the R- and V-band follow-up light curves
observed by the SLT and showed that this system is an A-type
contact binary with a mass ratio of ~0.3. Furthermore, we
proposed a cool spot to explain the asymmetric orbital profile.
In addition to the optical periodicity, the X-ray emission hints
at the X-ray origin of this object. Although the number of X-ray
photons was insufficient to obtain a significant X-ray orbital
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profile, the X-ray spectrum is likely to be nonthermal, and thus
can be linked to chromospheric activity and star spots. The
X-ray flux, orbital period, and color index of 2MASS
J11201034—2201340 all point to it being a typical contact
binary. Additional multi-band observations with standard star
calibrations and long-time-baseline monitoring should conclu-
sively determine the physical properties of this object in detail.
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an ESA science mission with instruments and contributions
directly funded by ESA Member States and the USA (NASA).
The Swift data was supplied by the UK Swift Science Data
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ABSTRACT

We present coordinated multiwavelength observations of the bright, nearby BL Lacertae object Mrk 421 taken in
2013 January—March, involving GASP-WEBT, Swift, NuSTAR, Fermi-LAT, MAGIC, VERITAS, and other
collaborations and instruments, providing data from radio to very high energy (VHE) ~-ray bands. NuSTAR
yielded previously unattainable sensitivity in the 3-79 keV range, revealing that the spectrum softens when the
source is dimmer until the X-ray spectral shape saturates into a steep I' ~ 3 power law, with no evidence for an
exponential cutoff or additional hard components up to ~80 keV. For the first time, we observed both the
synchrotron and the inverse-Compton peaks of the spectral energy distribution (SED) simultaneously shifted to
frequencies below the typical quiescent state by an order of magnitude. The fractional variability as a function of
photon energy shows a double-bump structure that relates to the two bumps of the broadband SED. In each bump,
the variability increases with energy, which, in the framework of the synchrotron self-Compton model, implies that
the electrons with higher energies are more variable. The measured multi band variability, the significant X-ray-to-
VHE correlation down to some of the lowest fluxes ever observed in both bands, the lack of correlation between
optical /UV and X-ray flux, the low degree of polarization and its significant (random) variations, the short
estimated electron cooling time, and the significantly longer variability timescale observed in the NuSTAR light
curves point toward in situ electron acceleration and suggest that there are multiple compact regions contributing to
the broadband emission of Mrk 421 during low-activity states.

BALOKOVIC ET AL.

Key words: BL Lacertae objects: individual (Markarian 421) — galaxies: active — gamma rays: general —

radiation mechanisms: nonthermal — X-rays: galaxies

1. INTRODUCTION

Markarian 421 (Mrk 421 hereafter) is a nearby active galaxy
with a featureless optical spectrum devoid of prominent emission
or absorption lines, strongly polarized variable optical and radio
flux, and compact (milliarcsecond-scale) radio emission. As
such, it is classified as a BL Lacertae (BL Lac) type. Its spectral
energy distribution (SED) is well described by a characteristic
two-peak shape (for a review, see, e.g., Urry & Padovani 1995;
Ulrich et al. 1997). In the more general context of blazars,
Mrk 421 belongs to a subclass of the so-called high-energy-
peaked BL Lac (HBL) objects, relatively low luminosity sources
with both peaks located at relatively high energies (respectively
at ~1keV and ~100 GeV). Mrk 421 is among the closest and
most comprehensively studied objects of the HBL class and is
also the first extragalactic source detected in the very high
energy (VHE) ~-ray band (E > 100 GeV; Punch et al. 1992).

The observed properties of Mrk 421, as well as other similar
blazars, are best explained as arising from a relativistic jet seen
at a small angle to our line of sight (Urry & Padovani 1995).
The nonthermal and polarized continuum observed from the
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radio band to the soft X-ray band suggests that this part of the
SED is due to a distribution of relativistic electrons radiating
via the synchrotron process. The radiation in the 7-ray band is
likely due to inverse-Compton scattering by energetic electrons
responsible for the synchrotron radiation, as confirmed by
simultaneous, correlated variations in the low- and high-energy
SED components (e.g., Giebels et al. 2007; Fossati et al. 2008;
Aleksié¢ et al. 2015b). The seed photons are most likely the
synchrotron photons internal to the jet. Such “synchrotron self-
Compton” (SSC) models, developed by many authors (for early
examples see, e.g., Jones et al. 1974; Ghisellini et al. 1985;
Marscher & Gear 1985), have been successfully invoked to
describe the full SED of HBL objects (e.g., Ulrich et al. 1997;
Fossati et al. 2008; Tavecchio et al. 2010).

The range of measured flux of Mrk 421 spans up to two
orders of magnitude in some spectral bands, with flares
occurring on very short timescales (a day or less; e.g., Gaidos
et al. 1996; Tanihata et al. 2003; Fossati et al. 2008). Possibly
the best bands to study such variability are the X-ray and VHE
~-ray bands: in the context of the SSC model, they represent
radiation from the most energetic electrons, which have the
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shortest timescales for radiative losses. The cross-correlation of
time series measured in various bands provides additional clues
to the radiative processes, the acceleration and energy
distribution of radiating particles, and the structure and intrinsic
power of the relativistic jet. The relative temporal variability in
different spectral bands, from radio through VHE ~-rays,
provides an important handle on the location of the energy
dissipation with respect to the central black hole (Sikora
et al. 2009; Janiak et al. 2012). In the context of a specific
model for the radiation, the underlying particle distributions
may be determined more or less directly from the observed
multiwavelength SEDs. Particle-acceleration mechanisms can
then be constrained by the shape of those particle distributions.
Diffusive shock acceleration, an example of a first-order Fermi
(Fermi I) process, is generally associated with single power-law
distributions (e.g., Blandford & Eichler 1987; Jones &
Ellison 1991). In contrast, log-parabolic distributions are
produced in models of stochastic acceleration (e.g., Massaro
et al. 2004; Tramacere et al. 2011), which can be considered
equivalent to a second-order Fermi (Fermi II) process.

Mrk 421 and other HBL-type blazars have been extensively
studied in the soft X-ray band (e.g., Makino et al. 1987;
Takahashi et al. 1996; Ravasio et al. 2004; Tramacere et al.
2007b, 2009), revealing a range of spectral slopes in various
quiescent and flaring states. Less is known about the hard X-ray
(Z10keV) properties of blazar jet emission: the data are far
fewer and available mostly for flaring episodes, or averaged
over relatively long timescales (e.g., Guainazzi et al. 1999;
Giebels et al. 2007; Fossati et al. 2008; Ushio et al. 2009; Abdo
et al. 2011). This energy band probes the most energetic and
fastest-varying tail of the distribution of synchrotron-radiating
particles and therefore represents an important diagnostic of the
content of the jet and the processes responsible for the
acceleration of particles to the highest energies. The inverse-
Compton component increases with energy and could poten-
tially contribute significantly to the hard X-ray band. If so, it
would also provide a strong constraint on the low-energy part
of the electron distribution, which is a significant, if not
dominant, part of the total kinetic power of the jet.

Mrk 421 observations were part of the Nuclear Spectro-
scopic Telescope Array (NuSTAR; Harrison et al. 2013) blazar
program, aimed at advancing our understanding of astrophy-
sical jets. The multiwavelength campaign focused on
Mrk 421 was carried out between 2012 December and 2013
May, with three to four pointings per month, designed to
maximize strictly simultaneous overlap with observations by
the VHE ~-ray facilititcs VERITAS and MAGIC. We also
secured nearly simultaneous soft X-ray, optical, and UV
observations from the Swift satellite. The ~-ray data from
Fermi-LAT, which observes Mrk 421 every 3 hr, was also used
together with all the coordinated multiwavelength data.
Mrk 421 varied in flux throughout the campaign, with a
relatively low flux in the X-ray and VHE bands at the
beginning, increasing to a major flare toward the end of the
campaign. In this paper, we present part of the data collected
during the first 3 months of the campaign, with particular
emphasis on the detailed shape of the X-ray spectrum, its
variability, and the correlated variability observed in VHE ~-
rays. We also report briefly on the observations of
Mrk 421 prior to the start of the campaign, in 2012 July, when
the object was used for calibration purposes during the in-orbit
verification phase of NuSTAR. During this period,
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Mrk 421 emission was broadly consistent with previously
observed quiescent states, which we define here to be
characterized by relatively low flux at all frequencies and by
the absence of significant flaring (see, e.g., Abdo et al. 2011).
The flaring period of the 2013 campaign will be covered in a
separate publication.

The outline of the paper is as follows. In Section 2 we
describe the multiwavelength observations and data used in this
paper. We dedicate Section 3 to a detailed characterization of
the hard X-ray spectrum of Mrk 421 with NuSTAR. The results
of the multiwavelength campaign in 2013 January—March are
presented in Section 4. Discussion of the empirical results and
modeling of the broadband properties are given in Section 5,
and in Section 6 we summarize the main results. We adopt a
distance of 141 Mpc to Mrk 421, calculated from its measured
redshift z=0.0308 (based on absorption lines in the spectrum
of the host galaxy; Ulrich et al. 1975) and the cosmological
parameters recently refined by the Planck Collaboration (Ade
et al. 2014): hy=0.67, Qy = 0.685.

2. OBSERVATIONS AND DATA ANALYSIS
2.1. Radio

The Owens Valley Radio Observatory (OVRO) 40 m
telescope was used for observation at 15 GHz, as a part of a
long-term blazar monitoring program. Additional observations
were scheduled at times of coordinated observations with X-ray
and VHE ~-ray observatories. The data were reduced using
standard processing and calibration techniques described in
detail in Richards et al. (2011). Radio observations of
Mrk 421 between 2.64 and 142 GHz have been obtained within
the framework of the F-GAMMA program (Fuhrmann et al.
2007, 2014; Angelakis et al. 2010), a «-ray blazar monitoring
program related to the Fermi Gamma-ray Space Telescope.
Observations with the Effelsberg 100 m and Pico Veleta 30 m
telescopes are performed roughly once per month. The
Effelsberg measurements are conducted with heterodyne
receivers at 2.64, 4.85, 8.35, 10.45, 14.60, 23.05, and
32.0 GHz, while the Pico Veleta telescope is used with the
EMIR receiver to provide the high-frequency (86.2 and
142.3 GHz) flux measurements. Standard data processing and
calibration were performed as described in Angelakis et al.
(2008, 2015). The Metsdhovi Radio Observatory 14 m
telescope also participated in this multi-instrument campaign,
providing observations of Mrk 421 at 37 GHz every few days.
Details of the observing strategy and data reduction for this
monitoring program can be found in Terédsranta et al. (1998).

2.2. Optical

The coverage at optical frequencies was provided by various
telescopes around the world within the GASP-WEBT program
(e.g., Villata et al. 2008, 2009). In particular, the following
observatories contributed to this campaign: Teide (IACS80),
Crimean, Lowell (Perkins telescope), Roque de los Muchachos
(KVA and Liverpool telescopes), Abastumani, Pulkovo, St.
Petersburg, Belogradchik, Rozhen (50/70cm, 60cm, and
200 cm telescopes), Vidojevica, and Lulin. Additionally, many
observations were performed with iTelescopes, Bradford
Robotic Telescope, ROVOR, and the TUBITAK National
Observatory. In this paper, we use only R-band photometry.
The calibration stars reported in Villata et al. (1998) were used
for calibration, and the Galactic extinction was corrected with
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the reddening corrections given in Schlafly & Finkbeiner (2011).
The flux from the host galaxy was estimated using the R-band
flux from Nilsson et al. (2007) for the apertures of 5” and 775
used by various instruments. We applied an offset of —5 mly to
the fluxes from ROVOR in order to achieve better agreement
with the light curves from the other instruments. This difference
may be related to the specific spectral response of the filters
used, or the different analysis procedures that were employed.
Additionally, a point-wise fluctuation of 2% on the measured
flux was added in quadrature to the statistical uncertainties in
order to account for potential day-to-day differences in
observations with any of the instruments.

Polarization measurements are utilized from four observa-
tories: Lowell (Perkins telescope), St. Petersburg, Crimean, and
Steward (Bok telescope). The polarization measurements from
Lowell and St. Petersburg observatories are derived from
R-band imaging polarimetry. The measurements from Steward
Observatory are derived from spectropolarimetry between 4000
and 7550 A with a resolution of ~15 A. The reported values are
constructed from the median Q/I and U/I in the 5000-7000 A
band. The effective wavelength of this bandpass is not too
different from the Kron-Cousins R band, and the wavelength
dependence in the polarization of Mrk 421 seen in the spectro-
polarimetry during this period is not strong enough to
significantly affect the variability analysis of the measurements
from various telescopes. The observing and data-processing
procedures for the polarization measurements are described in
Larionov et al. (2008), Smith et al. (2009), and Jorstad
et al. (2010).

2.3. Swift UVOT and XRT

Swift observations with the UV /Optical Telescope (UVOT;
Roming et al. 2005) were performed only with the UV filters
(namely, W1, M2, and W2). Observations with the optical
filters were not needed because we had organized extensive
coverage with ground-based optical telescopes, which have
better sensitivity and angular resolution than Swift-UVOT. We
performed aperture photometry for all filters in all the
observations using the standard UVOT software distributed
within the HEAsoft package (version 6.10) and the calibration
included in the latest release of the CALDB. Counts were
extracted from an aperture of 5”radius for all filters and
converted to fluxes using the standard zero points from
Breeveld et al. (2011). The fluxes were then dereddened using
the value of E(B — V) = 0.014 (Schlegel et al. 1998;
Schlafly & Finkbeiner 2011) with A,/E(B — V) ratios
calculated using the mean Galactic interstellar extinction curve
from Fitzpatrick (1999). No variability was detected within
single exposures in any filter. The results of the processing
were carefully verified, checking for possible contaminations
from nearby objects within source apertures and from objects
falling within background apertures. In almost all observations,
Mrk 4211is on the “ghost wings” (Li et al. 2006) from the
nearby star 51 UMa, so we estimated the background from two
circular apertures of 16" radius off the source but on the wings,
excluding stray light and support structure shadows.

The complete list of Swift X-ray Telescope (XRT; Burrows
et al. 2005) and UVOT observations used here is given in
Table 1. The observations were organized to be taken
simultaneously with (or as close as possible to) the MAGIC/
VERITAS and NuSTAR observations, following the fruitful
monitoring campaign practice since 2009. Swift observed the
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source 33 times in 2013 up to the end of March. All Swift-
XRT observations were carried out using the Windowed Timing
(WT) readout mode. The data set was processed with the
XRTDAS software package (version 2.9.0) developed at ASDC
and distributed with the HEASoft package (version 6.13). Event
files were calibrated and cleaned with standard filtering criteria
with the xrtpipeline task using the latest calibration files
available in the Swift CALDB. The average spectrum was
extracted from the summed cleaned event file. Events for the
spectral analysis were selected within a circle of 20 pixel (~246")
radius, which encloses about 80% of the PSF, centered on the
source position. The background was extracted from a nearby
circular region of 40 pixel radius. The ancillary response files
(ARFs) were generated with the xrtmkarf task applying
corrections for PSF losses and CCD defects using the cumulative
exposure map. The Ilatest response matrices (version 14)
available in the Swift CALDB were used.

Before the spectral fitting, the 0.3—10 keV source spectra
were binned using the grppha task to ensure a minimum of 20
counts per bin. Spectra were modeled in Xspec (version
12.8.0) using power-law and log-parabolic models, identical to
the modeling presented in detail in Section 3.2. The models
include photoelectric absorption by a ﬁxed column density
estimated to be Ny = 1.92 x 102 cm~2 (Kalberla et al.
2005). The log-parabolic model was found to fit the data better
in each observation (though statistical improvement is marginal
in some cases) and was therefore used to compute fluxes in
various subbands. Spectral parameters are provided for each
observation in Table 2.

2.4. NuSTAR

NuSTAR (Harrison et al. 2013) is a focusing hard X-ray
telescope operating in the band from 3 to 79 keV. It is the first
X-ray observatory to extend the sensitivity beyond the
~10 keV cutoff shared by virtually every current focusing
X-ray satellite. The inherently low background associated with
concentrating target X-rays enables NuSTARto achieve
approximately a 100-fold improvement in sensitivity over the
collimated and coded-mask instruments that operate, or have
operated, in the same bandpass. All observations are conducted
in parallel with two coaligned, independent telescopes called
FPMA and FPMB (for Focal Plane Module A and B).

The NuSTAR primary mission includes monitoring of several
types of blazars; Mrk 421 has been selected for this program as a
representative of the high-peaked BL Lac (HBL) class. In order
to maximize the strictly simultaneous overlap of observations by
NuSTAR and ground-based VHE ~-ray observatories during the
5-month campaign, three observations per month were sched-
uled according to visibility of Mrk421 at the MAGIC and
VERITAS sites. A typical NuSTAR observation spanned 10 hr,
resulting in 15-20 ks of source exposure after accounting for
orbital modulation of visibility and filtering out South Atlantic
Anomaly crossings where the background radiation is high. In
addition to those observations, Mrk 421 was observed as a bright
calibration target in 2012 July and early 2013 January. The total
exposure time over 88 orbits of NuSTAR observations in this
period is ~250 ks. A list of all NuSTAR observations considered
in this paper is given in Table 3. Analysis of the remainder of the
campaign data will be presented elsewhere.

The raw data have been reduced using the NuSTARDAS
software version 1.3.1, as a part of the HEAsoft package
version 6.12. The spectra of Mrk 421 were extracted from a
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Table 1
Summary of the Swift Observations of Mrk 421 (2013 January—March)

Sequence ID Start Date Start Time Number of Orbits Exposure® (ks) UV Flux Densityb (mly) Count Rate® (s™ 1)
(UTC) (MJD) UvoT XRT Wi Ml w2
00080050001 2013 Jan 02 56294.7961 2 1.6 1.8 26.8 £ 0.9 27.0 £ 0.9 12.6 £ 0.1
00035014024 2013 Jan 04 56296.9370 1 1.0 1.0 23.6 + 0.8 23.7 £ 0.8 204 + 0.7 18.8 £ 0.2
00035014025 2013 Jan 08 56300.1523 1 0.8 0.8 21.1 £ 0.7 20.3 £ 0.7 17.6 £ 0.6 7.8 £ 0.1
00035014026 2013 Jan 10 56302.1557 2 1.1 1.7 22.5 +£0.7 23.1 £ 0.8 19.7 £ 0.7 9.1 £ 0.1
00035014028 2013 Jan 10 56302.3418 2 0.8 1.3 227 £ 0.8 223 +£0.7 19.2 +£ 0.6 9.0 £ 0.1
00035014027 2013 Jan 10 56302.4752 1 1.3 1.3 22.1 £ 0.7 22.1 £ 0.7 18.8 + 0.6 8.33 £ 0.09
00035014029 2013 Jan 10 56302.6764 3 2.9 3.8 21.5 £ 0.7 213 +£0.7 183 £ 0.6 9.52 £+ 0.06
00035014031 2013 Jan 10 56302.9601 1 0.7 0.7 21.3 £ 0.7 20.9 + 0.7 18.1 £ 0.6 11.0 £ 0.2
00035014032 2013 Jan 12 56304.4790 1 1.1 1.1 18.7 £ 0.6 18.5 £ 0.6 16.1 £ 0.5 14.1 £ 0.1
00035014034 2013 Jan 15 56307.0928 3 3.8 4.0 17.2 + 0.6 174 + 0.6 15.0 &£ 0.5 224 + 0.1
00035014033 2013 Jan 15 56307.3519 5 5.0 6.3 17.7 + 0.6 17.8 £ 0.6 154 +£ 0.5 22.59 + 0.08
00035014035 2013 Jan 18 56310.1675 1 1.0 1.0 18.9 + 0.6 18.7 + 0.6 16.1 £ 0.5 89 £ 0.1
00080050002 2013 Jan 20 56312.2389 7 3.9 8.8 19.6 + 0.6 194 + 0.6 16.4 + 0.6 9.17 £ 0.04
00035014036 2013 Jan 22 56314.5070 1 1.1 1.1 21.7 £ 0.7 21.7 £ 0.7 19.2 + 0.6 10.5 £ 0.1
00035014038 2013 Jan 25 56317.3009 3 0.6 7.8 157 £ 0.5 154 £ 0.6 134 £ 04 114 £0.2
00035014039 2013 Jan 28 56320.3057 1 1.0 1.0 13.7 £ 0.5 13.7 £ 0.5 12.0 £ 0.4 17.6 + 0.2
00035014040 2013 Feb 01 56324.6601 1 1.1 1.1 13.3 £ 04 13.3 £ 04 11.7 £ 04 285+ 0.2
00035014041 2013 Feb 04 56327.1409 2 0.3 0.8 15.3 + 0.6 15.0 + 0.6 13.4 £ 0.5 28.7 £ 0.3
00080050003 2013 Feb 06 56329.0586 6 2.1 9.5 145 £ 0.5 144 £ 0.5 128 £ 0.4 21.54 + 0.05
00035014043 2013 Feb 10 56333.1279 1 1.0 1.0 13.2 £ 04 13.0 = 0.4 113+ 04 21.1 £ 0.2
00080050005 2013 Feb 12 56335.0700 6 2.6 6.3 174 +£ 0.6 177 £ 0.6 157 +£ 0.5 22.82 + 0.08
00035014044 2013 Feb 15 56338.0045 1 1.0 0.8 18.1 £ 0.6 18.2 £ 0.6 15.8 £ 0.5 89 £ 0.6
00080050006 2013 Feb 17 56340.0047 7 2.9 9.2 18.1 £ 0.6 18.7 £ 0.6 16.1 £ 0.5 13.18 + 0.05
00035014045 2013 Feb 19 56342.1393 2 0.6 1.1 16.0 + 0.5 157 £ 0.6 134 + 04 122 £ 0.2
00035014046 2013 Feb 23 56346.3481 1 1.0 1.0 19.6 + 0.7 19.9 + 0.7 17.5 £ 0.6 15.0 £ 0.2
00035014047 2013 Feb 27 56350.3573 1 1.1 1.1 19.6 + 0.7 19.2 + 0.6 17.0 + 0.6 123 £ 0.1
00035014048 2013 Mar 01 56352.3675 1 1.1 1.0 194 + 0.6 19.2 £ 0.6 16.5 £ 0.5 16.9 + 0.1
00080050007 2013 Mar 04 56355.9845 1 1.0 1.0 23.8 + 0.9 24.9 + 0.8 21.2 £ 0.7 33.8 £ 0.3
00080050009 2013 Mar 05 56356.0538 5 2.5 3.9 24.0 + 0.8 242 + 0.8 21.0 £ 0.7 30.4 £+ 0.1
00035014049 2013 Mar 07 56358.3190 1 0.9 0.6 27.0 + 0.9 27.9 + 0.9 253 + 0.9 255+ 0.3
00080050011 2013 Mar 12 56363.0045 7 6.1 8.3 25.6 £ 0.9 25.8 £ 0.9 22.0 £ 0.7 17.2 £ 0.8
00035014051 2013 Mar 15 56366.2540 1 0.8 0.8 20.5 + 0.7 20.7 + 0.7 18.0 + 0.6 23.43 + 0.06
00080050013 2013 Mar 17 56368.0609 6 7.7 8.9 22.5 £ 0.7 22.5 +£0.7 19.5 £ 0.6 19.6 £ 0.3
00035014052 2013 Mar 18 56369.0665 1 1.0 1.0 21.1 £ 0.7 21.3 £ 0.7 18.6 + 0.6 21.95 + 0.07
00035014053 2013 Mar 19 56370.0675 1 1.0 1.0 20.7 +£ 0.7 21.1 £ 0.7 19.2 £ 0.6 30.3 £ 0.2
00035014054 2013 Mar 23 56374.2797 1 0.9 1.0 20.7 £ 0.7 20.7 £ 0.7 18.5 £ 0.6 58.0 £ 0.3
Notes.

 For Swift-XRT, sum of all good time intervals after standard filtering; for Swift-UVOT, the total integration time, summed over all bands.

® Extinction-corrected flux in Swift-UVOT filters (see text for details).

€ Swift-XRT source count rate in the 0.3—10 keV band averaged over the exposure time. Background has been subtracted, and PSF and pileup corrections have been

applied. The uncertainty is quoted at 68% significance (10).

circular region of 100”radius centered on the peak of the
distribution of cleaned events. Background spectra were
extracted from a region encompassing the same detector on
which the source was focused, excluding the circular region
from which the source counts were extracted. As the
background generally differs between different detectors and
may be variable on few-orbit timescales, extraction from a
region of maximal area on the same detector where the source
is present provides the best background estimate over the
NuSTAR band. Nevertheless, other background extractions
have been attempted and no significant differences have been
observed in the results.

The response files were generated using the standard
nupipeline and nuproducts scripts and the calibration
files from CALDB version 20131223. All flux values reported in
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this paper have been corrected for the finite extraction aperture
by the processing software. The dominant background compo-
nent above 25 keV is the internal detector background. With
good background characterization, the data may be used for
spectral modeling up to the high-energy end of the NuSTAR band
at 79 keV. The spectra of all NuSTAR observations of
Mrk 421 are above the background level at least up to 25 keV
and up to ~40 keV in observations at high flux. For this reason,
we quote count rates only up to 30 keV in the remainder of the
paper. Three faint serendipitous sources have been found in the
NuSTAR field of view (detected only in the deep co-added image
using all observations presented in G. B. Lansbury et al., in
preparation); however, they do not represent a contamination
problem owing to the overwhelming brightness of Mrk 421 in all
epochs.
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Table 2
Models Fitted to the Swift-XRT Spectra of Each Observation
Power Law Log-parabola (Ex = 1 keV) Time-averaged Flux®

Start Time (MJD) T x?/dof e I} x?2/dof 0.3-3 keV 3-7 keV 2-10 keV
56294.7906 2.86 = 0.03 254/199 2.85 +£0.03 0.23 £ 0.09 233/198 20.0 £ 05 27+02 5.6 04
56296.9370 2.68 + 0.02 281/227 2.64 £+ 0.02 0.28 £+ 0.07 235/226 27.0 £ 0.3 4.8 +0.2 9.9 £ 0.6
56300.1523 2.75 £ 0.04 171/144 2.74 £ 0.04 0.1 £0.1 168/143 10.0 £ 0.4 1.8 £0.1 3.6 £03
56302.1557 2.80 £ 0.03 219/198 2.79 £ 0.03 0.16 £ 0.09 208/197 13.0 £0.2 20£0.2 41+03
56302.3418 2.82 +£0.03 199/183 2.79 £ 0.03 0.2 £0.1 187/182 140 £ 0.2 2.1+02 43 +£03
56302.4751 2.89 £ 0.03 175/172 2.87 £0.03 03 £ 0.1 159/171 13.0 £ 0.4 1.5 £0.1 33+£02
56302.6764 2.74 £ 0.02 335/275 2.71 £ 0.02 0.19 £ 0.06 304/274 14.0 £ 0.2 24+ 0.1 50+02
56302.9601 2775 £ 0.04 139/155 2.73 £ 0.04 0.2 £0.1 132/154 15.0 £0.2 25+03 51+£02
56304.4790 2.60 £ 0.02 252/218 2.56 £ 0.03 0.26 £ 0.08 219/217 21.0 £ 0.6 42402 84 +£03
56307.0928 2.49 £ 0.01 500/394 2.45 + 0.01 0.22 £+ 0.03 385/393 33.0 £ 02 83+04 16.0 £ 0.4
56307.3519 2.60 £ 0.01 728/431 2.56 £+ 0.01 0.26 £+ 0.03 477/430 33.0 £0.2 6.6 £0.2 13.0 £0.3
56310.1675 2.85 £ 0.03 198/161 2.83 £ 0.04 03 £0.1 180/160 120 £ 0.3 1.6 £0.1 35+03
56312.2389 2.72 £ 0.01 403/351 2.69 £ 0.01 0.17 £ 0.04 350/350 14.0 £ 0.1 25 +£0.1 51 +£0.1
56314.5070 2.69 £ 0.03 232/197 2.68 £+ 0.03 0.07 £ 0.10 229/196 16.0 £ 0.3 32+02 6.4 +0.3
56317.3009 2.71 £ 0.03 165/171 2.69 £ 0.04 02 +0.1 158/170 17.0 £ 0.3 3.0+ 03 62 +04
56320.3057 2.58 £ 0.02 278/216 2.53 £0.03 0.31 £ 0.08 238/215 25.0 £ 0.6 51+£03 10.0 £ 0.5
56324.6601 2.35 £ 0.02 302/261 2.31 £0.03 0.21 £ 0.06 270/260 49.0 + 0.7 150 £ 0.5 30+ 1

56327.1409 2.51 £0.02 307/250 2.45 + 0.02 0.33 £ 0.07 231/249 40.0 £ 05 9.1 +03 18.0 £ 0.9
56329.0586 2.39 £ 0.01 1123/530 2.33 £ 0.01 0.24 £ 0.02 687/529 31.0 £ 0.1 9.0 £0.1 18.0 £ 0.3
56333.1279 2.41 £+ 0.02 307/256 2.37 £ 0.02 0.21 £ 0.06 277/255 31.0 £ 0.6 88 04 17.0 £ 0.6
56335.0700 2.51 £0.01 528/444 2.49 £ 0.01 0.10 £ 0.03 496/443 340 £03 8.9 £ 0.1 18.0 £0.2
56338.0045 2.76 + 0.03 172/169 2.74 £ 0.04 0.2 £0.1 166/168 17.0 £ 0.3 28 +03 58 £0.6
56340.0047 2.61 £0.01 586/419 2.58 £ 0.01 0.17 £ 0.03 493/418 20.0 £ 0.1 42+ 0.1 84 +£02
56342.1393 2.53 £0.03 243/187 2.51 £0.04 0.1 £ 0.1 236/186 19.0 £ 0.3 45+05 9.0 £0.3
56346.3481 2.75 £0.03 223/196 2.72 £ 0.03 0.27 £ 0.09 198/195 21.0 £ 0.6 33+02 6.9 + 04
56350.3573 2.60 £ 0.03 221/196 2.57 £0.03 0.20 £ 0.09 206/195 18.0 £ 04 38 +£03 7.6 £0.5
56352.3675 2.46 £ 0.02 269/243 2.44 + 0.03 0.14 £ 0.07 256/242 240 £ 0.5 6.5+ 0.4 13.0 £ 0.8
56355.9845 2.52 £ 0.02 279/256 2.48 £ 0.02 0.21 £ 0.07 249/255 55.0 £0.8 13.0 £ 0.6 26.0 £ 0.6
56356.0538 2.55 £ 0.01 692/444 2.52 £ 0.01 0.21 £ 0.03 518/443 450 +£ 0.4 10.0 £ 0.2 20.0 £ 04
56358.3190 2.39 £ 0.03 230/213 241 +0.03 —0.07 £ 0.08 228/212 48 + 1 17+ 1 33+2

56363.0045 2.57 £ 0.01 837/476 2.53 £ 0.01 0.24 £ 0.02 517/475 340 £0.2 73 £0.1 15.0 £ 0.2
56366.2540 2.40 £ 0.02 230/245 2.38 £ 0.03 0.12 £ 0.07 222/244 27.0 £ 03 8.4+ 04 16.0 £ 0.9
56368.0609 2.40 £ 0.01 758/516 2.37 £ 0.01 0.14 £+ 0.02 643/515 34.0 £0.2 10.0 £ 0.2 20.0 £0.2
56369.0665 2.37 £0.02 352/301 2.33 £0.02 0.19 £+ 0.05 315/300 44.0 £ 0.5 14.0 + 0.6 27.0 £ 0.8
56370.0675 2.36 £ 0.02 323/308 2.34 £ 0.02 0.09 £ 0.05 313/307 43.0 £ 0.6 14.0 £ 04 28.0 £0.8
56374.2797 2.14 £ 0.01 539/425 2.08 £ 0.02 0.18 £+ 0.03 457/424 78.0 £ 0.7 35.0 £ 0.6 68 + 2

Note.
* Flux calculated from the best-fit model, in units of 10~'" erg s~' cm ™2,

2.5. Fermi-LAT The analyses considered data in day-long and week-long
The Large Area Telescope (LAT) on board the Fermi intervals contemporaneous with the NuSTAR observation win-
satellite is a pair-conversion telescope with energy coverage dows. The likelihood model used for all intervals included the

from 20 MeV to >300 GeV. LAT has a ~2.4 sr field of view sources from the second Fermi-LAT catalog (Nolan et al. 2012)
and provides  all-sky monit;)ring coverage on a ~3hr time- located within a 15° region of interest centered on Mrk 421, as

scale (Atwood et al. 2009). For the analyses presented in this _weu as thel s}t;a n;l(ard Gslactl(j‘ (ﬁffuse, ilsitrop 1c, 'Eclin(cli rgmdu;l !
paper, we have selected Source class events with energies in instrumental background emission models provided by the

the range 0.1-300 GeV and within 15° of the position of Fermi Science Support Center.'”” For all epochs, the spectrum of
.. Mrk 421 was fitted with a power-law model, with both the flux
Mrk 421. In order to greatly reduce contamination from Earth o . . .
limb photons, we have excluded events at zenith angles >100° norn}allgatlon and photon 1nd§x being left as free parameters in
and any events collected when the spacecraft rocking angle was the likelihood fit. We summartze the SP ectr’al pmameters for four
>52°. The data were analyzed using the P7REP_SOUR- selected f:pochs (d{scussed in detaﬂ’ in Sf:ctlon 5)in Table' 4. The
CE_V15 instrument-response functions and the gtan dard systematic uncertainty on the flux is estimated as approximately

unbinned-likelihood software provided with version 09-33-00 > at 560MeV and under 10% at 10 GeV and above
of the Fermi Science Tools. 10 (Ackermann et al. 2012). As variability in the Fermi-LAT band

106 107
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Table 3
Summary of the NuSTAR Observations of Mrk 421 (2013 January—March)

Sequence ID Start Date Start Time Number of Orbits Duration Exposure® Count Rate® (s71)

(UTC) (MJD) (ks) (ks) FPMA FPMB
10002015001 2012 Jul 07 56115.1353 14 81.0 42.0 3.71 £ 0.01 3.84 +£ 0.01
10002016001 2012 Jul 08 56116.0732 8 46.2 25.4 4.18 + 0.01 445 4+ 0.01
60002023002 2013 Jan 02 56294.7778 3 15.6 9.2 1.162 + 0.009 1.155 4+ 0.008
60002023004 2013 Jan 10 56302.0533 8 44.6 22.6 0.785 + 0.007 0.751 + 0.006
60002023006 2013 Jan 15 56307.0386 8 459 22.4 2.79 £+ 0.01 2.74 £ 0.01
60002023008 2013 Jan 20 56312.0980 8 45.2 24.9 0.923 + 0.006 0.899 + 0.006
60002023010 2013 Feb 06 56329.0116 8 422 19.3 3.52 £ 0.01 3.55 £ 0.01
60002023012 2013 Feb 12 56335.0106 6 354 14.8 4.39 + 0.02 443 +0.02
60002023014 2013 Feb 17 56339.9828 7 41.7 17.4 1.50 £ 0.01 1.54 £ 0.01
60002023016 2013 Mar 04 56355.9631 6 35.0 17.3 4.11 + 0.02 4.13 +0.02
60002023018 2013 Mar 11 56362.9690 6 31.9 17.5 3.04 £ 0.01 3.02 £ 0.01
60002023020 2013 Mar 17 56368.0210 6 35.1 16.6 4.33 +0.02 4.38 + 0.02
Notes.

¥ Livetime-corrected sum of all good time intervals composing the observation.
® PSF-corrected source count rate and its uncertainty in the 3-30 keV band averaged over the exposure time.

was not significant, these epochs may be considered representa-
tive of the entire 2013 January—March period.

2.6. MAGIC

MAGICis a system of two 17 m diameter imaging air-
Cherenkov telescopes (IACTs) located at the Roque de los
Muchachos Observatory on La Palma, one of the Canary
Islands (28°46’ N, 17°53/4 W at 2231 m above sea level). The
hardware was substantially upgraded during 2011 and 2012
(Aleksic et al. 2016a), which yielded a performance character-
ized by a sensitivity of ~0.7% of the Crab Nebula flux to detect
a point-like source above 200 GeV at 50 in 50hr of
observation. Equivalently, a 1 hr integration yields a detection
of a source with approximately 5% Crab flux. The angular
resolution is <007 (68% containment, >200 GeV), and the
energy resolution is 16%. The systematic uncertainties in the
spectral measurements for a Crab-like point source were
estimated to be 11% in the normalization factor (at ~200 GeV)
and 0.15 in the power-law slope. The systematic uncertainty in
the absolute energy determination is estimated to be 15%.
Further details about the performance of the MAGIC telescopes
after the hardware upgrade in 2011-2012 can be found in
Aleksic et al. (2016b).

After data-quality selection, Mrk 421 was observed with
MAGIC for a total of 10.8 hr between 2013 January 8 and
2013 March 18. Most of these observations (8 hr in total) were
strictly simultaneous with the NuSTAR observations. They were
performed in the “false-source tracking” mode (Fomin et al.
1994), where the target source position has an offset of 074
from the camera center, so that both signal and background
data are taken simultaneously. Those data were analyzed
following the standard procedure described in Aleksi¢ et al.
(2016b), using the MAGIC Analysis and Reconstruction
Software (MARS; Moralejo et al. 2009). The analysis cuts to
extract ~-ray signals from the hadronic background were
optimized on the Crab Nebula data and dedicated Monte Carlo
simulations of vy-ray-induced showers.

The significance of the source detection, calculated using
Equation (17) from Li & Ma (1983), varied between 8.3¢0
(MJD 56310) and 38.3c (MJD 56335). Observed intranight
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variability is not statistically significant, so we used data
integrated over complete observations for the spectral analysis.
Spectra were modeled with a power-law function with a
normalization energy of 300 GeV. The normalization energy
was chosen to be 300 GeV for both MAGIC and VERITAS, in
order to facilitate a direct comparison of the VHE spectral
results. For observations in which the spectrum is not well
described by a power-law model (MJD 56302, 56335, and
56363), we additionally fit a log-parabolic model. A summary
of the observations and the spectral modeling is given in
Table 5. All uncertainties quoted in the table and in the rest of
the paper are statistical only.

2.7. VERITAS

The Very Energetic Radiation Imaging Telescope Array
System (VERITAS) is an array of four 12 m diameter IACTs
located in southern Arizona (Weekes et al. 2002; Holder et al.
2006) designed to detect emission from astrophysical objects in
the energy range from ~100 GeV to greater than 30 TeV. A
source with 1% of the Crab Nebula flux can be detected
in 2225 hr of observations; equivalently, a source with approxi-
mately 5% Crab flux can be detected in a 1 hr integration.
VERITAS has an energy resolution of ~15% and an angular
resolution (68% containment) of ~0°?1 per event at 1 TeV. The
uncertainty on the VERITAS energy calibration is approxi-
mately 20%. The systematic uncertainty on reconstructed
spectral indices is estimated at 0.2, independent of the source
spectral index, according to studies of Madhavan (2013).
Details of the sensitivity of the system after the recent hardware
upgrade can be found on the VERITAS Web site.'*®

VERITAS observations of Mrk 421 were carried out under
good weather conditions during the period of the
NuSTAR campaign, resulting in a total, quality-selected expo-
sure time of 15.5hr during the period 2013 January 10 to
2013 March 17, almost all of which is strictly simultaneous
with NuSTAR exposures. These observations were taken at 075
offset in each of four cardinal directions from the position of
Mrk 421 to enable simultaneous background estimation using

108 http:/ /veritas.sao.arizona.edu/specifications
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Table 4
Spectral Parameters of the Fermi-LAT Observations of Mrk 421 for Four Selected Epochs in 2013 January—March

Start Time Stop Time Photon Flux* Photon Index Energy Flux*
(MJID) (MID) 1077s 'em™?) (10%evVsem™?)
56112.1500 56119.6000 23+04 1.74 £ 0.09 34 +£08
56291.7900 56298.5200 2.1 +0.5 1.8 £ 0.1 29 +0.8
56298.5200 56304.8200 1.5+ 04 1.6 £ 0.1 3.1+09
56304.8200 56309.8400 2.6 £ 0.6 1.9 £ 0.1 3+1
Note.

 Fluxes in the 0.1-100 GeV band.

the “false-source tracking” method (Fomin et al. 1994).
Detected events are parameterized by the principal moments
of the elliptical images of the Cherenkov shower in each
camera (Hillas 1985). Cosmic-ray background rejection is
carried out by discarding events based on a set of selection cuts
that have been optimized a priori using VERITAS observations
of the blazar 1ES 12184304 (photon index 3.0) and the Crab
Nebula (photon index 2.5). The results were verified using two
independent analysis packages (Cogan 2008; Daniel 2008).

The significance of the source detection was calculated using
Equation (17) from Li & Ma (1983) and was found to vary
between 18.70 (on MJD 56302) and 40.40 (on MJD 56368). No
significant intranight variability was detected. Since the
observations spanned several hours during each night, the
energy threshold varied owing to the range of zenith angles
observed. Fluxes are therefore quoted at a commonly reached
minimum energy of 200 GeV. We modeled the spectra with a
power-law function with a normalization energy of 300 GeV.
For four observations (MJD 56302, 56356, 56363, and 56368),
the spectrum is better described with a log-parabolic model,
while for the other observations this model does not provide a
significantly better fit than the simpler power-law model. A
summary of the observations, VHE flux, and spectral parameters
with their statistical uncertainties is given in Table 6.

3. CHARACTERIZATION OF THE HARD X-RAY
SPECTRUM OF MRK 421 WITH NuSTAR

3.1. Flux and Hardness Ratio Variability

Figure 1 shows the background-subtracted X-ray light curves
extracted from the NuSTAR observations of Mrk 421 listed in
Table 3. The split into subbands at 7 keV is based on the
spectral analysis and justified in later sections. The count rate
above 30 keV is dominated by the background on short
timescales and is therefore not shown here. The differences in
count rates between observations, as well as the range covered
in each particular observation, are entirely dominated by the
intrinsic variability of the target. For example, the calibration
observation taken in 2012 July (the top panel of Figure 1)
includes a possible “flare” in which the count rate increased by
a factor of 2.5 over a 12 hr period and dropped by almost a
factor of two in 3 hr. Several observations in 2013 have shown
a steadily decreasing count rate over the course of ~12 hr. We
did not observe any sharp increases followed by exponential
decay typical of flaring events, although we cannot exclude the
possibility that the observed count rate decreases are due to
such events. All of the observed increases in the count rate
(e.g., 2012 July 7 and 8, 2013 February 6, as well as 2013
March 5 and 17 on a shorter timescale) appear rather symmetric
with respect to subsequent decreases. The campaign
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observations up to the end of 2013 March have predominantly
covered relatively low flux states of Mrk 421, even though the
lowest and the highest observed fluxes span almost an order of
magnitude.

The observed count rates are not consistent with a constant
flux during any of the observations. However, the dominant
variations in the count rate can be described as smooth on a
timescale of several hours. If a simple exponential decay fit,
R(t) o< e /™ is performed on the observations that show
significant downward trends (2012 July 8, 2013 January 15,
February 12 and 17, March 5 and 12), the typical decay time-
scale (7y,) is found to be between 6 and 12 hr. These rough fits
are not meant to describe the light curves fully, but only to
provide an estimate of the timescale on which the flux changes
significantly. For the remainder of the paper we use
Tvar = 9 £ 3hr as our best estimate of this timescale.

In order to characterize the variability on shorter timescales
(At < Tyar), we consider the data in individual NuSTAR orbits
as this represents a natural, albeit still arbitrary, way of
partitioning the data. The NuSTAR orbits are approximately
90 minutes long and contain roughly 50 minutes of source
exposure. We treat each orbit independently and fit two simple
light-curve models to the observed count rates: a constant flux
during the orbit, R(f) = constant, and a linear trend in time,
i.e.,, R(t) o< t. The upper panel of Figure 2 provides an example
of both models fitted to the 2012 July data binned into 10-minute
time bins, so that each orbit is divided into 5-7 bins per focal-
plane module.'” The lower panel of Figure 2 shows the results
of this fitting procedure performed on all 88 orbits.

We find that the flux during the majority of orbits is better
described by a linear trend than by a constant-flux model.
Linear trends account for most of the orbit-to-orbit variability
and approximate smooth variations on super-orbital timescales
of Tyar & 9 hr. In 10-minute bins, for example, the variability
amplitude typically does not exceed the observed count-rate
uncertainty of 3%. Based on the mildly overpopulated tail of
the reduced-)(2 distribution for the linear-trend fits, we estimate
that up to 20% of orbits show excess variance beyond the
simple linear trend. Subtracting that trend and comparing the
residual scatter to the median rate uncertainty within each orbit,
(0R)orb, gives a distribution slightly skewed toward values
greater than unity (see lower right panel of Figure 2). This is
consistent with intrinsic suborbital variability on a ~10-minute
timescale in <20% of orbits, while for the majority of the
observations the short-timescale variability can be constrained
to have a <5% amplitude. These results are independent of the
exact choice of the bin size and hold for any subhour binning.

199 Because these data were taken in the calibration phase of the mission in

suboptimal pointing conditions, a systematic uncertainty of 4% was added to
the light curve to reflect the total uncertainty in the true count rate.
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Table 5
Summary of the MAGIC Observations of Mrk 421 (2013 January—March)

Model Fit*¢

Start Time Exposure Zenith Angle Flux > 200 GeV*®
(MJD) (minutes) (deg) o° 2 Tora 3 x?2/dof a0 " s tem™?)

17+£0.1 287 + 007 19.7 / 16
36302.1365 122 9-23 165 j9+01 32402 0.8+ 03 9.7 /15 57404
56307.2556 39 21-29 149 30+£02  2.48 +0.09 18.8 / 15 10.4 £ 0.9
56310.2441 54 20-31 83 13402  28+0.1 11.6 / 14 37405
56312.1718 119 9-33 15 13+£01  29+0.1 8.8 / 20 39 + 04
56316.2417 29 24-30 109 24402 23401 215/ 17 8.1 409
56327.0731 25 16-22 257 86+04 2274005 20.5 /19 3442
56333.1147 29 9-10 158  44+03 234+ 0.09 155 / 15 16 £ 1

57402 2524003 259/ 19
56335.0795 116 9-24 383 64403 2534004 033+£009 9.6/ 18 205 £ 0.7
56340.1722 29 23-36 135 30+03 24401 187 / 14 10+ 1
56362.0826 29 15-21 2001 60+04 236+ 007 22.1 /19 207 + 1.4

58402 256+ 004 34.0 / 20
36363.1066 36 23-33 2.1 68+04 259+£006 0.56+006 186/ 19 20+ 1
Notes.

# Detection significance, computed according to Equation (17) from Li & Ma (1983) using data above 200 GeV integrated over the exposure time.

bA power-law model of the form dN/dE = Fy(E /EYT, E' = 300GeV, is fitted to each observation. A log-parabolic model fit of the form
dN / dE = Ky (E/ E’)’“"f 102(E/E") j5 shown for observations in which it provides a better description of the spectrum than the power-law model. The normalization
constant, Fy, is in units of 1070 s P em2 Tev L.

¢ Quoted uncertainties are statistical.

Table 6
Summary of the VERITAS Observations of Mrk 421 (2013 January—March)
Model Fit™*

Start Time Exposure Zenith Angle Flux > 200 GeV*
(MJID) (minutes) (deg) o F, Tora Jéj x2/dof 10" s tem?)

17402 32402 102 /5
36302.3411 131 9-33 187 18+02 33+02 11+07 79/4 52406
56307.3487 170 8-28 345 36+02 3101 157 /9 122 £ 0.7
56312.3762 197 6-31 326 1.5+01 32402 49/5 50+ 0.4
56329.2864 49 7-28 252 45405 27402 82/5 17 +2
56340.3344 89 7-23 227 25402 32402 51/5 8.5+ 0.8

6.0+ 05 3.0+0.1 104 /8
36356.2352 43 6-21 36 63+05 30+01 06+04 82/7 20 £2

35402 35+0.1 167/ 6
56363.2355 127 =17 92 41403 39+01 19+04 56/5 10.9 + 0.8

43403 3201 92/9
56368.1885 123 9-26 404 43103 32401 07+03 46/8 1341
Notes.

? Detection significance, computed according to Equation (17) from Li & Ma (1983) using data above 200 GeV integrated over the exposure time.

b A power-law model of the form dN/dE = Fy(E/ EYT, E' = 300GeV, is fitted to cach observation. A log-parabolic model fit of the form
dN / dE = Ky (E/ E’)’“’d 108(E/E") js shown for observations in which it provides a better description of the spectrum than the power-law model. The normalization
constant, Fy, is in units of 1079 s " em™2 Tev .

¢ Quoted uncertainties are statistical.

Based on a separate analysis of the low- and high-flux data ratios is relatively large at any specific count rate, the overall
alone, we do not find significant evidence for a change in trend is clearly present in the binned data shown with thick
variability characteristics with flux. black lines. There are no apparent circular patterns observed in

The hardness of the spectrum, defined here as the ratio of the count rate versus hardness ratio plane, as previously seen in
count rates in the hard 7-30 keV and in the soft 3-7 keV soft X-ray observations during bright flaring periods (e.g.,
bands, changes over the course of the observations. In Figure 3 Takahashi et al. 1996; Ravasio et al. 2004; Tramacere et al.
we show the general trend of the spectrum hardening when the 2009). We note, however, that the circular patterns might not
count rate is higher. Although the observed range of hardness be observable in the NuSTAR data presented here simply

39>
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because the observations predominantly covered instances of
declining flux, whereas the patterns arise from differences in the
rising and the declining phases of a flare. The apparent symmetric
features observed on 2012 July 7/8, 2013 February 6, and
2013 March 17 do not display enough contrast in flux and
hardness ratio to show well-defined circular patterns.

3.2. Observation-averaged Spectroscopy

We first model the NuSTAR spectra for each observation
separately, before examining the clear intra-observation
spectral variability in Section 3.3 (see Figures 2 and 3, and
Balokovi¢ et al. 2013a). All observation-averaged spectra are
shown in Figure 4. For spectral analysis we use spectra grouped
to a minimum of 20 photons per bin and perform the modeling
in Xspec (version 12.8.0). The simplest model for a feature-
less blazar spectrum is a power-law function:

F(E) x ET, (1)

where I' is the photon index. The Xspec model is formulated
as phabs(zpow), where the phabs component accounts for
the Galactic absorption with fixed hydrogen column density of
Ny = 1.92 x 10%° ¢cm 2 (Kalberla et al. 2005). We first fit
each of the 12 observation-averaged spectra with a power-law
model and find that this model fits the observations with lower
mean flux better than the ones where the mean flux is high (see
Table 7). This is likely due to the fact that the higher-flux
spectra are somewhat more curved than lower-flux ones,
although the curvature is not immediately obvious to the eye,
i.e., in Figure 4. The fits confirm that the effective photon index
decreases with increasing flux, as suggested by the observed
harder-when-brighter behavior shown in Figure 3.

The fitting results imply that a power-law model with [ ~ 3
describes the data well for observations with the lowest flux
observed in the campaign. The poorer fit of the power-law
model for the high-flux observation data may be due to intrinsic
curvature, or it may be simply an effect of superposition of
different curved or broken-power-law spectra. The latter effect
can certainly be expected to be present since the hardness does
vary with the flux and the source exhibited significant
variability during most of the observations (see Figure 1).
We address this issue by examining spectra on a shorter
timescale in Section 3.3. In order to better characterize
the observation-averaged spectra, we replace the power-law
model with two other simple models that allow extra degrees
of freedom. The first one is a broken-power-law model,
bknpow:

F(E)x E N, E < Ey;

F(E)x E B, E > E,. 2)

This model provides better fits to highest-flux spectra.
However, the broken-power-law form is degenerate at low
flux and degrades into the simpler power-law shape discussed
above for observations of low mean flux (i.e., the photon
indices converge to a single value and E;, becomes uncon-
strained). Both photon indices depend on the flux, but
the dependence of I, seems to be weaker. The break
energy seems to be largely independent of flux and
relatively poorly constrained to the range roughly between 5
and 10 keV.
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The third Xspec model we use is a simple log-parabolic
shape, logpar:

F(E) o< (E/Exy o0 loeE/E0 3)
In this model, o and 3 are free parameters, while E, is the so-
called pivot energy (fixed parameter) at which « equals the
local power-law photon index. The [ parameter describes
deviation of the spectral slope away from E,. In our analysis
we fix the value of E, to 5 keV, so that « closely approximates
the photon index in the 3-7 keV band. This model fits all
observations well and also hints at spectral trends outlined
earlier. The log-parabolic model does not provide statistically
better fits than the broken-power-law model; in most cases they
fit equally well (see Table 7). However, the log-parabolic is
often used for modeling blazar spectra in the literature and does
not contain a rather unphysical sharp break in the spectrum. All
relevant parameters of the fits to the observation-averaged
spectra are summarized in Table 7. We note that for the
NuSTAR observation on 2013 January 2 (MJD 56294), the
best-fit parabolic model has marginally significant negative
curvature, 3 = —0.2 & 0.1. As this is the shortest of all
NuSTAR observations and the same effect is not observed in
any of the other spectra, while negative curvature is a
physically possible scenario, it is likely that this anomalous
result arises from the fact that the high-energy background is
not sufficiently well sampled in such a short exposure.

3.3. Time-resolved Spectroscopy

We next consider spectra integrated over time intervals
shorter than the complete NuSTAR observations. Separating the
data into individual orbits represents the most natural although
still arbitrary way of partitioning. Any particular orbit has a
smaller spread in flux compared to a complete observation,
since variability amplitude is significantly lower—we have
established in Section 3.1 that the dominant flux variations
occur on a super-orbital timescale of 7, ~ 9 hr. The shorter
exposures significantly reduce the statistical quality but still
allow for a basic spectral analysis, such as the one presented in
the preceding section, to be performed on spectra from single
orbits. The average orbit exposure is 2.8 ks, and the total
number of source counts per orbit is between 2000 and 20,000
per focal-plane module.

As with the observation-averaged spectra, we fit power-law,
broken-power-law, and log-parabolic models using Xspec.
We again find that the broken-power-law model parameter E;
(the break energy) is poorly constrained in general, so we fix it
at 7 keV for the remainder of this analysis. Choosing a
different value in the interval between 5 and 10 keV does not
significantly alter any results; however, break energies outside
of that interval cause one of the photon indices to become
poorly constrained in a considerable number of orbits.
Similarly, the curvature parameter of the log-parabolic model
(6) is poorly constrained for the lowest-flux data, likely owing
to both the lack of intrinsic curvature and relatively poor
photon statistics. In a similar manner to the observation-
averaged spectral modeling, the log-parabolic model does not
necessarily provide statistically better fits than the broken
power-law model. We use it because it provides a smooth
spectrum over the modeled energy range, and in order to
facilitate comparison to other work in the literature.



THE ASTROPHYSICAL JOURNAL, 819:156 (30pp), 2016 March 10

count rate (s7')

BALOKOVIC ET AL.

MJD — 56352.0 (days since UT 2013/Mar/1 00:00)

6 T T T T T T T T T T T T T T T T
2012/Jul/7 — 8 |
51 MID 56115 — 6 * iﬂ#l 1
— b4
— 4+ } m +I. i
|
= i * | i *IH|*| Wy "o *
s i pior Wt } o t t foo f
#’i'i h t 1“0* i Ml M 4
B i ) it it
= 2+ ot gt ' f # B
3 {0 N Wy e nd
8 a4 it b i L!d Wt l-"#‘! ﬂu oy u‘“t " M.“ "
L W] w ! + * i i
1 t “u:.’ hy t»“q - m’d #t lf !..: " “:.!'
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76
MJID — 56109.0 days since UT 2012/Jul/1 00:00)
T T T T T T T T T T T T T T T T T T T
2013/ Jan/2 2013/ Jan/10 2013/Jan/15 2013/Jan/20
T MJD 56294 MJD 56302 MJD 56307 MJD 56312 7
NuSTAR 3 — TkeV NuSTAR 7 — 30keV |'|:ﬂt _
+ FPMA + FPMB + FPMA + FPMB "
+
g W L,:M i"ﬂ]l 'ﬂ," s B
ﬁi*:
it byt imt + ! e o0 it
b g e e S e S et Pt o g ot
T—‘h-:h-ﬁ il B ST T s ol 1 1 1 1 1 il B Paak Pl
1.8 1.9 91 92 93 94 95 96 141 14.2 143 144 145 19.1 19.2 193 194 19.5 19.6
MJID — 56293.0 ( days since UT 2013/Jan/1 00:00)
6 T T T T T T T T T T T T T T T T
2013/Feb /6 2013/Feb/12 2013/Feb/17
5 MJD 56329 MJD 56335 MJD 56340 7
-~ " ]
B i
! t
s 3t Y T, il
= #t t‘* LA
3 T E R (AR
oL W b b B _
= ' 1 t wi
o h,
3 X l: b o | iy ”*’ B _q L ’%t i
TE e .M! W i .y el g e
LT "’P |- f;‘d: | R
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 51 52 53 54 55 11.0 11.1 112 11.3 114 16.0 16.1 16.2 163 164
MJD — 56324.0 (days since UT 2013/Feb/1 00:00)
6 T T T T T T T T T T T T
2013/Mar/5 2013/Mar/12 2013/Mar/17
5F MJD 56356 MJD 56363 MJD 56368
I A i
| +
= [ My Ly
g 3r ot b } o i 4 b
£ o e g o W,
g 2r "‘.1*: *“:':* :034 b 1
5] T " o W wt iy P by
1F ey vt St ot pnd g o nf i
0 1 1 1 1 1 1 1 1 1 1 1 1
4.0 41 42 43 11.0 11.1 11.2 11.3 16.1 16.2 16.3 164

Figure 1. Count rates for NuSTAR in the 3-7 keV (blue) and 7-30 keV (green) bands. The legend given in the second panel from the top applies to all panels; for both
bands FPMA count rates are plotted with a lighter color. The data are binned into 10-minute bins. The time axis of each row starts with the first day of the month, and
the UTC and MJD dates are printed above the light curves for each particular observation. Note that the data shown in the top panel represent two contiguous

observations (broken up near MJD 56115.15). The intervals shaded in gray show times for which simultaneous data from MAGIC and VERITAS are presented in this
paper. Both the horizontal and the vertical scales are equal in all panels.
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Figure 2. Upper panel shows the light curve of the 2012 July observation
(FPMA in black, FPMB in gray) shown as an example for the count rate
modeling; the two models fitted to each orbit of data are represented by purple
(constant model) and blue lines (linear model). In the lower panels, the colored
histograms on the left-hand side (colors matching the upper panel) show the
distributions of reduced x? for the two models fitted to every NuSTAR orbit up
to the end of 2013 March. The number of degrees of freedom (dof) in each fit
varies slightly owing to the different duration of the orbits, but it is typically
around 10. The right panel shows the distribution of the residual scatter after
subtraction of the best-fit linear trend from the observed count rates in each
orbit, in units of the median rate uncertainty within the orbit, (o Jorb. The colors
reflect the mean count rate of the orbit: the lowest-rate third in red, the mid-rate
third in orange, and the highest-rate third in yellow, distributed as shown in the
inset. The residual scatter distribution is slightly skewed to values greater than
unity, indicating that <20% of orbits show excess variability on suborbital
timescales. A Gaussian of approximately matching width is overplotted with a
thick black line simply to highlight the asymmetry of the observed distribution.
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Figure 3. Hardness ratio (defined as the ratio of the number of counts in the
7-30 keV band to that in the 3-7 keV band) as a function of the count rate in
individual 30-minute bins of NuSTAR data is shown with colored symbols:
FPMA are plotted with squares, and FPMB with diamonds. The colors
distingush different observations and match those in Figure 4. The thick black
error bars and symbols show median count rate and hardness ratio in bins (1
count ! width), delimited by the vertical dotted lines. The vertical error bars
denote standard deviation within each bin.
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With less smearing over different spectral states of the
source, the spectral variability is more clearly revealed by this
analysis. As shown with the gray data points in Figure 5 (one
for each NuSTAR orbit), for any of the three models statistically
significant spectral changes occur as the X-ray flux varies. The
spectrum becomes harder as the flux increases. Most of the
change happens below ~7 keV, as shown by the substantial
variations in the parameters I} and «, compared to the lower-
amplitude variations in I3 and . In all cases the trends are
consistent with the well-established harder-when-brighter
behavior, also evident in the more basic representation using
hardness ratios in Figure 3. Since for orbits with the lowest
count rate the uncertainties on the spectral parameters are
relatively large, in the following section we verify that the same
spectral variability trends persist for data with higher signal-to-
noise ratio (S/N).

3.4. Flux-resolved Spectroscopy

In order to verify that the spectral parameter trends we
identify in the time-resolved spectra are not spuriously
produced by relatively low photon statistics at the low-flux
and high-energy ends, we proceed to examine stacked single-
orbit spectra of similar flux. Stacking provides the highest
possible S/N in well-defined flux bins and allows us to use the
data up to 70 keV—where the signal is fainter by a factor of a
few than the NuSTAR detector background. We combine
spectra for each focal-plane module separately due to intrinsic
differences in response matrices. Spectra from both modules
are fitted simultaneously in Xspec, just like the observation-
averaged and the single-orbit ones. Note that this procedure
implicitly assumes that the source behaves self-consistently, in
the sense that a particular flux level corresponds to a unique
spectral shape within the data-taking time interval. The validity
of this assumption is further discussed in Section 5.

We first stack the spectra of three complete observations
(2013 January 2, 10, and 20), since Mrk 421 displayed a nearly
constant low flux during all three (see Figure 1). The combined
spectrum is very similar to the spectra from any of the
constituent observations but has significantly higher S/N. It
can be statistically well described as a simple power law with
I' = 3.05 £0.02 from 3 to 70 keV (Xf 1.05). For
completeness, modeling with a broken-power-law model gives
the break energy at 6 &+ 3 keV, and low- and high-energy
photon indices both formally consistent with the I' value found
for the simpler power-law model. Furthermore, the curvature
parameter of the log-parabolic model is consistent with zero
(6 = 0.01 £ 0.04), and o =~ I'. These fitting results lead us to
conclude that in the lowest-flux state observed in 2013 the hard
X-ray spectrum follows a steep power law with I' ~ 3.
Extrapolating below 3 keV for the sake of comparison with
the literature, we derive a 2-10keV flux of
(35+02) x 10" erg s ' cm 2 for the I' = 3 power-law
model normalized to the lowest observed orbital flux (orbit #6
of the 2013 January 20 observation). A state of such low X-ray
flux has not yet been described in the published literature,'"”
making the results of this analysis new and unique.

We combine the spectra of all 88 orbits according to their
3-7 keV flux in order to obtain higher S/N for the flux states
covered in the data set. The choice of flux bins shown with

10 T4 the best of our knowledge, the lowest published 2—10 keV flux thus far

was (4.1 £ 0.2) x 107" erg s~ ' cm ™ (1997 May; Massaro et al. 2004).
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Figure 4. Unfolded NuSTAR spectra of Mrk 421 in each of the 12 observations. Colors are arranged by the 3—7 keV flux. Also shown are spectra of the single highest-
flux orbit (gray symbols) and the stack of three lowest-flux observations (black symbols). Modules FPMA and FPMB have been combined for clearer display, and the
bin midpoints for each spectrum are shown connected with lines of the same color to guide the eye. The left panel shows the unfolded spectra in the vF, representation,
while the right panel shows the same spectra plotted as a ratio to the best-fit model for the lowest-flux stacked spectrum (a power law with I' = 3.05). Note that the

vertical scale is logarithmic in the left and linear in the right panel.

black symbols in Figure 5 is such that relatively uniform
uncertainty in spectral parameters is achieved across the flux
range; this condition requires stacking of ~10 orbits of data on
the faint end, while a single orbit is sufficient at the bright end.
The results, however, are largely independent of the exact
choice of which orbits to combine into a particular flux bin.
Fitting the stacked spectra with the same simple spectral
models as before reveals spectral trends much more clearly
than for observation-averaged or time-separated spectra, as
shown by black symbols in Figure 5. The spectra of the lowest-
flux stack and the highest-flux orbit are displayed in Figure 4
for comparison with the observation-averaged spectra. The
analysis performed here describes the spectral changes
happening between those two extremes as a smooth function
of the X-ray flux.

For each of the parameters of the power-law, broken-power-
law, and log-parabolic models we parameterize their depen-
dence on the X-ray flux as

X(F3_7xev) = slog(F3_7vev/Fo) + Xo, 4)

where X stands for any of the spectral parameters (I, 13, Ej, I3,
a, P), s is the slope of the relation, F;_ 7.y is the 3-7 keV flux,
F, is a reference flux in ergs ' (chosen to be the median flux of
our data set, logFy = —10.1), and X, is the vertical offset
(parameter value at the reference flux). We find that in all cases
this linear function adequately describes the general trends.
Since we find that the break energy of the broken power-law
model (E}) is independent of flux within its large uncertainties,
we keep it fixed at 7 keV while fitting for the trends in the I} and
I parameters. For I3, the high-energy photon index of the
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broken-power-law model, the best-fit slope is small but different
from zero at the 20 level. For the rest of the spectral parameters,
the trends are statistically more significant. Figure 5 shows the
best-fit X (F3_7key) relations superimposed on the time- and
flux-resolved fitting results, clearly matching the trends that the
former analysis hinted at. We list the best-fit linear trend
parameters s and Xy, with their 1o uncertainties, in Table 8.

Finally, we briefly return to the broken power-law model fits
only to make a comparison to the previously observed spectral
variability during flares. The RXTE 2-20 keV data analyzed by
Giebels et al. (2007) overlap in the 2—-10 keV flux only for the
highest-flux single-orbit data presented here and extend almost
a decade above that. These authors showed that the break
energy is  essentially independent of flux and
(Ep) = 5.9 + 1.1keV (68% confidence interval), which is
consistent with the median value of approximately 7 keV found
from our nondegenerate fits of the broken-power-law model.
The photon indices were found to vary with flux up to
approximately 10~ erg s~' cm ™2, above which they saturate
at [ &~ 2.2 and I' &~ 2.5. The data presented here smoothly
connect to those trends (see Figure 6), extending them toward
the faint end. Whereas the low-energy photon index (I} or I})
continues to increase with decreasing flux, reaching I' ~ 3 at
<107'" ergs ' cm %, the high-energy one (I, or Iy)
essentially levels off to the same I' ~ 3 at a factor of a few
higher flux. A naive extrapolation of the Giebels et al. (2007)
trends is therefore not supported by the new
NuSTAR observations. Our analysis reveals a clear low-flux
saturation effect that none of the previous studies could have
constrained owing to lack of sensitivity.
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Table 7
Models Fitted to the NuSTAR Spectra of Each Observation

Power Law Broken Power Law Log-parabola (Ex = 5 keV) Time-averaged Flux®

Start Time (MJD) r x?2/dof in} E}? D x?2/dof a I¢] x?2/dof 3-7 keV 2-10 keV 7-30 keV
56115.1353 2.82+001°  1085/949 274 +0.02  7.0%% 2924003  922/947 276 4 0.01 021 +£0.03  906/948 9474003 188+ 0.1 6.48 + 0.03
56116.0732 2.87+£0.01°  1126/833 278 +0.03  7.049 298 +0.04  978/831  2.99 4+ 0.01 024 +£0.04  967/832  11.08 £0.03  22.1+0.1 7.16 £+ 0.04
56294.7778 3.10 + 0.04 415/390 3.194991 7.6414 29+ 0.1 399/388  3.16 £0.05 —02+0.1 403/389 2.87 £ 0.05 6.4 + 0.1 1.57 £ 0.04
56302.0533 3.07 + 0.03 512/506 3.08 + 0.04 7.5 (f) 3.04 £0.07  511/505  3.07 + 0.04 0.0 +0.1 512/505 1914002  410+005  1.05+ 001
56307.0386 3.02 £ 0.01 865/710 2.80 +£003 64798 3.134008 742/708 292 4+ 0.02 028 £0.05  741/710 6.43 +£0.03  13.0+0.1 3.55 4+ 0.02
56312.0980 3.05 + 0.02 571/543 29401 46743 3.0970% 568/541  3.03 +0.03 0.1 +0.1 572/542 226 +£002 471+£005 122+ 001
56329.0116 2.93 + 0.01 925/724 2.80 £0.02  7.5%03 313 +£0.04  709/722  2.82 4 0.02 0.39 +£0.05  709/723 827 +£0.05 163 + 0.1 4.94 £ 0.04
56335.0106 2.73 £ 0.01 839/742 2,66 +£0.02 10247 2.92508¢ 738/740 264 + 0.02 021 +£0.05  742/741 9.254+0.05  18.1+0.1 7.00 £ 0.06
56339.9828 3.02 £ 0.02 577/559 2.95 + 0.03 7.5 (f) 3.09+£0.05  559/558  2.96 + 0.03 0.14 £0.09  558/558 3.83 +0.03 79 +0.1 2.14 4+ 0.03
56355.9631 3.01 + 0.01 823/701 291508 63708 3.09+0.04  751/699  2.94 4 0.02 0224005  751/700 974 £0.04 199 + 0.1 5.45 + 0.05
56362.9690 3.10 £ 0.01 640/640 3.0179% 58734 3.1670:38 603/638  3.04 £ 0.02 0.19 £ 006  600/639 749 £0.05 156+ 0.1 3.80 + 0.04
56368.0210 2.75 + 0.01 848,760 267 +002  88%%7 2914005  756/758  2.68 + 0.02 024 +£0.05  749/759 951 £0.05  18.6 + 0.1 6.93 4 0.05
Notes.

# Energy (in keV) at which the model sharply changes slope from I} to I;. For some observations this parameter is unbound, so we fix it to 7.5 keV and mark with (f).

Flux calculated from the best-fit model, in units of 10~ erg s

literature.

—1

cm 2. Note that the 2-10 keV band requires some extrapolation below the NuSTAR bandpass, but we provide it here for easier comparison with the

¢ Formal statistical uncertainty is 0.008; however, the NuSTAR bandpass calibration is limited to 0.01 (Madsen et al. 2015), so we round up the values assuming this lowest uncertainty limit for these cases.
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Figure 5. Trends in the hard X-ray spectral parameters as functions of flux for
three simple spectral models revealed by time- and flux-resolved analyses of
the NuSTAR data. The values fitted to high-S/N stacked spectra separated by
flux (see text for an explanation) are shown with black-lined open circles. A
linear function is fitted to each of the trends, and the uncertainty region is
shaded in gray. Parameters of the fitted linear trends are given in Table 8. The
filled gray circles in the background show spectral modeling results for spectra
of 88 individual orbits.

Table 8
Best-fit Linear Relations Parameterized in Equation (4) for Describing the
Change of Spectral Parameters with the X-Ray Flux. The Uncertainties are
Quoted at the 1o Level

Model Parameter, X Slope, s Zero Point, X,
pow T —0.32 + 0.07 2.88 + 0.02
bknpow I} —0.46 + 0.07 2.80 £+ 0.02
bknpow E,? 1+9 7+2
bknpow e —0.11 £ 0.05 3.00 £+ 0.01
logpar @ —0.42 £ 0.07 2.82 £ 0.02
logpar 5] 0.22 + 0.06 0.24 + 0.01
Note.

# Owing to poor constraint on this parameter, it is kept fixed at 7 keV while
quantifying the trends in the I and I, parameters.
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Figure 6. Comparison of the spectral trends revealed in our data (black
symbols) with the ones published by Giebels et al. (2007; gray symbols). For
this set of fits to the NuSTAR data the break energy (E,) was kept fixed at
7 keV. The uncertainties are given at the 68% confidence level in order to
match the previous results. Note the smoothness of the trends covering nearly
two orders of magnitude and the apparent saturation effects at each end. The
dotted lines are median photon indices for 2-10 keV flux below 107 '°
erg s cm 2, representing the apparent low-flux saturation values.

4. RESULTS FROM THE MULTIWAVELENGTH
OBSERVATIONS

4.1. Multiwavelength Variability

The majority of observations performed in 2013 January
through March were coordinated between the participating
observatories so as to maximize the strictly simultaneous
overlap in the X-ray and VHE bands. In particular, nine
10-12 hr long observations performed by NuSTAR were accom-
panied with Swift pointings at the beginning, middle, and end,
and the ground-based Cherenkov-telescope arrays MAGIC and
VERITAS covered roughly half of the NuSTAR exposure each.
Approximately 50hr of simultaneous observations with
NuSTAR and either MAGIC or VERITASresulted in total
exposure of 23.5hr (the remainder being lost owing to poor
weather conditions and quality cuts). Figure 7 shows the
multiwavelength light curves and highlights the dates of
NuSTAR observations taken simultaneously with MAGIC and
VERITAS observations with vertical lines. A zoomed-in view of
the VHE ~-ray observation times is shown overlaid on the
expanded NuSTAR light curves in Figure 1.

The VHE flux varied between approximately 0.1 and 2 Crab
units, reaching substantially lower and higher than the long-term
average of 0.446 4 0.008 Crab (Acciari et al. 2014), which is
considered typical for a nonflaring state of Mrk 421 (Aleksié
et al. 2015b). In Figure 7 we show typical fluxes for Fermi-LAT,
Swift-XRT, and OVRO bands, represented by medians of the
long-term monitoring data that are publicly available. The
Fermi-LAT light curve reveals elevated flux with respect to the
median, as do the optical and UV data when compared to
historical values. Modest soft X-ray flux is apparent from Swift-
XRTdata in comparison with the long-baseline median
(Balokovi¢ et al. 2013a; Stroh & Falcone 2013) and the intense
flaring episodes covered in the literature (e.g., Acciari
et al. 2009; Tramacere et al. 2009; Aleksi¢ et al. 2012). Count
rates of <10 s~ ! in the 0.3-10 keV band are up to a factor of ~2
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Figure 7. Light curves for Mrk 421 from MAGIC, VERITAS (both above
200 GeV, binned in ~30-minute intervals), Fermi-LAT (0.2-100 GeV, binned
weekly), NuSTAR (3-30 keV, binned by orbit), Swift-XRT (0.3-10 keV,
complete observations), Swift-UVOT (UVW1, UVM2, and UVW2 bands,
complete observations), ground-based optical observatories (R band, intranight
cadence), OVRO, and Metsihovi (15 and 37 GHz, both with 3—4-day cadence).
The host-galaxy contribution in the R band has been subtracted out according
to Nilsson et al. (2007). The dynamic range in all panels is 40. Vertical and
horizontal error bars show statistical uncertainties and the bin width,
respectively, although some of the error bars are too small to be visible in
this plot. The vertical lines mark midpoints of the coordinated NuSTAR and
VHE observations: dashed lines mark the epochs for which we discuss SED
snapshots in Section 4.4, while the rest are shown with dotted lines. The
horizontal lines in some panels show the long-term median values (see text for
details).

lower than those observed in quiescent periods during multi-
wavelength campaigns in 2009 (Aleksi¢ et al. 2015b) and
2010 March (Aleksi¢ et al. 2015¢). The radio flux was only
slightly elevated above the values that have remained steady for
the past 30 years, apart from the exceptional radio flare observed
in 2012 October (see Section 4.5 for more details).
Remarkably well correlated flux variability in the X-ray and
VHE bands on a timescale of about a week is already apparent
from Figure 7 and will be discussed in more detail in
Section 4.2.1. The fluxes in the UV and Fermi-LAT bands
(to the extent allowed by the limited photon statistics) are
consistent with a slow increase in flux between January and
March but do not show a clear short-term flux correlation.
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Figure 8. Optical polarization of Mrk 421 between 2013 January and March.
The degree of polarization is shown in the upper panel, and the position angle
of polarization is shown in the lower panel. Measurement uncertainties are
based on photon statistics and are often smaller than the data points plotted. As
in Figure 7, the vertical lines mark midpoints of the coordinated NuSTAR and
VHE observations: dashed lines mark the epochs for which we discuss SED
snapshots in Section 4.4, while the rest are shown with dotted lines.

Further details regarding these bands are presented in
Section 4.2.2. The activity observed in the first 3 months of
2013 can be generally described as low. Note in particular that
on January 10 and 20, Mrk 421 showed a remarkably low
X-ray and VHE flux in comparison to the historical X-ray and
VHE fluxes reported in Stroh & Falcone (2013) and Acciari
et al. (2014), respectively. Optical polarization, shown in
Figure 8, showed random and statistically significant variations
around the average polarized fraction of 3%, and the
polarization angle also varied significantly without any obvious
coherent structure.

A general trend observed in the 2013 campaign is a gradual
rise in broadband emission between January and March by a
factor of <10, depending on the band. This was followed by an
intense flaring period in 2013 April (not shown in Figure 7),
rivaling the brightest flares ever observed for Mrk 421
(Balokovic¢ et al. 2013b; Cortina et al. 2013; Paneque et al.
2013; Pian et al. 2014). Analysis of the campaign data from the
flaring period and more detailed analysis of the multiwave-
length variability properties will be presented in separate
publications. In the following sections, we focus on quantifying
short-timescale and time-averaged correlations between differ-
ent spectral bands and on the basic modeling of the
Mrk 421 SED in the low-activity state that has not previously
been characterized in any detail, except very recently in Aleksié
et al. (2015b).

The variability across the electromagnetic spectrum can be
described using the fractional variability distribution. Fractional
variability, F,, is mathematically defined in Vaughan et al.
(2003), and its uncertainty is calculated following the
prescription from Poutanen et al. (2008), as described in
Aleksi¢ et al. (2015a). It can be intuitively understood as a
measure of the variability amplitude, with uncertainty primarily
driven by the uncertainty in the flux measurements and the
number of measurements performed. While the systematic
uncertainties on the absolute flux measurements''' do not

" Estimated to be 20% in the VHE band and around 10% in the optical,
X-ray, and GeV bands—see Section 2 for details.
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Figure 9. Fractional variability amplitude, F,;, as a function of frequency for
the period 2013 January—March. The vertical error bars depict the statistical
uncertainty, while the horizontal error bars show the energy band covered (with
the markers placed in the center of the segments). We show F, computed in
two ways: using the complete light curves acquired in the campaign (open
symbols), and using only the data taken within narrow windows centered on
the coordinated NuSTAR and VHE observations (filled symbols). Note that the
points overlap where only the coordinated observations are available. The
Fermi-LAT point is based on the weekly binned light curve shown in Figure 7.

directly add to the uncertainty in F,,, it is important to stress
that different observing sampling and, more importantly,
different instrument sensitivity do influence F, and its
uncertainty: a densely sampled light curve with very small
temporal bins and small error bars might allow us to see flux
variations that are hidden otherwise, and hence we might obtain
a larger F,,;. Some practical issues of its application in the
context of multiwavelength campaigns are elaborated in
Aleksi¢ et al. (2014, 2015b, 2015c).

In this paper we explore two cases, as shown in Figure 9.
First, we use the full January—March data set reported in
Figure 7 (which has different cadence and different number of
observations in each band), and second, we use only data
collected simultaneously, in narrow windows centered on
observations coordinated between NuSTARand VHE tele-
scopes. In the latter case the fluxes are averaged over the
complete NuSTAR, Swift, and VHE observations, effectively
smoothing over any variability on shorter timescales. The
optical and radio fluxes are taken from single measurements
closest in time to the coordinated observations. In the former
case, however, we sample shorter timescales and during a
longer time span, which allows us to detect somewhat higher
variability, as one can infer by comparing the Swift and
MAGIC observations reported by the open/filled markers in
Figure 9. F,,. for Fermi-LATis calculated from the weekly
binned light curve shown in Figure 7; the relatively low
GeV ~-ray flux observed by Fermi-LAT precludes us from
using significantly shorter time bins, or dividing the Fermi-
LAT band into subbands as we do for Swift-XRT and NuSTAR.
Figure 9 shows that F,,, determined from our campaign rises
significantly from the radio toward the X-ray band (consistent
with Giebels et al. 2007), decreases over the Fermi-LAT band
(consistent with Abdo et al. 2011), and then rises again in the
VHE band. This double-bump structure relates to the two
bumps in the broadband SED shape of Mrk 421 and has been
recently reported for both low activity (Aleksi¢ et al. 2015b)
and high activity (Aleksi¢ et al. 2015c). The less variable
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energy bands (radio, optical /UV, and GeV ~-ray bands) relate
to the rising segments of the SED bumps, while the most
variable energy bands (X-rays and VHE ~-ray bands) relate to
the falling segments of the SED bumps.

4.2. Correlations between Spectral Bands
4.2.1. X-Ray versus VHE ~-Ray Band

The existence of a correlation between the X-ray and VHE
fluxes is well established on certain timescales and in certain
activity states of Mrk 421: claims of correlated variability stem
from long-term monitoring of fluxes in these bands that include
high-activity states (Bartoli et al. 2011; Acciari et al. 2014), as
well as observations of particular flaring events that probe
correlated variability on timescales as short as 1hr (Giebels
et al. 2007; Fossati et al. 2008; Acciari et al. 2009). The
detection of such a correlation in a low state was reported for
the first time in Aleksi¢ et al. (2015b), using the X-ray (Swift-
XRT, RXTE-PCA) and VHE (MAGIC, VERITAS) data
obtained during the 4.5-month multiwavelength campaign in
2009, when Mrk 421 did not show any flaring activity and
varied around its typical Swift-XRT 0.3—10 keV count rates of
~25 s~ ! and VHE flux of 0.5 Crab. In this section, we confirm
the flux—flux correlation in the X-ray and VHE bands with
higher confidence, during a period of even lower activity. We
also study the characteristics of such a correlation in different
X-ray bands using the strictly simultaneous Swift, NuSTAR,
MAGIC, and VERITAS observations.''> We summarize the
results in Figure 10 for three nonoverlapping X-ray bands. The
flux in each band was calculated from the best-fit broadband
model (power-law, or log-parabolic where needed; see
Section 3).

In the following, we use the discrete correlation function
(DCF) and the associated uncertainty as defined in Edelson &
Krolik (1988). We carried out the correlation analysis on two
timescales: a~1hr timescale, using strictly simultaneous
observations, and a <l-day timescale, using data averaged
over complete 6-10hr observations (i.e., averaged over one
night of observations with each of the VHE observatories).
Figure 1 shows the exact overlap of the NuSTAR and VHE
observations. For both timescales and for all three X-ray bands
we find significant correlations between fluxes in log—log
space: DCF 2 0.9 in all cases, with typical uncertainty of
0.1-0.2. The DCF is therefore inconsistent with zero with a
minimum significance of 3.50 (nightly averaged fluxes,
7-30keV band) and maximum significance of 150 (simulta-
neous data, 3—7 keV band). As a sanity check, we also compute
Pearson’s correlation coefficients and find >5¢ significance in
all cases. The strongest correlation, at 140, is again found for
the 3—7 keV band and strictly simultaneous data shown in the
upper middle panel of Figure 10. Note that we compute the
correlation coefficients and DCF values using the logarithm of
flux: because of greater dynamic range, the true flux—flux
correlations are even more significant.

The similar slope of the log Fx_r.y — log Fyug correlation on
both timescales may indicate that the correlation is mainly
driven by flux variability on a timescale of several days, i.e.,

12 The MAGIC and VERITAS observations reported in this paper were

performed after the extensive hardware upgrades performed on these two
facilities in 2011 and 2012. They are therefore much more sensitive than the
ones performed in 2009, which allows for a significant detection of lower flux
in a single night of observation.
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Figure 10. Flux—flux correlation between the X-ray and VHE (>200 GeV) flux in three different X-ray bands: Swift-XRT 0.3-3 keV in the left panel, Swift-XRT and
NuSTAR 3-7 keV in the middle, and NuSTAR 7-30 keV in the right panel. Swift-XRT and NuSTAR measurements are shown with black-filled and white-filled
symbols, respectively. Orange symbols mark MAGIC measurements, while dark red symbols mark VERITAS. In the upper panels we show only the data taken
essentially simultaneously (within 1.5 hr). The lower panels show data averaged over the nights of simultaneous observations with X-ray and VHE instruments. The
N, a, and DCF values given in each panel are the number of data points considered, the slope of the log—log relation, and the discrete correlation function. The best-fit
linear relation (dashed gray line) and its uncertainty region are shown with gray shading. The thin dotted line of slope unity is shown in all panels for comparison.

between different observations, rather than within single
observations spanning several hours. The statistical signifi-
cance of the correlation on the ~daily timescale is lower, owing
both to the smaller number of data points and to the fact that
flux variance is larger because of the presence of strong
variability on shorter timescales. For a chosen X-ray band, the
best-fit slopes of the relation (a; listed in Figure 10) are
statistically consistent with a single value. This is in good
agreement with our finding that the dominant X-ray flux
variability timescale is 7, ~ 9 hr (see Section 3.1). It could
also be indicative of a lag between the bands, which is longer
than the binning of the data taken strictly simultaneously;
however, such an analysis is outside of the scope of this paper.
Results of Aleksi¢ et al. (2015b) point to absence of any lags
between the X-ray and VHE bands in a nonflaring state of
Mrk 421 in 2009.

An interesting result stems from our ability to broaden the
search for the correlation over a very wide band in X-rays,
enabled by the simultaneous Swift and NuSTAR coverage. As
shown in the upper three panels of Figure 10, the slope of the
relation systematically shifts from 1.00 4= 0.08 for the soft
0.3-3 keV band, to 0.80 & 0.04 for the 3—-7 keV band, and to
0.66 £ 0.05 for the hard 7-30 keV band. The same behavior is
seen in the nightly averaged data, with somewhat lower
significance. The persistence of this trend on both timescales
and in all observatory combinations counters the possibility of
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a systematic bias related to those choices. We interpret it as an
indication that the soft X-ray band scales more directly with the
VHE flux (which is dominated by soft «-ray photons on the
low-energy end of the VHE band) owing to the emission being
produced by the same population of relativistic electrons. The
greater relative increase in the hard X-ray flux with respect to
the soft band is consistent with both the spectral hardening
already revealed by our analysis (see Section 3.4) and the
fractional variability distribution determined from our data
(Figure 9). Our interpretation would imply that the hard X-ray
band scales more directly with the higher-energy VHE flux
(e.g., >1 TeV), which we cannot quantify well with the
current data.

We find no significant correlation of the simultaneously
observed spectral slopes in the hard X-ray and VHE bands.
Remarkably, on two dates when the observed X-ray flux was
lowest, January 10 and 20 (MJD 56302 and 56312, respec-
tively), steep spectra with I' ~3 were observed by
NuSTAR and both VHE observatories. Other simultaneous
observations yield I' > 2.6 in the 3-30 keV band and I" > 2.4
in the VHE band, with an average photon index of
approximately 3 in both bands. In comparison to the previously
published results, we note that the observed steepness of the
X-ray and VHE spectra presented here is atypical for Mrk 421.
In a more typical low state, such as that observed in the 2009
campaign (Abdo et al. 2011), a photon index of ~2.5 has been
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Figure 11. Flux—flux correlations between the UV band (Swift-UVOT filter
UVW1) and the optical (R band; top), soft X-ray (Swift-XRT 0.3-3 keV;
middle), and GeV ~-ray (Fermi-LAT 0.2—-100 GeV; bottom) bands. The green
data points are based on flux measurements that are coincident within 6 hr. The
blue data points are derived by averaging over 7-day intervals, i.e., integration
times used for determination of the flux in the Fermi-LAT band. In the top and
bottom panels we overplot the slope of one-to-one proportionality (not a fit)
with a black dotted line. Note that the vertical scale is linear in all panels, but
has a different dynamic range in each one.

observed in both bands. Here we compare our NuSTAR spectral
slopes to that of the RXTE spectrum (2-20 keV) integrated over
several months. Care should be taken in comparing with
previously published results, because direct slope measure-
ments in the 3-30 keV band were not available before,
especially on short timescales. While the simultaneously
observed steep slopes add support to the connection between
X-ray and VHE bands, higher-quality data for the quiescent
states are clearly needed in order to quantify it further.

<29>

BALOKOVIC ET AL.

4.2.2. UV/Optical versus Other Bands

Despite the low flux observed in the X-ray and ~-ray bands,
the range of the UV /optical flux was higher than in some
flaring episodes reported in the past (e.g., Aleksi¢ et al. 2012).
In this section we present flux correlation analyses with respect
to the UV band, as represented by measurements using Swift-
UVOT. The choice of band UVW1 (A = 2120 A) for this
work is arbitrary; results do not change for either of the other
two filters, as all of them sample the flux on the opposite side of
the extremely variable synchrotron SED peak from the X-ray
band. In Figure 11 we show the correlations between the UV
and optical, soft X-ray and GeV ~-ray bands, each normalized
to the lowest flux observed in the 2013 campaign. As in
previous sections, we use the DCF and the associated
uncertainty to quantify the correlation significance.

A strong correlation is expected between the UV and optical
fluxes and is confirmed by the data presented here. Previous
work hinted at a possible correlation of the optical flux and the
X-ray flux, but over a very narrow dynamic range and with low
significance (Lichti et al. 2008). The states of Mrk 421
observed in early 2013 are not consistent with that result,
indicating perhaps that a physically different regime was
probed. We examine two different timescales in more detail
here: for the UV and X-ray measurements taken within 6 hr of
each other the DCF is 0.2 £ 0.2, while for weekly averaged
values it is 0.3 &+ 0.4, i.e., consistent with zero in both cases.
Note that the X-ray data require averaging in the latter case,
and that the uncertainty in flux is dominated by intrinsic
variability. Given the established difference in the variability
characteristics (see Figure 9), the lack of a significant
correlation, especially on the shorter timescale, is not
unexpected.

The most interesting correlation in terms of constraints on
physical models is the one between the UV (and hence the
optical, given their essentially 1-to-1 correspondence) and the
Fermi-LAT band (0.2-100 GeV), shown in the bottom panel of
Figure 11. In the framework of the SSC model, emission in
these bands is due to electrons of roughly the same energy.
Since the Fermi-LAT light curve had to be derived in ~1-week
bins owing to the low photon counts (see Section 2.5), we
average the UV flux over the same time periods in order to
cross-correlate them. Overall, the DCF is 0.8 + 0.3, revealing a
possible correlation with a 2.7¢0 significance. In order to
examine its robustness against contributions from the outlying
data points, we perform the following test: we first remove the
highest-flux Fermi-LAT data point and find that it does not
change the DCF, and then we remove the lowest-flux Swift-
UVOT data point, which increases the DCF to 0.9 £ 0.4 but
lowers the significance. We therefore estimate the correlation
significance to be ~2.50 based on the data presented here.
Existence of a real correlation between UV and ~-ray bands
cannot be confirmed with the current data, but this may be
possible with the Mrk 421 observations at higher v-ray flux,
such as those taken during our multiwavelength campaign in
2013 April.

4.3. The Peak of the Synchrotron SED Component

Previous work on modeling the Mrk 421 SED established
that the lower-energy peak of the SED, likely arising from
synchrotron processes, is usually located at frequencies
between ~10'7 and ~10'®Hz. The peak itself is therefore
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Figure 12. Upper panel shows examples of approximate localization of the
synchrotron SED component peak for two orbits of simultaneous observations
with Swift and NuSTAR. The Swift data are shown as black filled symbols
(diamonds for the UVOT and squares for the XRT), and the NuSTAR data are
shown as black open squares. Open diamonds represent R-band data. For each
of the epochs we show a log-parabolic curve fit to X-ray data alone (yellow)
and all data (purple). For each curve, we mark the SED peak with an open
circle of matching color. In the lower panel we show results of the SED peak
localization based on data from strictly simultaneous Swift and NuSTAR orbits.
The colored data points Show Vgyn, peak and (VF, )syn. peak» 1.€., the frequency of
the SED peak and the flux at the peak. The assumption of the log-parabolic
model connecting the UV /optical and X-ray data (purple empty circles) reveals
a proportionality between 10og(VF,)syn. peak and 10g Vgyn peak; the dashed black
line shows a linear fit best describing that relation. The other method (using
only X-ray data) does not show a similar relation. In comparison with the
observations published previously, shown here with different hatched gray
regions, in 2013 January—March we observed a state in which the peak
occurred at atypically low energy and high flux.

often directly observable in the Swift-XRT band, as in other
similar HBL sources (e.g., Tramacere et al. 2007a; Furniss et al.
2015). Its location in frequency space can be estimated from
the UV /optical and X-ray data, using a reasonable smooth
interpolation or extrapolation model (e.g., Massaro et al. 2004;
Btlazejowski et al. 2005; Tramacere et al. 2009; Ushio et al.
2010). For the analysis presented here, we use 30 pairs of
Swift-XRT and NuSTAR spectra assembled from data taken
simultaneously, together with UV data taken within the same
Swift observation and R-band data taken within 24 hr. Since
optical variability is significantly lower, especially on short
timescales, the nonsimultaneity of the optical flux measure-
ments is not a serious concern. We employ the two most
commonly used methods from the literature to localize the
synchrotron SED peak. In the top panel of Figure 12 we show
examples of both methods applied to two representative sets of
data. The two methods are (i) fitting a log-parabolic model to
the X-ray data alone, using Xspec model 1ogpar described
by Equation (3), and extrapolating to lower energies; and (ii)
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fitting a log-parabolic model to both optical/UV and
X-ray data.

The X-ray-based extrapolation underestimates the UV/
optical flux by more than an order of magnitude in nearly all
cases. The peak frequencies predicted by this method
uniformly cover the frequency range from 10'® to 10'7 Hz
and a factor of ~3 in peak flux. Interpretation of this simplistic
parameterization of the SED would imply that it should consist
of two superimposed components in order to match the
observed UV /optical flux. However, log-parabolic fits that
additionally include the R-band and UVOT fluxes provide a
simpler solution that matches the data well on both sides of the
SED peak. This is demonstrated by the two examples shown in
Figure 12. Both methods are somewhat sensitive to the
systematic uncertainties in the cross-normalization between
the instruments and to the exact values of the line-of-sight
column density and extinction corrections. We conservatively
estimate that the combination of these effects results in a factor
of ~2 uncertainty in the synchrotron peak frequency (Vyn. peak)s
which dominates any statistical uncertainty from the fits. For
this reason we do not show the uncertainties for individual
Vsyn. peak €Stimates in Figure 12.

Both methods consistently show the peak at an atypically
low frequency (Vyn. peak < 10'7 Hz), with peak flux comparable
to high-activity states (see lower panel of Figure 12 and
references listed there). The scatter is found to be larger for the
fits using only the X-ray data, which can be easily understood
since the curvature is subtle in all but the lowest-energy bins of
the Swift-XRT band and the parabola has no constraint at
energies below the peak. The optical/UV data provide the
leverage to constrain the parabolic curves significantly better.
We find an interesting trend using the second method: the flux
at the SED peak is approximately proportional to the square
root of the peak frequency. This is highlighted with a linear fit
shown in the lower panel of Figure 12. The best-fit slope of the
relation parameterized as log(VF, )syn. peak < D 10g (Vsyn. peak) 1S
b = 0.49 + 0.08 =~ 0.5. The dynamic range over which the
relation holds, assuming that this parameterization is valid at
all, is unknown. It is clear from the comparison with the peak
localization taken from the literature (listed in the lower panel
of Figure 12) that the relation is not universal, although its
slope is broadly consistent with the slopes of previously
identified relations of the same kind. Given the fact that the
simple method used to derive it is purely phenomenological
and sensitive to systematic uncertainties, we refrain from
quantifying and interpreting this correlation further.

For all observations presented here v4yn peak < 10'7 Hz,
essentially independent of the choice of model. If only a single
peak is assumed to exist, our data unambigously imply that the
synchrotron peak frequency was well below the Swift-
XRT band (<0.3keV) during this period of very low X-ray
activity. This is atypical for Mrk 421 based on the previously
published data. We found that, for the states of lowest X-ray
activity, our data show a peak frequency as low as
Veyn. peak S 10'¢ Hz, estimated with a (symmetric) log-parabolic
function fitted to both optical/UV and X-ray (Swift-XRT and
NuSTAR) data. A peak frequency as low as ~10'® Hz has been
reported in Ushio et al. (2010), but only when using a specific
model that led to a very asymmetric parameterization of the
synchrotron bump. When using a symmetric function (compar-
able to a log-parabola), the fit to the same observational data
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Figure 13. SED snapshots for four selected epochs during the campaign, assembled using simultaneous data from Swift-UVOT, Swift-XRT, NuSTAR, Fermi-LAT,
MAGIC, and VERITAS. Most of the data were acquired over a period shorter than 12 hr in each case; the exceptions are the Fermi-LAT data and part of the radio
data, which were accumulated over roughly 1-week time intervals. The two left panels show low-state SEDs, while the two on the right show elevated states (not
flaring, but among the highest presented in this paper). The gray symbols in the background of each panel show the SED of Mrk 421 from Abdo et al. (2011) averaged
over a quiescent 4.5-month period. The solid blue lines show a simple one-zone SSC model discussed in Section 5.3. To aid comparison, the model curve from the
first panel is reproduced in the other panels with a blue dotted line. The dashed red lines show SED models with a time-averaged electron distribution discussed in

Section 5.3 for comparison with previously published results.

reported in Ushio et al. (2010) led to a peak frequency of ~10"”
Hz, which is typical for Mrk 421.

Blazars are classified by the frequency of the peak of the
synchrotron emission as LBLs, IBLs, and HBLs (for low-,
intermediate-, and high-tgyn peax BL Lacs) if v4yn peak is below
10 Hz, in the range 10'%-10" Hz, or above 10" Hz,
respectively. The data presented here show that Mrk 421,
which is one of the archetypal TeV HBLs, with a synchrotron
peak position well above that of the typical HBL, changed its
broadband emission in such a way that it almost became an
IBL. This effect may also happen to other HBLs that have not
been as extensively observed as Mrk 421 and suggests that the
SED classification may denote a temporary characteristic of
blazars, rather than a permanent one.

4.4. Broadband SED at Different Epochs

For a better understanding of the empirically observed
correlations, we need to consider the complete broadband
spectrum. SED snapshots for four selected epochs (marked
with dashed vertical lines in Figure 7) are shown in Figure 13.
They were selected to show a state of exceptionally low X-ray

<#3>

and VHE flux (January 10 and 20; see Section 4.2.1), in
contrast to higher, though not flaring, states (January 15,
February 12, for example). In all SED plots we also show data
accumulated over 4.5 months in the 2009 multiwavelength
campaign (Abdo et al. 2011), which is currently the best-
characterized quiescent broadband SED available for
Mrk 421 in the literature. For the two epochs of very low
X-ray flux, we show for the first time states in which both the
synchrotron and inverse-Compton SED peaks are shifted to
lower energies by almost an order of magnitude compared to
the typical quiescent SED. The accessibility of the low-activity
state shows the large scientific potential brought by the
improvements in the X-ray and VHE instrumentation in the
past several years with the launch of NuSTAR and upgrades to
the MAGIC and VERITAS telescopes.

We note that the empirical SEDs from the 2013 campaign
shown here represent <12 hr of observation in the X-ray and
VHE bands, rather than integrations over a time period of
weeks or even months. We match the simultaneous UV, X-ray,
and VHE data to optical data taken within at most 2 days, radio
data taken within at most 2 weeks, and Fermi data integrated
over time intervals of 6-10 days centered on the time of the
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Figure 14. Light curves for Mrk 421 around the ~-ray flare detected by Fermi-
LATin 2012, from Fermi-LAT (0.2-100 GeV, binned weekly), NuSTAR
(3-30 keV, binned by orbit; see the top panel of Figure 1 for greater time
resolution), MAXI (4-20 keV, weekly bins), and OVRO (15 GHz, ~weekly—
daily cadence). Vertical and horizontal error bars show statistical uncertainties
and the bin width, respectively, although some of the error bars are too small to
be visible in this plot. The colored horizontal lines show the long-term median
flux calculated from publicly available monitoring data. The dynamic range in
all panels is 40, as in Figure 7, so that the two figures are directly comparable.

coordinated X-ray and VHE observations. Mrk 421 is a point-
like and unresolved source for single-dish radio instruments,
which means that the data shown in Figure 13 include emission
from spatial scales larger than the jet itself and therefore should
be considered as upper limits for the SSC models of jet
emission. We further discuss the SED in the context of the SSC
model in Sections 5.3 and 5.4.

4.5. Brief Summary of the Flaring Activity in 2012

In addition to the coordinated multiwavelength campaign
conducted in 2013, Mrk 421 was observed independently with
several instruments in 2012 July—September, including NuS-
TAR, Fermi, and OVRO. In 2012 July, the flux in the Fermi-
LAT band increased above the median level and peaked twice
over the following 2 months (see Figure 14). The first peak was
reported on July 16 by the Fermi-LAT Collaboration
(D’Ammando et al. 2012) and, within the same day, by the
ARGO-YBJ collaboration (Bartoli et al. 2012). The daily flux
seen by Fermi-LAT increased to (1.4 £ 0.2) x 107° s lem ™2,
a factor of ~8 above the average flux reported in the second
Fermi-LAT catalog (2FGL; Nolan et al. 2012). Light curves
from several observatories monitoring Mrk 421 in 2012 July—
September are shown in Figure 14 in order to provide a
timeline for this flaring event.
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An observation of Mrk 421 was performed by NuSTAR on
2012 July 7 and 8, shortly before the start of flaring activity in
the ~-ray band. The observation''® was not originally intended
for scientific usage, as the pointing was suboptimal at this early
point in the mission (less than a month after launch). However,
it represents both the longest and the most variable
NuSTAR observation considered in this paper (see Figure 1)
and thus represents an important part of the NuSTAR data
presented here. The available X-ray and ~-ray data are clearly
too sparse to allow for associations to be inferred between
any specific features in the light curves. There is indication
from the MAXI public monitoring data''® that the X-ray flux
in the 4-20keV band increased further after the
NuSTAR observation, peaking between 2 and 5 weeks later
(see Figure 14). The NuSTAR observation therefore makes it
possible to investigate the hard X-ray spectrum of Mrk 421 at
the time when its -ray activity was rapidly increasing.

A unique feature of this event is the well-defined rapid radio
flare observed at 15 GHz from OVRO (Hovatta et al. 2012,
2015). Approximately 70 days after the first peak of the y-ray
flare, Mrk421 reached a flux density of 1.11 £ 0.03 Jy,
approximately 2.5 times its median flux density. Note that in
Figure 14 we show the light curves on a logarithmic scale with
a fixed dynamic range in order to facilitate direct comparison
with Figure 7; on a linear plot both the y-ray and the radio flare
appear strikingly peaked. Based on the statistical properties of
Fermi-LAT and OVRO 15 GHz light curves, Max-Moerbeck
et al. (2014) have shown that the «-ray and the radio flare are
likely causally related. During most of the flaring activity in
2012, Mrk 421 was very close to the Sun on the sky, which
resulted in relatively poor multiwavelength coverage. We
therefore do not attempt a more comprehensive analysis of the
sparse data available for this epoch. Hovatta et al. (2015)
present the radio and ~-ray data, as well as a physical model for
the flaring activity, for both the 2012 flare and the flare
observed during the multiwavelength campaign in 2013 April.
As the latter event has been covered with numerous instruments
(e.g., Balokovi€ et al. 2013b; Cortina et al. 2013; Paneque et al.
2013; Pian et al. 2014), we defer a comprehensive analysis of
this period to a separate publication.

5. DISCUSSION
5.1. Spectral Variability in the X-Ray Band

The good temporal coverage of the NuSTAR data reveals a
typical variability timescale of 7, ~ 9 4+ 3 hr. Significant
variability is clearly detectable even in the low-flux states,
which is the case for several epochs in early 2013. We find no
evidence for strong intrahour variability; on timescales as short
as ~10 minutes the variability amplitude is <5%, approxi-
mately an order of magnitude lower than the typical flux
change over a 10 hr observation. This can be inferred from the
fact that in the light curves shown in Figure 1 only a small
fraction of adjacent bins differ in count rate by more than 3o.
We summarize this more formally in Figure 2. In contrast to
some previous studies (e.g., Takahashi et al. 1996), we
observed no clear time-dependent circular patterns in the count
rate—hardness plane. The reason for this may be that most of the
observations seem to have covered periods of decreasing flux,

113 . - .
The observation consists of two contiguous segments, sequence IDs

10002015001 and 10002016001; see Table 3.
e http:/ /maxi.riken.jp/top/
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with no well-defined flare-like events except for a few “mini-
flares” of modest <40% amplitude.

We find that the X-ray spectrum of Mrk 421 cannot generally
be described as a simple power law, but instead it gradually
steepens between 0.3 and ~70 keV. For most of the Swift and
NuSTAR observations in the 2013 January—March period, we
find that the spectra in both bands are better described when a
curvature term is added to the basic power law, as in the log-
parabolic model available in Xspec. Using this model, we find
significant curvature at the highest observed fluxes—still
notably lower than in any flaring states—gradually vanishing
as flux decreases (see Figure 5). This has a simple explanation
because the X-ray band samples the Mrk 421 SED close to the
synchrotron peak: when the X-ray flux is low and the SED
peak shifts to lower energy (away from the NuSTAR band), the
hard X-ray spectra can be well described by a power law. This
behavior is consistent with the steady increase of fractional
variability with energy through the X-ray band, as shown in
Figure 9. The high sensitivity of NuSTAR reveals that the hard
X-ray spectrum does not exhibit an exponential cutoff, and it is
well described by a power law with a photon index I' ~ 3,
even during the epochs related to the lowest X-ray fluxes. The
NuSTAR data also show no signature of spectral hardening up
to ~80 keV, meaning that the onset of the inverse-Compton
bump must be at even higher energies.

5.2. Correlated Variability in the X-Ray and VHE Spectral
Bands

The data gathered in the 2013 multiwavelength campaign
contribute some unique details to the rich library of blazar
phenomena revealed by Mrk 421. The object is highly variable
on a wide range of timescales and fluxes, with the fractional
variability amplitude highest at the high-energy ends of the
synchrotron and inverse-Compton SED bumps (see Figure 9).
The well-matched coverage in the X-ray and VHE bands
reveals that the steep spectral slope observed in the X-ray band
at very low flux occurs simultaneously in time with an
atypically steep slope observed in the VHE band. For the first
time we observed a simultaneous shift of both the synchrotron
and the inverse-Compton SED peaks to lower energies in
comparison to the typical quiescent state (see Figure 13),
constrained primarily by the X-ray and VHE data. The
measurements in those bands do not support the existence of
high-energy cutoffs up to ~80 keV and ~1 TeV. All of this
indicates that the energies of radiating particles must be very
high (up to v ~ 10%; see Section 5.3 below) even when the
source is in such a low state.

In Section 4.2.1 we have shown that the X-ray and VHE
fluxes are correlated at >3o significance. Parameterizing the
correlation as log (Fx.ray) = alog(Fyug) + b, the correlation
is found to be approximately linear (¢ ~ 1) on both half-hour
and half-day timescales. This is consistent with most previous
results considering similar spectral bands: a = 1.7 + 0.3
(Tanihata et al. 2004), a ~ 1 (Fossati et al. 2008, for averaged
and nonflaring periods; also Aleksi¢ et al. 2015b), a=1
(Acciari et al. 2014; assumed linear), etc. We emphasize the
importance of distinguishing between (i) a correlation of count
rates versus a correlation of fluxes, since the conversion
between them is nonlinear owing to spectral variability, and (ii)
a general correlation versus a correlation associated with
isolated flares, since those could potentially be produced by
different physical mechanisms (as argued by, e.g., Katarzynski
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et al. 2005). Indeed, for isolated flaring periods Fossati et al.
(2008) and Giebels et al. (2007) find a~2 and
a = 2.9 £ 0.6, respectively. Care should be taken with direct
comparison of the results in the literature, since the chosen
spectral bands are not always the same, and we have shown in
Section 4.2.1 that the slope does depend on the band choice as
a consequence of the spectral variability.

We note that in the simplest, one-zone SSC model, one
expects a close correlation between the X-ray and VHE fluxes.
However, if the scattering takes place exclusively in the
Thomson regime, the inverse-Compton flux should obey a
quadratic (a = 2) relationship, since increasing both the
number of electrons and the seed photon flux results in a
quadratic increase in the scattering rate. Since we detect a linear
relationship, this would argue that the scattering cross section is
diminished, possibly because the scattering takes place in the
less efficient Klein—Nishina regime. For example, a quadratic
relation has recently been observed in a similar HBL object,
Mrk 501 (Furniss et al. 2015). It has been shown previously
(e.g., Katarzynski et al. 2005) that this implication is valid only
if the normalization of the entire electron distribution is
changed to produce flux variations. For changes in other
parameters of the electron distribution, or in physical condi-
tions within the emission region, this is no longer strictly
correct. The linearity of the flux—flux correlation itself does not
uniquely indicate Klein—Nishina effects; we therefore combine
the broadband SED modeling and variability properties in the
following section, in order to further investigate this issue.

5.3. Interpretation within the Framework
of a Single-zone SSC Model

In the framework of an SSC model, if the peak energies of
the synchrotron and inverse-Compton SED are resolved, then
along with constraints from temporal variability and an
estimate of the bulk Doppler factor of the emitting material,
fairly general and robust estimates can be made of the
characteristic particle energies, the magnetic field strength,
and the overall size of the emitting region. An estimate for the
characteristic electron Lorentz factor (v,, measured in the
comoving frame of the emitting plasma) is given roughly by
the square root of the ratio of the energies of the synchrotron
and inverse-Compton peaks. The radiation at the peaks is
dominated by electrons of intermediate energy, where the
Klein—Nishina reduction in the scattering cross section is not
expected to be significant. From the SEDs shown in Figure 13,
we estimate Lgyn peak =~ 10' Hz and vic peak = 10% Hz. It then
follows that 7. ~ (V1c peak/Voyn. peak)'/> ~ 3 X 10*. Assum-
ing a bulk Doppler factor of 6 ~ 25, we can also estimate the
magnetic field strength in the plasma comoving frame:
B = 4muyn peakMeC (3e67§) ~ (.1 G. Finally, an upper limit
for the size of the emitting region in the comoving frame is
given by the observed variability timescale, 7, = 9 hr, and the
bulk Doppler factor &: R < ¢7yard ~ 2 x 10'° cm.

We can constrain the properties of the jet emission region
more precisely by directly modeling the multiwavelength SED
data shown in Figure 13 with a standard one-zone SSC model.
Specifically, we apply an equilibrium version of the SSC model
from Bottcher & Chiang (2002), fully described in Bottcher
et al. (2013). This model has already been used to represent
Mrk 421 in two different states (Acciari et al. 2009). In this
model, the emission originates from a spherical region with
radius R, containing relativistic electrons that propagate down
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Table 9 Table 10
Model Parameters for the Equilibrium SSC Model for Four Selected Epochs Model Parameters for the Snapshot SSC Model for Four Selected Epochs
Parameter Jan 10 Jan 15 Jan 20 Feb 12 Parameter Jan 10 Jan 15 Jan 20 Feb 12
Vi (10%) 22 3.5 2.4 5.0 Yo (10%) 2.0 1.3 1.7 3.0
Vrmax (10%) 4.0 4.8 5.8 6.8 Vork 10% 2.5 3.7 3.0 5.2
q 3.5 3.5 3.6 3.0 Vimax 10%) 4.0 4.8 5.8 6.8
n 35 35 35 35 12 2.0 2.0 2.0 2.0
B (G) 0.17 0.25 0.16 0.10 Pn 4.5 4.5 4.6 4.0
r 25 25 25 25 B (G) 0.21 0.28 0.19 0.10
R (10'® cm) 0.9 0.55 1.0 1.4 T 25 25 25 25
0 (deg) 2.29 2.29 2.29 2.29 R (10'® cm) 0.93 0.60 1.04 1.69
7 (hr) 3.4 2.1 3.8 5.3 0 (deg) 2.29 2.29 2.29 2.29
L. (10® ergs™") 3.0 2.6 3.0 33 T (hr) 3.4 22 3.9 6.3
€ = Lg/L. 0.18 0.25 0.20 0.14 L, (10" ergs™") 33 2.9 33 4.1
e = Lp/L, 0.51 0.47 0.56 0.33

Note. The electron energy distribution parameters listed here refer to the
electrons injected into the emission region, and the equilibrium distribution is
calculated self-consistently within the model, as described in Section 5.3.
Model SED curves are shown in Figure 13.

the jet with a bulk Lorentz factor I'. In order to decrease the
number of free parameters, we assume a value I' = 25 with
the jet axis aligned near the line of sight with the critical angle
0 = 1/T" = 0.04 rad =2°29, which makes the Doppler
factor equal to the jet Lorentz factor (6 = I'). This simplifying
choice is often used in the literature when direct measurements
are not available (see, e.g., Abdo et al. 2011 and the discussion
therein). A Doppler factor of 25 is higher than the value
inferred from VLBA measurements of the blob movement by
Piner et al. (2010). This is a common situation in VHE blazars,
often referred to as the ‘“bulk Lorentz factor crisis,” and
requires that the radio and VHE emissions are produced in
regions with different Lorentz factors (Georganopoulos &
Kazanas 2003; Ghisellini et al. 2005; Henri & Saugé 2006).
High Doppler factors (=10) are required to explain previously
reported rapid variations in the VHE band (Gaidos et al. 1996;
Celotti et al. 1998; Galante 2011) and are typically used in
theoretical scenarios to describe the broadband emission of
VHE blazars. Relativistic leptons are injected according to a
power-law distribution dn/dy oc =9 between ~, . and 7 ..
These particles lose energy through synchrotron and inverse-
Compton radiation, leading to an equilibrium between particle
injection, radiative cooling, and particle escape. The particle
escape is characterized with an escape efficiency factor 7,
defined so that 7., = nR/c is the escape time. This results in
a particle distribution that propagates along the jet with power
L,. Synchrotron emission results from the interaction of
particles with a magnetic field B, generating a Poynting-flux
luminosity of Lg. L, and Lp allow the calculation of the
equipartition parameter Lg/L,. Various other blazars have been
represented with this model, with the resulting model
parameters summarized in Aliu et al. (2013). In application
to the broadband data, the intrinsic source VHE flux from the
SSC model is absorbed by the Franceschini et al. (2008) model
describing the extragalactic photon field. In Table 9, we list the
relevant model parameters that reproduce the observed SED of
Mrk 421 for the four selected epochs in 2013.

Since the injected particle distribution in our SSC model
follows a single power law, the observed spectral shapes in the
GeV and VHE bands imply certain constraints on the model
parameters. In the 0.1-100 GeV band, the observed spectra have
photon indices in the range I' ~ 1.6-1.7, while, by contrast, the
VHE spectra have photon indices of I' ~ 2.3-3.5 (see Tables 5
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Note. The electron energy distribution parameters listed here refer to the
distribution directly responsible for the SSC emission. This simplified model is
described in Section 5.3 and used for comparison with the literature. Model
SED curves are shown in Figure 13.

and 6). These indices imply spectral breaks of AT'~ 0.6-1.9,
which are moderately to significantly larger than the “cooling”
break of I' = 0.5 that arises from incomplete (or “weak’™)
synchrotron cooling of an injected power-law distribution of
electrons. In the strong-cooling regime, i.e., where the
synchrotron cooling timescale is shorter than the particle-
escape time, the cooled electron distribution has a break at
the lower bound of the injected power law, 7, = ~,;,.» and
has power-law shapes dn/dy oc =2 for v < v, and dn/dy
oy~ @+ for v > ~,. For the parameters shown in Table 9, this
particle distribution implies a synchrotron spectrum with a peak
at Uyn peak = (1-2) x 10'® Hz and spectral shapes F, oc v~!/2
(dN/dE  E~'3) for v < Vs peak and F, o< v79/2 (dN /dE
E~26-32) for 1 > Yy peak (see Table 7 and Figure 13). For
Yoin = 3 % 10* and B=0.2 G, a synchrotron cooling time-
scale of gy = 4 X 103 s is obtained in the comoving frame of
the emitting plasma; this is slightly larger than the nominal (i.e.,
in the absence of any scattering) escape time of
Tesc,nom = R/c = 3 x 10°s. The escape efficiency factor,
n = 35, ensures that the cooled electron distribution extends to
sufficiently low energies to model both the optical/UV points
and the Fermi-LAT data down to 0.1 GeV. The Larmor radius of
the lowest-energy electrons in the modeled magnetic field is
small enough that the electrons have sufficient time to cool
within the emission region before escaping.

Past SED modeling of HBL-type blazars has often used SSC
calculations that have electron distributions assumed to persist
in the specified state for the entire duration of the observation.
For example, for a given variability timescale, a single, time-
averaged, multiply broken power-law electron distribution is
used by Abdo et al. (2011) to model the multiwavelength data
obtained for Mrk 421 over a 4.5-month period in early 2009.
By contrast, the SED calculations we have performed in this
paper attempt to model specific flaring or quiescent periods for
which most of the data (optical, X-ray, and VHE) were
obtained within 12 hr intervals. Our modeling assumes that an
initial power-law electron spectrum is injected into the
emission region, and we compute the resulting quasi-
equilibrium particle distribution for those epochs given the
radiative and particle escape timescales. Since the 2009
observations could contain a large number of similarly short
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flaring and quiescent episodes with a range of physical
properties, it would be inappropriate to attempt to model those
data with the procedure we have used here. However, as we
have indicated above, it should be possible to obtain equivalent
time-averaged SED models that have multiply broken power-
law electron distributions and that we can compare directly to
the Abdo et al. (2011) results.

We have performed such modeling, and in Table 10, we give
the parameters for the same four selected epochs appearing in
Table 9. The SEDs produced by the two models can be
matched very well, as shown in Figure 13 with the blue and
dashed red lines. As we noted above, the equivalent time-
averaged electron distributions can be represented via a broken
power law with a break at (y)px =~ 7., and index p;=2.0
below (Y)pk and index p, = g + 1 above the break.

As Abdo et al. (2011) demonstrate and as we discuss above,
for data that resolve the shapes of both the synchrotron and
self-Compton components of the SED, the model parameters in
these sorts of leptonic time-averged models are largely
determined once either the variability timescale or the Doppler
factor is constrained or set. Therefore, when comparing the
current model parameters to those of Abdo et al. (2011), we
consider just their § = 21 results. In terms of the shape of the
underlying particle distributions, the value of p,=2.0 we find
is comparable to their value of p; =2.2, and our values of
pr=4.0—4.6 are similar to their high-energy index of p; =4.7.
While this does not uniquely imply that the same energy-loss
mechanisms and acceleration processes are at work in both
cases, the consistency is encouraging. The Abdo et al. (2011)
modeling does require an additional medium-energy power-law
component that is dictated by their generally broader SED
peaks (see the gray points in Figure 13). In the context of the
quasi-equilibrium modeling, this would arise from a distribu-
tion of physical parameters in shorter flaring and quiescent
episodes that are averaged over the 4.5-month observa-
tion time.

Several physical parameters in the current modeling do differ
substantially from those of Abdo et al. (2011). The character-
istic electron Lorentz factors are about an order of magnitude
lower ((V)pk = (2.5-5.2) x 10* vs. 75, = 3.9 x 107),
while the inferred emitting region radius is about a factor of
3-10 smaller (R = (0.6-1.7) x 10'® cm vs. 5.2 x 10' cm), the
inferred magnetic field is substantially higher (B =0.10-0.28
vs. 0.038), and the resulting jet powers differ by a factor of
three to four. As a consequence, the current modeling yields
equipartition parameters that are much closer to unity, in the
range ¢ = 0.33-0.56 vs. ¢ = 0.1 for the Abdo et al. (2011)
result. Given the overall similarity in the size and shape of the
synchrotron and SSC components among all five data sets (i.e.,
the four 2013 epochs and the 2009 data shown in Figure 13),
the differences in model parameters can be understood as being
driven mostly by the combination of the order-of-magnitude
larger characteristic electron Lorentz factor and the order-of-
magnitude higher peak synchrotron frequency required by the
Abdo et al. (2011) data and modeling. Since vy, Bv?, the
order-of-magnitude higher magnetic fields in the current
modeling are readily understood, and those in turn largely
account for the equipartition parameters being substantially
closer to unity. We note that other authors, such as Aleksié
et al. (2015¢), have inferred SSC model parameters that are
below equipartition by much more than an order of magnitude.
However, Aleksi¢ et al. (2015¢) considered a flaring state of
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Mrk 421 that had much higher synchroton peak frequencies, as
well as substanially higher fluxes at all wavelengths. Accord-
ingly, their much larger disparity in the partitioning of the jet
power compared to the current results is not surprising and
roughly fits in with the preceding discussion.

Studying broadband emission of Mrk 421 at different epochs,
Mankuzhiyil et al. (2011) found that there were no substantial
shifts in the location of the peaks of the synchrotron and the
inverse-Compton bumps. They concluded that the variability in
the blazar emission was dominated by changes in the parameters
related to the environment, namely, the emission-region size, the
Lorentz (Doppler) factor, and the magnetic field. The observa-
tional results presented here, with substantially broader energy
coverage and better instrumental sensitivity due to the advent of
new ~-ray and X-ray instruments, differ from those presented in
Mankuzhiyil et al. (2011). We show that, besides changes in the
magnetic field, the distortions in the broadband emission of
Mrk 421 also require changes in the electron energy distribution,
which may be due to variations in the mechanism accelerating
the electrons to high energies.

Having modeled the broadband SEDs with single-zone SSC
calculations, we can test the hypothesis that the VHE emission
occurs in the Klein—Nishina regime. The SED modeling yields
injected electron Lorentz factors in the range ~3 x 10* to
~6 x 10°. Assuming that the target synchrotron photons for
inverse-Compton scattering have energies around the synchro-
tron peak at Vgyn peak ~ 10'¢ Hz, the parameter governing the
transition between Thomson and Klein-Nishina regimes is
4 hvjgyn, peak Y / m,c? (Blumenthal & Gould 1970), which in the
observer frame becomes 4 higyy peaky/6mec?.

When considering photons from the synchrotron peak
position (E = higyn peax ~ 40 €V, i.e., about one order of
magnitude lower than the typical position of the synchrotron
peak in Mrk421), we obtain 4 hijy, peakv/émec2 ~ 0.4-8,
indicating that the inverse-Compton scattering of photons with
energy My, peak takes place, at least partially, in the Klein—
Nishina regime. The X-ray energies probed with Swift-XRT are
roughly one order of magnitude above Ay, peak, far above the
range where Thomson scattering is relevant, and consistent
with the linear (@ ~ 1) relationship between the soft X-ray and
VHE flux.

5.4. Toward a Multi-zone Emission Scenario

The electrons responsible for the broadband emission of
Mrk 421 lose energy mostly owing to synchrotron cooling, as
one can infer from the dominance of the synchrotron bump
over the inverse-Compton bump shown in the SEDs from
Figure 13. Note that the inefficiency of cooling via the
Compton channel is independently implied from the observed
slope of the X-ray-VHE flux correlation. The observed
variability timescale (measured in a stationary observer’s
frame) due to synchrotron cooling alone is given by
Tyn = 1.2 x 10°3B=3/2E-1/2671/2 5 where E is the photon
energy in keV and B is the comoving frame magnetic field
strength in G. Taking E ~ 10 keV as the energy typical for the
NuSTAR band, assuming B =~ 0.2 G, as found from our SED
modeling, and § = 25 as before, we arrive at 7y, of ~ 103513
This is more than an order of magnitude shorter than the

115 Note that the longer synchrotron cooling timescale discussed in Section 5.3

refers to emission at much lower energies, below the synchrotron peak of
the SED.



THE ASTROPHYSICAL JOURNAL, 819:156 (30pp), 2016 March 10

variability timescale Ty, ~ 9 hr measured in the observer’s
frame, as we can derive from the NuSTAR light curves. Since
the synchrotron cooling timescales are so short, this requires
that the electron acceleration must be happening locally, very
close to where the emission takes place.

Considering the disparity between the variability timescale
and the synchrotron cooling timescale, along with the similarity
of the increases and decreases in flux during the NuSTAR
observations (Figure 1), it seems unlikely that the output is
dominated by a single shocked region as a site of particle
acceleration, such as is often argued to be the case in flaring
episodes. Instead, we can interpret the flux changes as a
geometrical effect due to a spatially extended region containing
multiple particle-acceleration zones contributing comparably to
the overall SED. Observation of variability due to geometrical
effects of a spatially extended region would lack sharp flux
increases in the X-ray band, which might result from sudden
particle-acceleration events, because the sharp flux increases
and decreases from the different regions (even if partially
connected) would not occur at exactly the same time. In this
scenario, the shortest variability timescales, comparable to the
electron cooling timescales, would be produced only when a
single region dominates the overall emission, which is expected
to occur during flaring episodes, but not during the relatively
low activity reported in this paper. As described in Section 3.1,
the observed increases appear at least as smooth and as slow as
the observed decreases, consistent with this picture.

One may argue that the X-ray flux variability reported in
Section 3.1 is not due to the acceleration/cooling of electrons,
but rather produced by variations in the parameters related to
the environment (e.g., B, R) or the Dopper factor 6 (e.g., due to
a change in the viewing angle). In that case, the smooth and
relatively slow changes observed in the NuSTAR light curves
would not be related to the short electron cooling timescales
derived above, but rather to the variations in the above-
mentioned parameters. However, such a theoretical scenario is
strongly disfavored by the fractional variability as a function of
energy reported in Figure 9, as well as by the lack of correlation
between optical and X-ray fluxes reported in Figure 11, while
there is a correlation between optical and GeV ~-ray fluxes, as
well as X-ray and VHE fluxes, reported in Figures 10 and 11,
respectively. The only possibility for the parameters R, B, or 0
to dominate the measured flux variations would be to have, at
least, two distinct emission regions, one dominating the optical
and GeV ~-ray bands, and the other dominating the X-ray and
VHE bands. Therefore, despite the success of the one-zone
SSC scenario in describing the broadband SED (see Sec-
tion 5.3), we argue that the observed multiwavelength
variability and correlations point toward an emission region
composed of several distinct zones and dominated by changes
in the electron energy distribution. The increase in the
fractional variability with energy for both SED bumps and
the harder-when-brighter trend that is clearly observed in the
X-ray spectra measured with NuSTAR (which is the segment of
the broadband SED reconstructed with the highest accuracy)
indicate that the changes in the electron energy distribution are
generally chromatic,''® with strongest variability in the highest-
energy electrons. However, the saturation of the X-ray spectral
shape at the lowest and highest X-ray fluxes (see Section 3.4
and Figure 6) suggests that at the times of lowest and highest

116 . . .
In the sense of larger relative increase at higher energies.
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activity, the variations in the electron energy distribution
become achromatic, at least for those electron energies
responsible for the X-ray emission. It is possible that at those
times the variability is not dominated by acceleration and
cooling of the electrons, but rather by variations in the physical
parameters of the environment in which particle acceleration
occurs. For the periods of very low activity, a possibility would
be that the radiation is being produced within a larger region by
particles accelerated by Fermi II processes (e.g., stochastic
acceleration on magnetic turbulence), as suggested, for
instance, by Massaro et al. (2004) and Ushio et al. (2009).

The magnetic field implies a size constraint for the
acceleration zones, since electrons cannot attain energies
corresponding to a gyroradius significantly larger than the
characteristic size of a zone. The NuSTAR data imply no cutoff
in the synchrotron SED up to ~80keV, so we can estimate
the electron gyroradius Rg corresponding to that photon
energy using B=02G and the maximal v ~ 10°. Since
Rg = ymec?e 'B~!, we have Rg < 10'! cm, which is much
smaller than the inferred emission-region size of 10'® cm.
Given the large difference of five orders of magnitude between
the gyroradius for the highest-energy electrons and the size of
the overall emitting region, the electrons cannot travel far from
their acceleration site without losing a substantial fraction of
their energy, and hence the particle acceleration and the
emission need to be essentially co-spatial. We therefore
conclude that the set of physical parameters discussed here
offers a self-consistent picture in which the observed properties
of Mrk421 in a nonflaring state are consistent with compact
zones of particle acceleration distributed within a significantly
larger volume that produces the total emission. While detailed
characterization of the acceleration process is outside the scope
of the paper, one possible scenario involves magnetic
reconnection and “mini-jets” formed within a larger emission
volume, as suggested, for instance, by Nalewajko et al. (2011)
and developed further by Nalewajko et al. (2015). For a recent
summary of arguments in favor of magnetic reconnection for
powering blazar jets, the reader is referred to Sironi
et al. (2015).

Regardless of the exact acceleration mechanism, emitting
regions composed of multiple zones, e.g, as in the model
proposed by Marscher (2014), would be consistent with other
behavior observed in blazars, such as the increase in the degree
of polarization of the synchrotron radiation when the polariza-
tion electric vector rotates, or curvature in the SED arising from
nonuniform particle acceleration and energy losses. In a low-
activity state, where no single zone dominates the output, the
addition of polarization vectors from individual zones would
result in a low overall level of polarization with random
fluctuations in both the polarization degree and angle. Our
optical polarization measurements, shown in Figure 8, are
consistent with that prediction. While multizone scenarios have
previously been considered for flaring states (e.g., Massaro
et al. 2004; Ushio et al. 2009; Cao & Wang 2013; Aleksi¢ et al.
2015c¢), it has usually been assumed that the quiescent state can
be well described by a simpler single-zone SSC model (e.g.,
Abdo et al. 2011). The observations presented here, however,
show that, even in this state of very low activity, the emission
region may have a more complex structure than previously
assumed.
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6. SUMMARY AND CONCLUSIONS

We have observed the blazar Mrk421in an intensive
multiwavelength campaign in 2013, including GASP-WEBT,
Swift, Fermi-LAT, MAGIC, VERITAS, and, for the first time,
the new high-sensitivity hard X-ray instrument NuSTAR. In this
paper we present part of the data from the campaign between
the beginning of January and the end of 2013 March, with the
focus on the unprecedented coverage of the X-ray part of the
broadband spectrum. Another successful aspect of the
campaign is the achieved goal of strictly simultaneous
observations in the X-ray and VHE ~-ray bands, in order to
constrain the correlated variability. During the data-taking
period presented in this work, Mrk 421 exhibited relatively low
activity, including the lowest flux state ever investigated with
high temporal and broadband spectral coverage.

The rich data set yields a number of important empirical
results, which we summarize below.

1. During the first 3 months of 2013, the X-ray and VHE ~-
ray activity of Mrk421 was among the lowest ever
observed.

2. NuSTAR performed  half-day-long  observations  of
Mrk 421, which showed that this source varies predomi-
nantly on timescales of several hours, with multiple
instances of exponentially varying flux on timescales of
6—12 hr. Mrk 421 also exhibited smaller-amplitude, intra-
hour variations at the <5% level. However, only <20%
of the X-ray data show any appreciable intrahour
variability. Within the dynamic range of our observations,
we find no differences in the variability pattern or
timescales between the lower and higher flux states.

3. We find a systematic model-independent hardening of the
X-ray spectrum with increasing X-ray flux. As the X-ray
activity decreases, the curvature in the X-ray spectrum
decreases and the spectral shape becomes softer. At
2-10 keV fluxes <1071 ergs 'cm % the spectral
curvature completely disappears, and the spectral shape
saturates into a steep I' ~ 3 power law, with no evidence
for an exponential cutoff or additional hard components
up to >80 keV.

4. For two epochs of extremely low X-ray and VHE flux, in
a regime not previously reported in the literature, we
observed atypically steep spectral slopes with I & 3 in
both X-ray and VHE bands. Using a simple steady-state
one-zone SSC scenario, we find that in these two epochs
the peaks of both the synchrotron and inverse-Compton
components of the SED shifted toward lower frequencies
by more than an order of magnitude compared to their
positions in the typical low states of Mrk 421 observed
previously. The peak of the synchrotron bump of
Mrk 421 shifted from ~0.5-1keV to ~0.04 keV, which
implies that HBLs can move toward becoming IBLs,
leading to the conclusion that the SED classification
based on the peak of the synchrotron bump may denote
only a temporary rather than permanent characteristic of
blazars.

5. A clear double-bump structure is found in the fractional
variability distribution, computed from radio to VHE ~-
ray energies. This double-bump structure relates to the
two peaks in the broadband SED shape of Mrk421 and
has been recently reported (with less resolution) for both
low-activity (Aleksi¢ et al. 2015b) and high-activity states
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(Aleksi¢ et al. 2015c). The less variable energy bands
(radio, optical/UV, and GeV ~-rays) relate to the
segments of the SED rising up toward the peaks as a
function of photon energy, while the most variable energy
bands (X-rays and VHE ~-rays) sample the SED above
the peaks, where it steeply declines with photon energy.

. We find a tight X-ray-VHE flux correlation in three

nonoverlapping X-ray bands between 0.3 and 30 keV,
with significantly different scaling. These results are
consistent with an SSC scenario in which the X-ray and
VHE radiations are produced by the same relativistic
electrons, and the scattering of X-ray photons to VHE
energies (~TeV) occurs in the less-efficient Klein—
Nishina regime. From broadband SED modeling with a
single-zone SSC model for four epochs, and assuming a
constant Doppler factor of 25, we infer a magnetic field
B ~ 0.2 G and electron Lorentz factors as large as
~v 2 6 x 10°. These parameter values, which are typical
for describing the broadband SED of HBLs, further
support the claim that, in the context of the SSC model,
the inverse-Compton scattering responsible for the VHE
emission takes place in the Klein—Nishina regime.

. There is tentative evidence for an optical/UV-GeV flux

correlation, which is consistent with the emission in these
two bands being produced by the same lower-energy
electrons within the SSC framework.

. No correlation is found between fluxes in the optical/UV

and the soft X-ray bands on either short or long
timescales. However, we do find that a simple para-
meterization of the SED around the synchrotron peak
with a log-parabolic function leads to a correlation
between the peak flux and the frequency at which it
occurs over a limited frequency range.

. The reported increase in the fractional variability with

energy (for each of the two SED bumps) and the
hardening of the X-ray spectra with increasing flux
suggest that the variability in the emission of Mrk 421 is
produced by chromatic changes in the electron energy
distribution, with the highest-energy electrons varying the
most. The saturation of the X-ray spectral shape at the
extremely high and low X-ray fluxes indicates that, for
these periods of outstanding activity, the flux variability
is instead dominated by other processes that lead to
achromatic variations in the X-ray emission.

The lifetimes of relativistic electrons due to synchrotron
losses are estimated to be Ty, < 10%s, which are
substantially shorter than the ~3 x 10*s that dominate
the large-amplitude variations in the NuSTAR light
curves. Together with the fractional variability distribu-
tion and the multiwavelength correlations observed in this
campaign, this observation suggests that the broadband
emission of Mrk 421 during low activity is produced by
multiple emission regions.

The electron cooling times of Ty, S 103 s are also shorter
than the emission-region crossing time (>10*s), which
points toward in situ electron acceleration. While particle
acceleration in shocks is not excluded by our data, the
gyroradii of the most energetic electrons (those radiating
in the upper part of the NuSTAR band, or the upper part of
the VHE band) are <10'' ¢cm, which is shorter than the
cooling (energy-loss) timescales inferred from our
modeling. This is suggestive of an electron-acceleration
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process occurring in relatively compact zones within a
larger emission volume.
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ABSTRACT

We present a multiwavelength study of the unidentified Fermi object, 3FGL J0212.1+5320. Within the 95% error
ellipse, Chandra detects a bright X-ray source (i.e., Fys5 7y = 1.4 x 1072 erg cm 25~ ') that has a low-mass
optical counterpart (M < 0.4 M, and T ~ 6000 K). A clear ellipsoidal modulation is shown in optical /infrared at
20.87 hr. The gamma-ray properties of 3FGL J0212.14-5320 are all consistent with that of a millisecond pulsar
(MSP), suggesting that it is a y-ray redback (RB) MSP binary with a low-mass companion filling Z64% of the
Roche lobe. If confirmed, it will be an RB binary with one of the longest orbital periods known. Spectroscopic data
taken in 2015 from the Lijiang observatory show no evidence of strong emission lines, revealing that the accretion
is currently inactive (the rotation-powered pulsar state). This is consistent with the low X-ray luminosities
(Lx =~ 103 ergs™") and the possible X-ray modulation seen by Chandra and Swift. Considering that the X-ray
luminosity and the high X-ray-to-y-ray flux ratio (8%) are both comparable to those of the two known ~v-ray
transitional MSPs, we suspect that 3FGL J0212.1+5320 could be a potential target to search for future transition to
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the accretion active state.

Key words: binaries: close — gamma-rays: stars — pulsars: general — X-rays: binaries

1. INTRODUCTION

Progenitors of millisecond pulsars (MSPs), though not yet
fully understood, are believed to be neutron stars in low-mass
X-ray binaries (LMXBs). According to the recycling scenario
(Alpar et al. 1982), the neutron stars are spun up through
accretion from the late-type companions (if any) to ultimately
evolve into MSPs. Through the so-called LMXB Case A
channel (Tauris 2011), a compact binary (i.e., orbital period <1
day) consisting of an MSP and a very low-mass companion
(which was stripped by the neutron star and/or partially
“evaporated” by the energetic pulsar wind/~-rays; Chen
et al. 2013) remains at the very end phase of such an evolution,
known as black widow (BW; companion mass: <0.1M) or
redback (RB; companion mass: ~0.1-0.4 M) binaries. A few
RBs, known as transitional MSPs (tMSPs), have already shown
remarkable transition(s) between the LMXB state and the radio
pulsar state in optical, X-rays, and/or ~-rays (i.e., M28I,
Papitto et al. 2013; PSR J1023+4-0038, Archibald et al. 2009;
Patruno et al. 2014; PSR J1227—4853, Roy et al. 2015), clearly
indicating the close relationship between LMXBs and radio
MSPs. BW/RBs are interesting objects, not to mention the
fascinating theoretical interpretation of multiwavelength obser-
vations for individual studies (e.g., the keV-to-GeV emission
models of PSR J1023+0038 in different states; Li et al. 2014,
Papitto & Torres 2015). They also provide crucial information
on the long-term accretion history. In particular, BWs are the
key to uncovering how the companions are finally eliminated,
after which isolated MSPs are formed (van den Heuvel & van
Paradijs 1988).

As MSPs are powerful y-ray sources with strong GeV
magnetospheric radiations (e.g., from the outer gap, the slot
gap, or the polar cap; Ruderman & Sutherland 1975; Cheng
et al. 1986; Muslimov & Harding 2003) and/or the inverse-
Compton v-ray emissions of the pulsar wind nebulae when the

<514>

accretion is active (Li et al. 2014; Takata et al. 2014), many of
them should have been detected by Fermi-LAT as a class of
unidentified Fermi object (UFO), the second-largest population
detected by Fermi-LAT (Acero et al. 2015). Although not all
the UFOs are MSPs (in fact, many of them are thought to be
active galactic nuclei, the largest source class in the catalog),
good BW/RB candidates can be selected based on the 7-ray
spectral curvatures and the 7-ray variabilities (Kong et al. 2012,
2014; Ray et al. 2012; Hui et al. 2015b) and their pulsar natures
confirmed by detecting the radio/~-ray pulsations. Thanks to
the Fermi Pulsar Search Consortium, a great success has been
achieved in discovering new pulsars through “blind” searches
for coherent pulsations in radio and 7-rays (Ray et al. 2012),
and the known BW and RB populations have been greatly
extended in recent years.

Alternatively, multiwavelength studies of UFOs are the
secondary way to search for BW/RB MSP candidates. In most
of the cases, X-ray follow-ups are the key to narrowing down
the source location, allowing identification of the optical
counterparts. Once the optical counterpart is identified, time-
series optical observations can test the BW/RB identity by
searching for the orbital modulation on timescales of hours
produced by pulsar irradiation on the companion and/or
ellipsoidal variation. Through this multiwavelength technique,
several UFOs, for example, 2FGL J1311.7—3429/PSR J1311
—3430 (Pletsch et al. 2012), IFGL J1417.7—4407 /PSR J1417
—4402 (not a canonical BW/RB system; Strader et al. 2015;
Camilo et al. 2016), and 1FGL J2339.7—0531/PSR J2339
—0533 (Kong et al. 2012; Pletsch & Clark 2015), have been
identified as MSP binaries, and some of them have been
confirmed by the detection of millisecond radio/~-ray pulsa-
tions, proving the validity of the method.

In this paper, we report the discovery of a y-ray-emitting RB
candidate, 3FGL J0212.145320. In the following sections, we
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Table 1
X/~-Ray Properties of Some Known RBs in the Pulsar State and 3FGL J0212.1+5320
Name Spectral Curvature® Variabilityb ]}1“0.17100 Gey, Ik 131:0.577 keV, Fx/F,
(y-ray; o) (y-ray ) (107 "ergem "5 ) (10" " ergem “s™ )

(Generic 7-ray-emitting RBs)

PSR J2129-0429 3.7 60.3 1.1 1.3 0.11 0.10%
PSR J2339-0533 8.7 40.1 3.0 14 14 0.48%
PSR J1628—-3205 55 50.5 1.2 (no X-ray detection) <1.1%
PSR J1048+-2339 2.5 49.7 0.7 (no X-ray detection) <1.9%

(Prospective tMSP Candidates in the Pulsar State)

PSR J2215+45135 6.8 56.9 1.4 1.8 1.0 0.74%
PSR J1723-2837 33 55.7 1.8 0.9 24 13%

( Fermi-detected tMSPs in the Pulsar State)

PSR J1227—-4853 0.4 1.2 4.6 13%
PSR J1023+-0038 2 0.1 0.9 4.7 37%

(Our Target)

3FGL J0212.145320 6.3 515 1.7 1.3 14 7.9%

Notes.

4 3FGL curvature index: significance of the fit improvement between power law and either LogParabola or PLExpCutoff spectrum type.

° 3FGL variability index: a value greater than 72.44 indicates that there is a less than 1% chance of being a steady source.

References. 3FGL (Acero et al. 2015); Tam et al. (2010); Kong et al. (2012); Linares (2014); Hui et al. (2015a); Xing & Wang (2015); Deneva et al. (2016).

present multiwavelength studies using the optical imaging/ strong MSP candidate, using statistical and machine-learning
spectroscopic data from the Lijiang (Fan et al. 2015), Lulin, techniques.
and Michigan State University (MSU) observatories; the
Chandra X-ray data; and the Fermi-LAT third source catalog

: . . . R . SWIFT AND CHANDRA X-RAY OBSERVATION
(BFGL; Acero et al. 2015). Discussions will be given in the last 3. SW ND CHAN OBSERVATIONS
section. As one of the survey targets in the Swift/XRT survey of

Fermi unassociated sources (Stroh & Falcone 2013), 3FGL
J0212.14-5320 has been observed twice by Swift/XRT in 2010

2. THE GAMMA-RAY PROPERTIES IN 3FGL October (the observations are separated by 3 days with a total

) ) ) ) exposure time of 4.5 ks). Within the 95% 3FGL error ellipse,
3FGL J0212.1+5320 is an unidentified bright --ray a bright X-ray counterpart was detected and listed as 1SXPS
source (i.e., Fy = (171 £0.16) x 10~ fergem s~ in J021210.6+532136 in the Swift/XRT point-source catalog
0.1-100 GeV, which is in the top 15% among the sources in (ISXPS; Evans et al. 2014). According to 1SXPS, the
3FGL; Acero et al. 2015) that was first detected by Fermi-LAT source is located at a(J2000) = 02M12™10562, §(J2000) =

in ~-rays in the Fermi-LAT first source catalog (1IFGL; Abdo +53°21'36"8 (90% positional uncertainty: 3”8) with a mean

et al. 2010). It also later appears in 3FGL with a detection count rate of (2.26 + 0.26) x 1072 counts s~ ' A moderate
significance of 250. flux variability is seen between the two observations

Based on the second Fermi-LAT pulsar catalog (Abdo from (2.61 + 0.32) x 10 2countss™' to (1.31 + 0.41) x
et al. 2013), the ~-ray properties of pulsars can be characterized 102 counts s~ in 3 days (equivalent to a 2.90 change). The
by a low source variability and a curved ~-ray spectral shape. X-ray spectrum could be described by an absorbed power law
Although they are not necessary conditions, 3FGL J0212.1 of Ny =1.43% x 102'cm 2 (the Galactic column density
45320 fulfills both of the criteria (Table 1), suggesting its Ny =1.5 x 102! cm~?; Kalberla et al. 2005) and Ik = 1.0753
possible pulsar nature in +-rays. Similar to many other ~-ray with an unabsorbed flux of Fys_jorev = 1.6703 x

pulsars that have seen stability in ~-rays over years (Abdo 10 2ergem 2s™" (Westat = 57.98 and 2 = 63.02; dof =
et al. 2010), 3FGL J0212.1+5320 can also be considered as a 78). Alternatively, the spectrum could be fitted with an APEC

steady source with a small 3FGL variability index of 51.47 thermal plasma model, but with an extremely high and poorly
(i.e., for a source with a variability index larger than 72.44, constrained plasma temperature (i.e., kT ~ 100 keV). As the
there is a less than 1% chance of being a steady source; Acero best-fit temperature is just too high to be physical, we do not
et al. 2015). In addition, the y-ray spectrum of 3FGL J0212.1 further consider the APEC model in the following analyses.

+5320 is probably more than a single power law, but rather Chandra has also observed the field of view once with ACIS
with an extra curvature component (e.g., an exponential cutoff) for 30 ks in 2013 August (Obs ID: 14814; PI: Saz Parkinson),

as the spectral curve significance is 6.3¢ in 3FGL, which is also and 1SXPS J021210.6+532136 is clearly detected at
another common feature among the pulsars detected in 3FGL a/(J2000) = 02M12m10%50, &(J2000) = +53°21/3879 (90%
(Acero et al. 2015). In fact, Saz Parkinson et al. (2016) and positional uncertainty: 0”8) with a net count rate of (9.03 +
Mirabal et al. (2016) have found that 3FGL J0212.145320 is a 0.17) x 102 counts s~ (0.5-7 keV). With a total number of
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Figure 1. Several physical quantities vs. orbital phase (R, = 20.8698 hr),
including (a) the radial velocities with the ELC models at 20.87 hr (solid line
for i = 90° and dashed line for i = 60°) and a 10.43 hr model curve (with an
arbitrary amplitude; dotted line) projected on the 20.87 hr orbital phase for
comparison, (b) the X-ray flux (the Swift data are only shown in the first cycle
for a clear view of the Chandra data in the second cycle), (c) the WISE wl-
band data, and (d) the g- and R-band data tentatively calibrated with the
UCACH4 Catalog (Zacharias et al. 2013) and the extinction of A, = 0.4992 mag
(Schlafly & Finkbeiner 2011) with the ELC models and the (g—r) with an
arbitrary offset. Two cycles are shown for clarity.

2685 photon counts, we binned the data to have at least 20
counts per bin and fitted the binned spectrum with an absorbed
power law. The best-fit parameters are Ny = (1.4 + 0.5)%
102'em ™2, Ix = 1.3 £ 0.1, and Fys_7kev = (1.35 & 0.06) x
107 2ergem 25! (or Fy3_10kev = (1.89 £ 0.08) x
107 2ergem 25" x2 = 98.78 and dof = 105), which are
all consistent with those extracted from the Swift/XRT data and
the Chandra spectral fitting by Saz Parkinson et al. (2016). To
examine the short-term variability seen by Swift/XRT, we
extracted a 4000 s bin light curve with the Chandra/ACIS data,
and a flux variability on an hourly timescale is clearly shown
(Figure 1). To quantify the variability significance, we
computed the y? value of the eight data bins with a flat light-
curve model, which is x? = 24.39 (dof = 7), indicating that
there is only a 0.1% chance that the variability is produced by
random fluctuation.

4. OPTICAL DATA

At the Chandra X-ray position, we found a bright optical
counterpart (R = 14.23mag) in the USNO-B1.0 catalog
(Monet et al. 2003), USNO-B1.0 1433-0078846, with an
offset of 0”2. The same source is also detected in the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006) and
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WISE (Wright et al. 2010) catalogs. Using the multi-epoch
photometry table of WISE,” a variability of 0.2-0.3 mag is
clearly seen in the wl-band data of 33 epochs taken in 2010
February and August. The modulation is likely periodic with a
period of ~10-20hr (see Figure 1(c) for the modulation,
although the phase light curve was folded at 20.87 hr).

4.1. Imaging from the MSU and Lulin Observatories

A monitoring campaign with the 0.6 m telescope in the MSU
observatory and the 1 m telescope in the Lulin Observatory was
carried out from 2015 October to 2016 January to investigate
the ~10-20 hr modulation seen in WISE. We observed the
source for three consecutive nights from October 10 to 12 with
the 0.6 m telescope in the R band (200/300 s for each frame,
depending on the weather) and with the 1 m telescope in the
SDSS r and g bands for three other nights (i.e., November 8/9
and January 9; only g-band images were taken on the first two
nights, and both - and g-band images were taken by turns on
the last night; 60/120 s for the r/g-band images, respectively).

4.2. Spectroscopy from the Lijiang Observatory

Two 1200s  medium-resolution  optical ~ spectra
(5750-8800 A) were taken on 2015 November 4 and 5 with
the 2.4 m telescope at the Lijiang observatory. After (i) the
standard reduction processes with the IRAF package ONED-
SPEC, (i) a flux calibration with the standard star BD +28°
4211 (Oke 1990), and (iii) an extinction correction with
A, = 0.4992 mag (Schlafly & Finkbeiner 2011; which is
roughly consistent with the Ny value estimated by Chandra)
and the Cardelli extinction law (Cardelli et al. 1989), the
calibrated data show spectral shapes comparable to that of a
low-mass star (Figure 2) without any accretion features. After
matching the data with the synthetic spectra from the Munari
online library6 (Munari et al. 2005; a solar metallicity of [M/
H] =0 and a typical RB rotational broadening of
V=100kms™ " are assumed), we found that the spectra can
be best described by T = 5750 K and log g = 4.5 (Figure 2), of
which the stellar properties are very close to the M ~ 0.4 M,
low-mass companion of the RB PSR J2129-0429 (Bellm
et al. 2016). Therefore, we tentatively assume the secondary
star of 3FGL J0212.1+5320 to be around M ~ 0.4 M.

5. DETAILED TIMING ANALYSES
5.1. Orbital Period Determination

After applying the standard data reduction procedures by
IRAF on the optical imaging data and removing some bad
frames due to bad tracking or bad weather, we used a
differential photometry technique to study the optical modula-
tion, which shows a clear sinusoidal shape in all bands
(Figure 1(d)). We fitted all the data (including the WISE data;
all are heliocentric corrected) simultaneously with sinusoidal
functions with common period and phases, but different
amplitudes and baselines for each data set. The best-fit period
is 10.43479(7) hr (corresponding to the pulsar irradiation case)
or 20.8698(1) hr (the ellipsoidal variation case) with the flux
minimum epoch at HID 2,457,305.5551(4) (the phase zero of
Figure 1 and the following timing analyses). It is worth noting

> hup: / /irsa.ipac.caltech.edu/Missions /wise.html
6 http:/ /archives.pd.astro.it/2500-10500/
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Figure 2. From top to bottom, the curves are the two Lijiang spectra of USNO-B1.0 1433-0078846 taken on November 4 and 5, and the model spectrum of
T = 5750 K from the Munari synthetic spectral library. There are four gaps present on the Lijiang spectra due to the removal of the telluric lines.

that the data used span over 5 yr of time (i.e., from 2010 to
2015), which leads to a very high accuracy of the best-fit
period. The best-fit amplitudes of the bands are roughly
consistent with each other within a largest offset of 0.02 mag
(ie., ay = 0.09 + 0.02mag, ag = 0.0845 £ 0.0009 mag,
ag = 0.0731 & 0.0004 mag, and a, = 0.092 £ 0.007). In
particular, the simultaneous - and g-band data taken by Lulin
on January 9 do not show any clear color evolving trend during
the phase interval of ¢;, = 0.42-0.66 at P = 10.43 hr (or
@y = 0.21-0.33 at P = 20.87 hr; Figure 1(d)), suggesting that
there is likely no strong orbital color variability. This indicates
that the pulsar irradiation effect on the companion is very
limited and thus the modulation is probably caused by
ellipsoidal variation.

5.2. Radial Velocity (RV) Measurement

Following the method described in Bellm et al. (2016), we
first removed the telluric lines of the Lijiang spectra by
omitting bands of 6860-7000 A, 7570-7700 A, 7150-7350 A,
and 8100-8400 A. Using the RVSAO Package of IRAF, we
used the task xcsao to calculate the barycentric-corrected RVs
by cross-correlating the spectral data with the 7= 5750 K
synthetic spectrum (all the spectra involved are automatically
normalized during the cross-correlation process). Both
the spectra were found to be redshifted with RVs
of 136 + 19kms ' (November 4) and 31 + 17kms !
(November 5). By applying the 20.87 hr (or 10.43hr)
ephemeris, the orbital phases of the RVs are ¢,, = 0.34 (or
@1 = 0.69) and ¢,, = 0.47 (or ¢, = 0.95), respectively. For
the pulsar irradiation case (i.e., the orbital period is 10.43 hr),
the companion should be moving from behind the pulsar to the
front in the orbital interval of ¢, = 0.5-1 (i.e., ¢, = 0.25-0.5
in Figure 1(a)), during which the lowest RV occurs at
d10 =075 (e, ¢,y = 0375). Therefore, the RV at
1o =095 (ie., ¢,y = 0.47) should be higher than that at
P10 = 0.69 (e, ¢,y = 0.34). However, the result shows
differently, indicating the invalidity of the irradiation case
(see Figure 1(a) for a more clear demonstration). On the
contrary, the observed RVs can be naturally explained in the
case of ellipsoidal variation if the orbital phase zero is defined
as the inferior conjunction (i.e., the companion is between the
pulsar and the observer; Figure 1(a)).

<§7>

5.3. Eclipsing Light Curve (ELC) Fitting

We used the ELC code (Version 3; Orosz &
Hauschildt 2000) to model the optical light curves (i.e., R
and g bands) obtained from the MSU and Lulin observatories
for a deeper understanding of the interacting binary. For the R-
band data, we omitted the short r-band light curve (i.e., 2.4 hr)
obtained from Lulin to prevent extra systematic uncertainties
originating from the cross-calibrations between different filter
systems (i.e., r and R bands) and instruments. As ELC is
capable of fitting RV, we also considered the two RVs to have
a better constraint on the fitting result, despite the limited data
quantity /quality. We also allowed a tiny phase shift between
the phase-folded light curves and the models to further calibrate
for the epoch of the inferior conjunction (i.e., the phase zero of
the ELC models).

By (i) using the orbital period of Ry, = 20.8698 hr, (ii)
assuming that the effective temperature of the companion is
Tie = 5750 K (it was not well determined because the ELC fit
is insensitive to the companion temperature as ELC fits the
normalized light curves) and the mass of the secondary star is
my ~ 0.4 M, (by setting m, = 0.3-0.5 M), (iii) disabling the
radiation heating effect, (iv) adopting the linear limb-darkening
law (van Hamme 1993) with a coefficient of x = 0.6483
(Sing 2010), and (v) setting a circular orbit (i.e., e =0), we
fitted the light curves by varying four binary parameters, which
are the binary inclination (i), the mass ratio (¢ = m/m,, where
m is the pulsar mass), the orbital separation (a), and the Roche
lobe filling factor (5, the ratio of the volume-averaged radii of
the companion star and the Roche lobe; Joss & Rappa-
port 1984). With the built-in optimizer gr 1dELC, we searched
for the best-fit solution by minimizing the x? value, and the
least reduced chi-square of Xlz, = 3.1 (dof = 344) was found at
i =90°%¢g=6.8,a=46R., and 8= 0.64 m = 1.5 M, and
my = 0.2 M, are inferred). It is not a good fit statistically, and
the extreme inclination at the upper bound may imply that the
fit did not corlverge.7 In addition, we found that the data can be
fitted fairly well even if a fixed inclination angle of a different
value is used (see the similarity between the best-fit models at
different inclinations in Figure 1(d)). Therefore, instead of

7 We once considered turning on the radiation heating effect to improve the
fit. However, the flux overestimation in the valley at ¢ ~ 0.5 is the main cause
of the bad fitting. The radiation heating effect will even increase the predicted
flux there to worsen the fit.
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Figure 3. The above two curves show the best-fit filling factors of the
secondary star and the inferred masses of the primary star vs. the binary
inclinations from 60° to 90° with the corresponding best-fit x? values.

estimating the parameter uncertainties, we obtain and discuss
the best-fit parameter sets at different inclinations from i = 90°
to i = 60° with a step size of 5°. To elaborate the choice of
i = 60°, it was chosen based on the y? values of the RVs on
the ELC fits (X}ZW)- Despite the complexity of the optical
emission revealed by the bad ELC fit, the RV data in principle
would not be affected, making XZRV a useful indicator to test the

model validity. In this case, we chose a criterion of XZRV < 3.84
(95% c.l. for dof = 1) to reject all other steps of i < 60° with
large XZRV- We note that the selection heavily depends on the
weighting on the RV data in the ELC fit (i.e., no weighting
applied here) and therefore the rejection does not imply that the
inclination has to be i > 60°. The selection simply indicates
that the unweighted best-fit models with i < 60° are incon-
sistent with the RV data, and thus no discussion will be given
on those fits.

Figure 3 shows the best-fit Roche lobe filling factors and the
inferred pulsar masses for i = 60°-90°. As expected, the best-
fit filling factor decreases with the inclination (from 0.70 to
0.64). All the best-fit results lead the primary star’s mass to the
range of my = 1.5-22 M, (and m, ~ 0.2 M), which is
consistent with that of a pulsar. Certainly, the errors of the
best-fit pulsar masses could be large (e.g., the uncertain
companion mass as one of the major sources of error). Also, we
found that the ELC fits are not robust. For instance, if we
remove the constraints on the RV curve (i.e., the two Lijiang
data points) and the companion mass (i.e., m, = 0.3-0.5 M),
the best-fit solution of i = 90° changes to ¢ = 7.7, a = 5.0R.,
and § = 0.63, with which m; = 2.0 M, and m, = 0.3 M, are
inferred (see Figure 3). Even two RV data points and a weak
constraint on the companion mass are sufficient to significantly
affect the fitting result. Therefore, we conclude that the best-fit
parameters and the inferred masses are merely indicative.
Detailed modeling (e.g., by adding hot/cool spots on the
companion) and high-quality photometry sets and spectro-
scopic data of a complete orbit are required to place a further
constraint on the pulsar mass. More imaging and spectroscopic
observations are being planned to probe the system in the near
future.

5.4. Possible X-Ray Orbital Modulation

As mentioned in Section 3, there is a significant variability
seen in both Swift/XRT and Chandra data, which is possibly
induced by the X-ray orbital modulation. We thus folded the
light curve with the 20.87 hr timing solution after converting
the Chandra X-ray flux into the Swift/XRT band (i.e.,
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0.3-10keV) and performing a barycentric correction to the
data. Although the folded X-ray light curve does not cover a
full orbital cycle, the X-ray variation is likely periodic with an
X-ray minimum around the inferior conjunction (Figure 1(b)).
A similar phenomenon has been previously seen in the RB PSR
J10234-0038 (Bogdanov et al. 2011; Li et al. 2014; Tendulkar
et al. 2014). From the Chandra data bins, the X-ray maximum
occurs around the superior conjunction (i.e., @, ~ 0.5;
observer-pulsar-companion), although the Swift data favor the
flux maximum around ¢,, > 0.5.

6. DISCUSSION AND CONCLUSION

We presented a multiwavelength study of 3FGL J0212.1
45320 and found that an RB MSP binary as its physical nature
can naturally explain the entire data set. The X/~-ray spectral
properties and the hourly timescale orbital period are very
similar to that of many known RBs (Table 1), revealing the first
hint of 3FGL J0212.1+5320 as an RB candidate. The inferred
primary star’s masses from the best-fit ELC models are
1.5-2.2 M, which are consistent with that of a neutron star,
though they are only indicative estimates. An hourly variability
is seen in the Swift/Chandra joint light curve, and it could be
an orbital modulation, although uncertainly. If the modulation
is genuine, it could be caused by an intrabinary shock emission,
through Doppler boosting with a pulsar-wrapping shock
geometry (Li et al. 2014) or partial occultation by the
companion (Bogdanov et al. 2011). All the observational
evidence is pointing to the conclusion of 3FGL J0212.14-5320
as a newly discovered RB system.

A bright optical counterpart (could be one of the brightest
known for RBs) has been identified with a clear orbital
modulation at 20.87 hr. We do not see an obvious nonuniform
radiation heating contributing to the orbital modulation, and
therefore the companion is probably not completely tidally
locked. This may imply that 3FGL J0212.1+5320 is a very
young MSP system. According to Zahn (1977), the synchro-
nization timescale of such a close binary is approximately
fone ~ 10*((1 + ¢,)/2)*(P/1 day)* yr (Equation (6.1) of
Zahn 1977), where q; and P; are the initial mass ratio and
orbital period, respectively.® Assuming an initial mass ratio of
;=28 (e, m;=14M, and my;=0.5M,)’°
P~ 13 days gives tync 2 10° yr and P =~ 4 days gives
fsyne 2 107 yr. We took the calculated timescales for 3FGL
J0212.14-5320 as lower limits because the orbital widening by
the ablation from the pulsar (Chen et al. 2013), which would
extend the synchronization process, was not considered in
Zahn’s work. In the case of fyne 2 107 yr, the initial orbital
period is actually close to the estimated value of PSR J2129
—0429 (i.e., P =~ 2.5 days; Bellm et al. 2016), which has a long
orbital period of P = 15.2 hr, comparable to 3FGL J0212.1
+5320’s. Obviously, a young age of 3FGL J0212.14-5320 (i.e.,
on the order of 10 Myr) would be a self-consistent explanation
for the data. In fact, ~10 Myr old MSPs are rare but not
impossible. For example, PSR J1823—3021A, one of the
youngest MSPs known, has a characteristic age of 25 Myr
(Freire et al. 2011). Searching for the radio/X-/7-ray
pulsations of 3FGL J0212.1+5320 and computing the

8 The equation presented here is slightly different from the one in Zahn
(1977) because of the different definitions of the mass ratios.

® The initial masses are both poorly known due to the highly uncertain
accretion and ablation processes, and thus the values are merely estimated
within reasonable ranges.
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characteristic age would be useful for investigating the
speculation.

Despite no heating effect seen, it is still highly likely that the
companion is uniformly irradiated by the X/+-rays from the
pulsar, resulting in a higher surface temperature than a
~0.4 M, star should have. As the companion mass is no
longer the only dominant factor to determine the surface
temperature, the assumption of m, ~ 0.4 M, (see Section 4.2)
could be overestimated. Considering the fact that all the fitting
results indicate a lighter m,, my < 0.4 M, would be more
reasonable.

As the companion has a temperature close to that of the Sun,
it is convenient to use the solar R-band absolute magnitude
(i.e., R = 4.42 mag; Binney & Merrifield 1998) to infer the
distance of 3FGL J0212.14+5320. From the ELC model fits, the
size of the companion is about R. ~ 1 R,. After a proper
scaling, the inferred distance is about d = 0.8 kpc, leading to
an X-ray luminosity of Ly ~ 1032 ergs™', which is relatively
high among the known X-ray RBs in the pulsar state (when
radio pulsations can be detected and Lx ~ 103" — 4 x
102 ergs™'; Linares 2014). Since a high X-ray luminosity
(i.e., Lx Z 10¥ erg s~ ') in the pulsar state is a common feature
of all three known tMSPs (i.e., PSR J1023+40038, PSR J1227
—4853, and M28]I), it has been suggested by Linares (2014)
that Ly Z 1032 is possibly a consequence of a stronger
interaction between the pulsar and the companion, and
therefore the higher X-ray luminosity could be a signature of
an RB binary developing a strong accretion for the transition.
One possibility is that the companion of a pre-transition (to the
LMXB state) system has a stronger wind (i.e., a stronger inflow
to the pulsar; see Takata et al. 2014; Li et al. 2014, for the
interpretation of a varying stellar wind as the transition trigger
for PSR J1023+4-0038), which powers a stronger intrabinary
shock X-ray emission. Based on the X-ray luminosity, two
bright systems, PSR J2215+5135 (Lx = 1.3 x 102ergs™")
and PSR J1723-2837 (Lx = 2.4 x 10°2ergs '; see Table 1
for their «y/X-ray properties), have been suggested by Linares
(2014) to be potential targets for state transitions in the near
future. 3FGL J0212.14-5320 could be the third member of the
group. In addition, we also examined the X-ray-to-y-ray flux
ratios of some known RBs and found that the flux ratios of the
tMSPs (i.e., >1%) are significantly larger than that of the
“normal” RBs (i.e., <1%). 3FGL J0212.14-5320 has a ratio of
7.9% that is consistent with the tMSP ones. One of the two
prospective tMSP candidates, PSR J1723—-2837, also has a
large ratio of 13% (Table 1).

Certainly, the speculation is not mature and should not be
taken conclusively. However, it is still worth paying attention
to the X-ray activity of 3FGL J0212.1+5320 for any future
transition. Even if it is not exhibiting any transition in the near
future, 3FGL J0212.14-5320 could be one of the brightest RBs
in X-rays and certainly is one of the best sources for studying
the X-ray emissions of RBs.

No previous attempt of a radio pulsation blind search for
3FGL J0212.1+5320 has been found in the literature (Ransom
et al. 2011; Guillemot et al. 2012; Camilo et al. 2015). In fact,
the system is likely radio-faint as no radio counterpart can be
found in the 1.4 GHz NRAO/VLA Sky Survey, of which the
detection limit is ~2.5 mJy (Condon et al. 1998; note that most
of the radio MSPs found by targeting Fermi-LAT sources have
flux densities much lower than 2.5mlJy at 1.4 GHz; Ray
et al. 2012). Nevertheless, a GBT observation is being planned
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for searching for radio coherent pulsations. Hopefully, this
extreme RB MSP (i.e., high X-ray luminosity, bright optical
companion, long orbital period, and potentially young age) can
be confirmed soon.

After the submission of this paper, we became aware of a
similar work by Linares et al. (2016), in which results including
the measured orbital period, the RV curve of the companion,
the Chandra spectral analysis, and the RB MSP nature
interpretation are consistent with ours. In particular, they have
sampled a much better RV curve, which would be very helpful
in searching the radio/~-ray pulsations in the future.
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We observed the neutron star X-ray transient MAXI J0556-332 currently in outburst with the 1m
telescope at the Lulin Observatory in Taiwan. The observations were taken on 2016 January 9 (MJD
57396.66) and 10 (MJD 57397.67) with the SDSS g and r-band filters. The source is clearly seen in
all images with exposure time ranging from 180s to 300s. By comparing with several comparison
stars in the AAVSO Photometric All-Sky Survey (APASS), we obtained g = 18.74 +/- 0.06 and r =
19.10 4/- 0.06 on January 9, and g = 18.73 +/- 0.17 on January 10 (with thin cloud). On January 7,
the source was at V = 17.41 and R = 17.7 (ATel #8517). This strongly suggests that the source is
now about 1 magnitude fainter. A Swift/UVOT observation with the uvw2 filter was taken
simultaneously with our Lulin observation on January 10. MAXI J0556-332 is detected with a
significance of 16 sigma. The uvw2-band magnitude (in AB system) is 19.07 +/- 0.07 (stat) +/- 0.03

(sys).

We checked the recent MAXI/GSC data and the source also shows a slight decrease in X-ray flux
back to the level at the start of the X-ray outburst on January 6 (ATel #8513). Both optical and X-
ray observations indicate that the outburst of MAXI J0556-332 may start to decay, or the source is
undergoing a more complicated evolution. Multi-wavelength observations are encouraged.

The Lulin Observatory is operated by the Graduate Institute of Astronomy in National Central
University, Taiwan.
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The Karin family is a young asteroid family formed by an asteroid breakup 5.8 Myr ago. Since the mem-
bers of this family probably have not experienced significant orbital or collisional evolution yet, it is pos-
sible that they still preserve properties of the original family-forming event in terms of their spin state.
We carried out a series of photometric observations of the Karin family asteroids, and here we report on
the analysis of the lightcurves including the rotation period of eleven members. The mean rotation rate

Keywords: of the Karin family members turned out to be much lower than those of near-Earth asteroids or small
Asteroids main belt asteroids (diameter D < 12 km), and even lower than that of large main belt asteroids (D >
Photometry 130 km). We investigated a correlation between the peak-to-trough variation and the rotation period of
Rotation

the eleven Karin family asteroids, and found a possible trend that elongated members have lower spin
rates, and less elongated members have higher spin rates. However, this trend has to be confirmed by

another series of future observations.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Asteroid families are remnants of catastrophic disruption and
reaccumulation events between small bodies in the Solar System
(e.g. Michel et al., 2003). Each member of an asteroid family has
the potential to provide us with clues about the family-formation
events that created them. However, since asteroid families are gen-
erally old (~Gyr), it is quite likely that the family members have
undergone significant orbital, collisional, and spin-state evolution
that masks properties of the original family-forming events.

A sophisticated numerical technique devised by Nesvorny et al.
(2002) changed the above situation. Using their method, they de-
tected three young asteroid families in the main belt: the Karin
family (~5.8 Myr old), the Iannini family (~5 Myr old), and the
Veritas family (~8 Myr old). These families are remarkably younger
than previously known asteroid families, and more and more
younger asteroid clusters have been recognized since then (e.g.

* Corresponding author. Tel.: +81422343454; fax: +81422343840.
E-mail addresses: fumi.yoshida@nao.ac.jp (F. Yoshida), tito@cfca.nao.ac.jp (T. Ito).
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Nesvorny and Vokrouhlicky, 2006; Vokrouhlicky and Nesvorny,
2008; 2009). With these discoveries in hand, we find many aspects
of the study of young asteroid families interesting: their spin pe-
riod distribution, their shape distribution, and possible detection of
non-principal axis rotation.

We expect that the young family members preserve some prop-
erties of the original family-forming event in their spin period dis-
tribution. Although there are several laboratory experimental stud-
ies on the spin period distribution of collisional fragments (e.g.
Fujiwara et al., 1989; Nakamura and Fujiwara, 1991; Kadono et al.,
2009), it is hard to directly apply their results to real collisions be-
tween Small Solar System Bodies (SSSBs) in the gravity-dominant
regime. Thus, observations of spin rates of the young asteroid fam-
ily members can be unique opportunities to collect information on
large-scale collisions.

As for the asteroid spin rate distribution, it is now widely
known that the Yarkovsky-0’Keefe-Radzievskii-Paddack (YORP) ef-
fect may spin up or spin down 10-km-sized asteroids on a 108 yr
timescale, and smaller asteroids could spin up/down even faster
(e.g. Rubincam, 2000; Bottke et al., 2006). However, as the ages
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of the young asteroid families are substantially shorter than the
timescale of the YORP effect, each family member perhaps statis-
tically retains its initial spin status just after the family-formation
event. In old asteroid families, such as the Koronis family, the YORP
effect has changed the initial spin rate since the family-formation
events (e.g. Slivan, 2002; Slivan et al., 2003; Vokrouhlicky and
Capek, 2002; Vokrouhlicky et al., 2003). Comparisons between the
spin rate distribution of old and young asteroid families can serve
as a help in the timescale estimate of the YORP effect. Actually the
YORP effect is very sensitive to small-scale topography of asteroids
(e.g. Statler, 2009). However, with the current observational data
that we have in hand, we have not reached a detailed quantita-
tive estimate of how seriously the YORP effect has influenced the
dynamics of the Karin family members. Gaining a deeper under-
standing of these dynamics remains an aim of future inquiry.

In addition to the spin rate statistics, the shape distribution of
the young asteroid family members is important for understanding
the fragmentation and reaccumulation process of SSSBs in compar-
ison with laboratory collisional experiments. It may help us under-
stand the dynamical process of fragmentation and reaccumulation
of asteroids, such as how angular momentum is distributed to each
of the remnants. Also, it is possible to get an estimate of the satel-
lite/binary forming efficiency at asteroid disruption events.

The young asteroid families also draw our attention in terms of
possible detection of non-principal axis rotation (sometimes called
“tumbling motion”). The study of a celestial body’s non-principal
axis rotation gives us important insights into energy dissipation
and excitation processes, as well as internal structure of the body.
Non-principal axis rotation could be excited by collisions of small
projectiles, but it will be damped quickly unless the excitation con-
tinues. This is the main reason why the non-principal axis rota-
tion of SSSBs has been confirmed only for a few tens of lightcurves
(e.g. Harris, 1994; Pravec and Harris, 2000; Paolicchi et al., 2002;
Mueller et al., 2002; Warner et al., 2009; Oey et al., 2012; Pravec
et al, 2014). However, the age of the young family asteroids is
quite young, and we may be able to observe their non-principal
axis rotation before it has totally decayed.

Based on the motivations mentioned above, we began a se-
ries of photometric observations of the young asteroid families in
November 2002. In this paper we focus on the current result of our
lightcurve observation of the Karin family asteroids through the R-
band imaging that we had carried out until May 2004, and sum-
marize the result for eleven Karin family members whose rotation
period we determined. Note that throughout the present paper we
assume that the lightcurve variations are due to shapes of aster-
oids, not due to albedo features.

2. Observations

During the period from November 2002 to May 2004, we ob-
served and determined the rotational periods of eleven Karin fam-
ily members, including the largest member, (832) Karin. Table 1
shows the list of the observatories, the telescopes, and field of
views of the instruments that we used for our observations.

We used the R-filter for our lightcurve observations because it
is widely known that brightness of the reflected light in optical
wavelengths from most asteroids becomes the highest in the R-
band among the Johnson-Cousins UBVRI filters. In our observations
all the telescopes were driven at the sidereal tracking rate, and the
exposure time was limited by the moving rate of asteroids as well
as by seeing during the observing nights. As typical main belt as-
teroids (MBAs) having the semimajor axis a = 2.8 AU move at the
speed of ~0.55""/min at its opposition, and as the typical seeing
size at the observatories was from 1.0” to 3.0”, we chose a single
exposure time of two to eight minutes so that an asteroid has an
appearance of a point source. Generally, we continued the R-band

Table 1

Observatories and instruments. E is the elevation of the observatory (m), D; is the
diameter of the telescope mirror that we used (m), and FOV denotes the field of
view of the imaging system that we used for our purpose. The full observatory
names and the telescope names are as follows: Steward: the 2.3 m telescope (“Bok”)
at the Steward Observatory (Kitt Peak, Arizona, USA). Vatican: the 1.8 m telescope
(“VATT”) at the Vatican Observatory (Mt. Graham, Arizona, USA). Maidanak: the
1.5 m telescope (“AZT”) at Maidanak Observatory (Uzbekistan). Lulin: the 1 m tele-
scope at the Lulin Observatory (Taiwan). Kiso: the 1 m telescope at the Kiso Obser-
vatory (Nagano, Japan). Fukuoka: the 0.4 m telescope at the Fukuoka University of
Education (Fukuoka, Japan).

Name Longitude Latitude E D¢ FOV
Steward 111°36/'01.6""'W 31°57'46.5"'N 2071 229 45 x 45
Vatican 109°53'31.25"W  32°42/04.69'N 3191 1.8 6.8 x 6.8
Maidanak  66°53'47.08"E 38°40'23.95"N 2593 15 8.5 x 3.5
Lulin 120°52'25"E 23°28'07"'N 2862 1.0 115" x 11.2/
Kiso 137°37'42.2"'E 35°47'38.7'N 1130 105 50" x 50
Fukuoka 130°35'44.7"E 33°48'45.3"N 70 040 5.75 x 4.36/

imaging for a particular asteroid throughout a night except when
we took images of standard stars: an “asteroid per night” strategy.

We used the Landolt standard stars (Landolt, 1992) for the
purpose of calibration. Before and/or after each of the observing
nights, we took dome flats or twilight sky flats for flat-fielding. Af-
ter the observation, we applied a standard data reduction proce-
dure against the data: bias subtraction and flat division. Table 2 is
the summary of our observational details.

3. Analysis and results

To construct composite lightcurves of asteroids from the ob-
servational data, we followed a sequence proposed by Harris and
Lupishko (1989). The actual procedure is described in our previous
publications (Dermawan et al., 2002; 2011; Yoshida et al., 2004).
Principally, it is an iterative repetition of frequency analysis and fit-
ting to Fourier series. We employed two different algorithms to ex-
amine periodicities in the lightcurve data: Lomb’s Spectral Analysis
(LSA, Lomb, 1976) and the WindowCLEAN Analysis (WCA, Roberts
et al., 1987). WCA incorporates a discrete Fourier transform as well
as the CLEAN algorithm (Hégbom, 1974), and (Mueller et al., 2002)
adopted WCA when they detected multiple rotational periodicities
of asteroid (4179) Toutatis. When the frequency analysis is done,
we fit the lightcurve with a Fourier series. We have to be partic-
ularly careful when we combine lightcurves derived from several
observing runs because they generally have different lightcurve-
mean magnitudes. See Section 3.1 for details of how we combined
the lightcurves obtained from multiple observing runs.

Once we have obtained the lightcurve of an asteroid, we es-
timate the peak-to-trough variation of its lightcurve. To compare
the amplitudes (A) of the lightcurves of the Karin family mem-
bers taken at different solar phase angles («) with each other as
well as with other solar system bodies, we used the empirical re-
lationship by Zappala et al. (1990) that normalizes the amplitudes
to a solar phase angle of 0 degree. Zappala et al. (1990) gives
A(a) =A(0)(1 + ma), and it empirically determines the parameter
m = 0.030 for S-type asteroids, which the Karin family members
are classified as. However, we have to note that these amplitudes
can be only used in a statistical sense, because, except for (832)
Karin, these asteroids’ spin obliquities are not known.

3.1. Procedure for combining lightcurves

In this subsection we describe how we dealt with the standard
stars in our observation and how we combined lightcurves of as-
teroids obtained from different observing nights, making a single
lightcurve for each asteroid.

<63>



E. Yoshida et al./Icarus 269 (2016) 15-22

Table 2

Aspect data of observed asteroids. Date of observations (mid-time of the observing
night) in UT, ecliptic longitude A (deg), ecliptic latitude § (deg), solar phase angle «
(deg), and abbreviated codes of the observatories (S: Steward, V: Vatican, M: Maid-
anak, L: Lulin, K: Kiso, and F: Fukuoka), and the sky condition at the observational
night (P: photometric, NP: non-photometric).

Table 2 (continued)
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Date (UT) A B o obs. cond.
(832) Karin

2003-08-22.64 330.7 1.6 0.85 F P
2003-08-23.64 330.5 1.6 0.61 F P
2003-09-03.63 3282 1.6 4.70 F P
2003-09-04.63 328.0 1.6 513 F P
2003-09-05.63 3278 1.6 5.54 K NP
2003-09-26.19 324.8 1.5 13.36 v P
2003-09-27.19 324.7 15 13.68 \ P
2003-09-28.17 324.6 1.5 13.99 \% P
2003-09-29.17 3345 15 14.30 \% P
(7719) 1997 GT36

2003-10-14.16 3155 0.9 18.39 S P
2003-10-15.15 315.6 0.9 18.53 S P
2003-10-16.14 315.6 0.9 18.66 S P
2003-10-17.14 315.7 0.8 18.79 S P
(10783) 1991 RBgy

2004-03-24.50 236.6 17 14.94 S P
2004-03-26.46 236.0 1.8 14.51 S NP
2004-03-27.43 2359 1.8 14.30 S NP
2004-05-07.66 2299 23 112 L NP
2004-05-09.76 2294 2.3 0.76 L P
2004-05-10.68 229.2 2.3 0.83 L P
2004-05-11.81 229.0 23 1.09 M NP
2004-05-13.81 228.6 2.3 174 M NP
(11728) Einer

2003-05-08.44 2519 3.0 8.57 v P
2003-05-09.44 2517 3.0 8.20 \ P
2003-06-29.62 2423 2.1 11.97 L P
2003-06-30.53 242.2 21 12.26 L P
(13765) Nansmith

2003-09-29.46 472 13 14.20 \ P
2003-10-15.38 45.1 14 8.53 S P
2003-10-16.37 45.0 14 8.14 S P
2003-10-17.37 44.8 14 7.73 S P
2003-10-23.46 38.5 0.9 510 K NP
2003-10-24.34 38.7 0.9 4.67 K P
2003-10-26.42 39.2 0.9 3.80 K NP
2003-10-27.43 39.4 0.9 3.36 K NP
(16706) Svojsik

2003-05-08.23 1874 2.5 12.33 \ P
2003-05-09.30 1873 2.5 12.63 \% P
(28271) 1999 CKy¢

2002-11-17.69 64.7 -1.2 448 L P
2002-12-01.71 64.6 -13 1.71 L NP
2002-12-04.63 64.0 -1.3 2.95 L P
2002-12-05.58 63.8 -13 3.36 L P
2004-03-24.29 161.1 -13 7.81 S P
2004-03-26.27 161.0 -1.2 8.56 S NP
2004-03-27.22 160.6 -13 8.90 S NP
(40921) 1999 TRy7

2003-07-20.71 300.5 -3.1 1.62 L NP
2003-07-21.69 300.3 -3.1 137 L NP
(43032) 1999 VRyg

2003-08-01.89 342. 8 -43 12.14 M P
2003-08-02.90 342.7 -43 11.79 M P
2003-08-03.89 3425 -43 11.44 M P
2003-08-04.86 3424 -43 1110 M P
2003-09-22.25 3333 -4.2 9.32 v P
2003-09-27.24 3326 -4.1 1112 \Y P
2003-09-28.18 332.5 -41 11.44 \% P
2003-09-29.17 3324 -4.1 11.78 v P
(69880) 1998 SQs;

2003-09-22.44 204 -1.7 7.72 \Y P
2003-09-26.47 19.6 -1.8 6.10 \Y P
2003-09-27.41 19.5 -1.8 571 \% P
2003-09-28.45 19.3 -1.8 5.28 \ P
2003-09-29.34 19.1 -1.9 4.90 \ P
2003-10-14.33 15.9 -2.0 1.84 S P

(continued on next page)
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Date (UT) A B o obs. cond.
(71031) 1999 XEgg

2003-09-01.87 353.2 -23 5.05 M P
2003-09-02.86 353.0 -24 4.66 M P
2003-09-03.85 352.8 2.4 427 M P
2003-09-26.34 348.1 -2.6 5.21 \% P
2003-09-28.27 347.7 2.7 5.96 \% P

3.1.1. Observation of the Landolt standard stars
We took the following procedures when observing Landolt stan-
dard stars.

(1) On photometric nights. Before and/or after the observation of
each asteroid, we take images of the Landolt standard stars at sev-
eral different airmasses. We determine the atmospheric extinction
coefficients of the night based on this dataset.

(2) On non-photometric nights. While we take images of asteroids,
we take images of one or two Landolt standard stars, once or twice
if possible, at the same airmasses at which we observed the aster-
oids.

3.1.2. Combining lightcurves I. (With clear maxima and minima)

When all the observations are done, we measure the brightness
of asteroids by IRAF. Eventually we combine all the lightcurves
from different observing nights into a single composite lightcurve
for each asteroid.

(1) Measuring field stars. When we measure the brightness of an
asteroid by IRAF, we also measure the brightness of five or six field
stars that exist on the same image as the asteroid. Here we should
note that all the field stars that we choose must be included in the
USNO-A2.0 catalogue’. Although we are aware that the brightness
magnitude of the stars catalogued in the USNO-A2.0 catalog con-
tains a certain degree of error, here we do not take care of the
errors.

(2) Elimination of anomalous field stars. We draw lightcurves of
each of the field stars, and confirm that none of those we have
chosen is a variable star. Also, if any of the chosen field stars is lo-
cated on an image frame with a serious problem such as caused by
camera shutter problems or cosmic ray contamination, we discard
the entire image itself from the analysis.

(3) Choosing the brightest field star. When we have found several
field stars whose brightness does not vary with time, we select the
brightest one among them as a comparison star for the asteroid’s
relative photometry. This is because errors in relative photometry
are smaller when we choose a brighter star as a comparison star.

(4) Relative photometry of asteroids. Using the selected field stars
as comparison stars, we carry out relative photometry work for
each asteroid. As a result, we obtain lightcurves in relative mag-
nitude for each of the observation nights for each of the asteroids.

(5) Determination of lightcurve-mean magnitudes. We determine
lightcurve-mean magnitude of each asteroid from the lightcurves
in relative magnitude. We get the lightcurve-mean magnitudes in
the process of fitting each of the lightcurves with Fourier series.
When we see maximum and minimum in lightcurves, determina-
tion of lightcurve-mean magnitude is straightforward.

T http://tdc-www.harvard.edu/catalogs/ua2.html.
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Table 3

Major observational results. P is the rotation period (hours), A(0) is the reduced
peak-to-trough variation, « is the solar phase angle during our observation (deg),
QC is the quality code of the period results, and the panel designation in Fig. 1.
For (28271) 1999CK;¢, * denotes the observation result in 2002, and { denotes the
observation result in 2004. The =+ errors in P are derived from the stepsize of the
CLEAN analysis.

Asteroid P A(0) o QC  Fig. 1
(832) Karin 183487007 0.56 +0.02  0.6-143 2 a
(7719) 1997 GTsg 295551140 031+£002 184-188 2 b
+0.005
(10783) 1991 RBg 7.334709%% 026+ 002 08-149 3 c
i +0.150
(11728) Einer 13.622°0190 014+ 001  86-123 2 d
(13765) Nansmith 10526 199% 006 + 002  7.7-177 2 e
(16706) Svojsik 5.866 2129 0.09 +£0.04 123-132 1 f
* +0.005
(28271)° 1999 CKys  5.635 7990 0.07 £0.04 17-45 2 g
(28271)F 1999 CKys  5.645 *ppa; 017 £ 002  7.8-89 2 h
(40921) 1999 TRy, 6.662 1034 035+ 0.02 14-16 2 i
(43032) 1999 VRys  32.890 70078 0.60 £ 0.06  9.3-12.1 2
+0.
(69880) 1998 SQs;  7.675 70010 0.08 £ 001  18-7.7 2 k
(71031) 1999 XEes ~ 20.187 79007 039+ 004  43-6.0 2 1

(6) Combining lightcurves based on the lightcurve means. When sev-
eral observing nights are (nearly) consecutively distributed, we
combine the lightcurves of each asteroid from all the observing
nights, based on the lightcurve-mean magnitude that we have de-
termined in Section 3.1.2 (5).

(7) Frequency analysis. For each asteroid, we carry out frequency
analysis of the combined lightcurves produced in Section 3.1.2 (6)
and get necessary quantities such as rotation period.

3.1.3. Combining lightcurves II. (Without clear maxima or minima)

When we do not see any maxima or minima in lightcurves
of asteroids, determination of lightcurve-mean magnitude is not
straightforward. This happens when the spin period of an asteroid
is as long as, or longer than, the observational period—observation
length of a night does not reach the spin period of an asteroid. In
this case we utilize the observational data of the Landolt standard
stars that we have prepared in Sections 3.1.1 (1) and 3.1.1 (2), and
carry out the following procedures, instead of Sections 3.1.2 (5) and
3.1.2 (6), to combine several lightcurves of an asteroid into a sin-
gle one. Note that we carry out the procedure described in this
subsection only when the observation night is photometric. Obser-
vational data from non-photometric nights without clear maxima
or minima is not used, and is just discarded.

(1) Calibration of the field star brightness. Using the Landolt stan-
dard stars, we calibrate the brightness of the field stars that we
selected. Then we calculate the apparent brightness magnitude of
the asteroid using the calibrated brightness of the field stars.

(2) Combining lightcurves based on the lightcurve means. Based on
the magnitude of each of the asteroids estimated in Sections 3.1.3
(1), we combine their lightcurves from different nights into a sin-
gle lightcurve.

(3) Frequency analysis. For each asteroid, we carry out frequency
analysis of the combined lightcurves produced in Sections 3.1.3 (2),
and get necessary quantities such as rotation period.

3.2. Lightcurves

Fig. 1 shows all the lightcurves that we obtained in the series of
observations. Table 3 summarizes rotation period P, reduced peak-
to-trough variation A(0), solar phase angle « during the observa-
tion period, and the period quality code (Lagerkvist et al., 1989).
As for the rotation period P, we chose the most reliable peak value

from the periodicity analysis results by LSA or WCA (mostly by
WCA for the lightcurves presented in the present paper). We re-
gard that the LSA analysis as compensating for vulnerabilities of
WCA and justifying our result even when the lightcurve data con-
tains large temporal gaps. Note that we checked out phase plots
for the peaks of other periods, although we did not show them in
the present paper.

Since Fig. 1 and Tables 2 and 3 describe most of our results,
we just give supplementary information for three of the objects as
follows:

(832) Karin. The results of our lightcurve observation of this aster-
oid are already published (Yoshida et al. (2004) for the observation
in 2003, and Ito and Yoshida (2007) for the observation in 2004).
Since our 2004 observation was mainly for multi-color photometry
of this asteroid, here we just present our 2003 observation result
from Yoshida et al. (2004).

(28271) 1999 CK;s. We observed this asteroid twice at two differ-
ent oppositions: from November to December 2002 and in March
2004. The rotation periods that were derived from both the ob-
servations are close to each other. The lightcurve amplitudes taken
in 2002 (Fig. 1(g)) and 2004 (Fig. 1(h)) are different because geo-
metric configurations between the asteroid, observer, and the Sun
were different.

(11728) Einer. The rotation period derived for this asteroid is from
the most prominent peak obtained from the period analysis. How-
ever, note that other period values might also be possible due to
potential aliasing.

4. Discussions

The spin period distribution of asteroids is often compared with
the Maxwellian distribution (e.g. Binzel et al., 1989). Unfortunately,
the number of our lightcurve samples is still far from being suf-
ficient for such a detailed statistical discussion. Here, let us just
compare the mean value of the rotation rate 1/P of the eleven
Karin family asteroids that we observed with those of near-Earth
asteroids (NEAs), small MBAs (D < 12 km), and large MBAs (D >
130 km). According to Table 2 of Binzel et al. (2002, p. 265), the
mean values of the rotation rate of NEAs, small MBAs, and large
MBAs are 4.80 + 0.29 rev/day, 4.34 + 0.23 rev/day, and 2.90 + 0.12
rev/day, respectively. On the other hand, from our present work,
the mean rotation rate of the Karin family asteroids turned out to
be ~2.40 rev/day, or ~2.51 rev/day excluding (832) Karin (we used
the period value obtained in 2004 for (28271) 1999CK;¢). There-
fore, the mean rotation rate of the Karin family members is much
lower than those of the NEAs and the small MBAs, and even lower
than that of the large MBAs. This may be quite an interesting fact,
considering the widely believed hypothesis that most of the small
MBAs are collisional remnants.

According to Table 2 of Binzel et al. (2002, p. 265), the re-
duced peak-to-trough variation of the NEAs, the small MBAs, and
the large MBAs is 0.29, 0.28, and 0.19, respectively. Meanwhile, the
average reduced peak-to-trough variation of the Karin family mem-
bers is 0.24-0.272 . The average value excluding (832) Karin, 0.24-
0.25, is closer to that of the small MBA group with D < 12 km,
rather than that of the large MBAs. This is consistent with our con-
ventional knowledge that asteroid remnants, such as small MBAs
or young family asteroids, are more likely to have an elongated

2 It is ~0.26 if we choose the value 0.07 for (28721) 1999 CKq, ~0.24 if we ex-
clude (832) Karin and choose the value 0.07 for (28721) 1999 CK;s, ~0.27 if we
choose the value 0.17 for (28721) 1999 CKjg, and ~0.25 if we exclude (832) Karin
and choose the value 0.17 for (28721) 1999 CKy¢.
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Fig. 1. Results of the lightcurve analysis of eleven Karin family asteroids. (a) (832) Karin, (b) (7719) 1997 GT36. (c) (10783) 1991 RBy, (d) (11728) Einer (e) (13765) Nansmith.
(f) (16706) Svojsik, (g) (28271) 1999 CKys (observed in 2002), (h) (28271) 1999 CKy6 (observed in 2004), (i) (40921) 1999 TRy, (j) (43032) 1999 VR, (k) (69880) 1998 SQs;,
and (1) (71031) 1999 XEgs. The vertical axis denotes the relative magnitude referred to a field star at each observing night. Note that the lightcurve of (832) Karin in (a) is a
quoted one from Yoshida et al. (2004).
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Fig. 3. Relation between the rotation period P (hours) and diameter D (km) of
3,745 known asteroids (filled black circles) including 31 tumblers (filled green cir-
cles) and the eleven Karin family asteroids (filled red circles). The diagonal blue
lines show the theoretical (D, P) relation of asteroids when their damping timescale
Ty = 5.8 Myr (the upper solid blue line) and when their damping timescale Ty = 4.6
Gyr (the lower dashed blue line) calculated by Eq. (1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article).

(and irregular) shape than a spherical shape compared with large
asteroids that can be parent bodies of asteroid families.

We summarized our main result of the spin period P and the
peak-to-trough variation magnitude A(0) of the eleven Karin fam-
ily members in Fig. 2 (we are aware that we have ignored the ef-
fect of asteroids’ obliquity in this figure, because we have no infor-
mation on it so far). In Fig. 2(a) that shows the relation between
A(0) and 1/P, you may see a slight trend from the top left to the

bottom right, which tells us that elongated asteroids have a lower
spin rate, and those less elongated asteroids have a higher spin
rate. A similar trend has been recognized in fast-rotating sub-km-
size MBAs (Dermawan et al., 2011; Nakamura et al., 2011). How-
ever, we are aware that the number of our present lightcurve sam-
ples is not large enough to reach a definite conclusion on our
conjecture. In other words, Fig. 2(a) may be just a scatter plot from
the fact that the number of objects is not large enough for rigor-
ously statistical discussions. Whether the “trend” really exists de-
pends on how many more lightcurve samples of the Karin family
members we can obtain from now on.

At the end of this paper, we would like to consider the pos-
sibility that some of the Karin family members still possess non-
principal axis rotation. From the result that we have presented in
the previous sections, we plotted the rotation period of the eleven
Karin family asteroids on a diagram that shows the relation be-
tween rotation period P and diameter D in Fig. 3. For this fig-
ure, we estimated the diameter of the Karin family members from
its absolute magnitude H using the relationship log;q D = 3.1295 —
0.5log;p p — 0.2H where p is the albedo of an asteroid (Bowell and
Lumme, 1979). We used the absolute magnitude values of the as-
teroids listed on the Lowell asteroid orbital elements database’.
We assumed the albedo value of p = 0.21 for the S-type asteroids
(cf. Yoshida and Nakamura, 2007; Strom et al., 2015),

3 ftp://ftp.lowell.edu/pub/elgb/astorb.html.

4 The value p =0.21 is the mean albedo calculated from the catalog of asteroid
albedo and taxonomic types in PSI PDS database, http://sbn.psi.edu/pds/resource/
albedo.html. The albedo value can be dependent on asteroid size, but we are not
sure how strongly or weakly dependent it is. For example, recent survey observa-
tions have revealed the albedo dependence on asteroid size for each of the taxo-
nomic types (e.g. Usui et al,, 2013). In Usui et al.’s (2013) Fig. 5(b) for S-type as-
teroids, we may (or may not) see some skewed albedo distribution in the diame-
ter range of D < 10km, but we are not sure about the quantitative analysis result
in a smaller range. Another thing is that the range of D of the asteroids that we
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For comparison , we also plotted the (D, P) relation of 3,745
known asteroids listed on the PSI PDS lightcurve database whose
rotational periods are known to a certain reliability®. For these as-
teroids, we applied the mean albedo of p = 0.081 following Ryan
and Woodward (2010) to all the asteroids, assuming their abso-
lute magnitude H listed in the Lowell asteroid orbital elements
database mentioned above. Also, among these asteroids we high-
lighted 31 possible tumblers® in green so that we can compare
their (D, P) relation with that of the Karin family asteroids.

Theoretically, the damping timescale of the non-principal axis
rotation of a celestial body Ty (Gyr) can be expressed in its rela-
tionship between P (hours) and D (km) as in the following equa-
tion by Harris (1994), a reconsideration of a theory by Burns and
Safronov (1973):

P~ 17D3T, . 1)

Smaller and slower rotators have longer damping timescales of
the non-principal axis rotation. In Fig. 3 we drew two damping
timescales of non-principal axis rotation using diagonal lines cal-
culated by Eq. (1). The upper solid blue line in Fig. 3 indicates the
(D, P) relation of asteroids when their damping timescale Ty = 5.8
Myr, equivalent to the age of the Karin family. The lower dashed
blue line in Fig. 3 indicates that of asteroids when their damping
timescale Ty = 4.6 Gyr, almost equivalent to the age of the solar
system. You can see from Fig. 3 that many of the Karin members
we observed are located below the upper solid line for Ty = 5.8
Myr, indicating that they can still maintain the non-principal axis
rotation, if there is any, since their damping timescale Ty is possi-
bly longer than their age, 5.8 Myr. Although in the present anal-
ysis we did not detect clues on the non-principal axis rotation of
the Karin family members, several members with relatively long
rotational periods such as (7719) 1997 GTsg, (43032) 1999 VR, or
(71031) 1999 XEgg are still candidates as tumbling asteroids.
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the people who helped us during our observations at the Vati-
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Thomas ]. Bannan Astrophysics Facility). We thank Elizabeth Green,
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ment of our observing activity and his enormous contribution to
asteroid studies. Without his warmth, help, and thoughtful sug-
gestions, we could not have carried out our observations there
at all. The staff members at the Maidanak Observatory greatly
helped us during our stay and observing activity. The authors
thank the two anonymous referees for suggesting directions that
significantly improved the quality of this paper. FY also has bene-
fited from stimulating enlightenment by Murier Yoshida. Detailed
and constructive review by Yolande McLean has considerably im-
proved the English presentation of this paper. Some part of the
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observed this time is rather narrow (see Fig. 2(c)) except (832) Karin, and we can
expect that the albedos for these asteroids are not so different from each other,
even if there is a dependency of albedo on size. Therefore, in the present paper, we
used the average albedo.

5 http://sbn.psi.edu/pds/resource/lc.html as of April 30, 2012 (V12.0). Among the
lightcurve datafile data/lc_summary.tab, we selected the asteroids only with the
lightcurve reliability of 2, 2+, 3 or higher.

6 Among all the lightcurve data in data/lc_summary.tab, we selected the aster-
oids having the credible tumbling flag T or T+.
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ABSTRACT

After several years of quiescence, the blazar CTA 102 underwent an exceptional outburst in
2012 September—October. The flare was tracked from y-ray to near-infrared (NIR) frequen-
cies, including Fermi and Swift data as well as photometric and polarimetric data from several
observatories. An intensive Glast-Agile support programme of the Whole Earth Blazar Tele-
scope (GASP-WEBT) collaboration campaign in optical and NIR bands, with an addition of
previously unpublished archival data and extension through fall 2015, allows comparison of
this outburst with the previous activity period of this blazar in 2004-2005. We find remarkable
similarity between the optical and y-ray behaviour of CTA 102 during the outburst, with a
time lag between the two light curves of ~1 h, indicative of cospatiality of the optical and
y-ray emission regions. The relation between the y-ray and optical fluxes is consistent with
the synchrotron self-Compton (SSC) mechanism, with a quadratic dependence of the SSC
y-ray flux on the synchrotron optical flux evident in the post-outburst stage. However, the
y-ray/optical relationship is linear during the outburst; we attribute this to changes in the
Doppler factor. A strong harder-when-brighter spectral dependence is seen both the in y-ray
and optical non-thermal emission. This hardening can be explained by convexity of the UV-
NIR spectrum that moves to higher frequencies owing to an increased Doppler shift as the
viewing angle decreases during the outburst stage. The overall pattern of Stokes parameter
variations agrees with a model of a radiating blob or shock wave that moves along a helical
path down the jet.

Key words: methods: observational —techniques: photometric —techniques: polarimetric —

galaxies: active —quasars: individual: CTA 102.

1 INTRODUCTION
The blazar CTA 102 (4C 4-11.69, 2FGL J2232.44-1143, z = 1.037)

* E-mail: v.larionov @spbu.ru (VML); villata@oato.inaf.it (MV); raiteri@ is a luminous, well-studied quasar. Like other blazars, it is believed
oato.inaf.it (CMR) that its jet is oriented close to our line of sight, which causes strong
© 2016 The Authors

Published by Oxford University Press on behalf of the Royal Astronomical §(’)7¢(1)e%y

810z Jaquieoa( Gz uo Jasn Aseiqi AusiaAiun jenus) [euoneN Aq 2998092/ 10€/S/ L 9f/10e11Sqe-8|o1e/Seluw/Wwoo dno-olwspeoe//:sdny woJj papeojumoq


mailto:v.larionov@spbu.ru
mailto:villata@oato.inaf.it
mailto:raiteri@oato.inaf.it
mailto:raiteri@oato.inaf.it

3048 V. M. Larionov et al.

relativistic beaming of the jet’s emission and violent variability at
all wavelengths. CTA 102 was first identified as a quasar by Sandage
& Wyndham (1965) and belongs to the optically violently variable
(Angel & Stockman 1980), as well as the high polarized quasar,
subclasses (Moore & Stockman 1981).

On long time-scales, the blazar exhibits rather modest variability
at optical bands. Moderate-amplitude fluctuations around the av-
erage magnitude of B = 17.7 mag over a 14 yr range (about 65
observations between 1973 and 1987) were reported by Pica et al.
(1988). An overall amplitude AR = 0.88 mag was observed by Vil-
lata et al. (2001) in 1994-1997. However, occasional sharp flares
have also been observed in CTA 102. Variations as high as AB
= 1.07 mag in 2 d (Pica et al. 1988) and AV = 1.13 mag in 3 d
(Katajainen et al. 2000) were observed in 1978 and 1996, respec-
tively. The previously reported historical maximum for the object,
R ~ 14.5 mag, was reached on 2004 October 4 during a short-term
event accompanied by prominent intra-night variability (Osterman
Meyer et al. 2009). Between that episode and 2012, only moderate
variability has been seen in the light curve of this blazar (see Fig. 1).

CTA 102 was discovered to be a y-ray emitter early in the Comp-
ton Gamma Ray Observatory (CGRO; EGRET detector) mission
at a level of (2.4 & 0.5) x 1077 photonscm™2s~! (E > 100 MeV;
Nolan et al. 1993). It was also detected in the 10-30 MeV energy
range by the COMPTEL instrument of CGRO (Blom et al. 1995).
Since the blazar usually exists in a quiescent state, the average y-
ray flux is rather low, (2.9 £ 0.2) x 10~° photonscm?s~! (1 < E
< 100 GeV) according to the 2FGL catalogue based on data from
the Large Area Telescope (LAT) of the Fermi Gamma-ray Space
Telescope (Nolan et al. 2012). Therefore, accurate relative timing
of flux variations in y-ray and optical bands is only possible during
large outbursts. Similar events may serve as a crucial test for models
localizing the y-ray emission in blazars (e.g. Marscher & Jorstad
2010). This type of cross-correlation analysis, performed for several
other blazars, has recently shown that y-ray and optical flares are
usually coincident (e.g. Raiteri et al. 2012, 2013) and associated
with the passage of a new superluminal knot through the 43 GHz
radio core (e.g. Marscher et al. 2010; Agudo et al. 2011). Casadio
etal. (2015) studied the evolution of the parsec-scale jet in CTA 102
with ultra-high angular resolution through a sequence of 80 total
and polarized intensity Very Long Baseline Array (VLBA) images
at 43 GHz, covering the time span from 2007 June to 2014 June.
They have shown that a flare seen both in y and optical bands took
place =12 pc from the black hole, and suggested the synchrotron
self-Compton (SSC) process as the source of the y-ray emission.

In this paper, we analyse the largest outburst of CTA 102 to date
at optical and y-ray bands (Larionov, Blinov & Jorstad 2012). A
preliminary analysis of our data collected through fall 2012 is re-
ported in Larionov et al. (2013a); in the present paper, we extend
the data set-up to the end of 2015. In Section 2, we describe our
observational data and their reduction; in Section 3.1 we analyse the
colour variability of CTA 102 and evolution of its spectral energy
distribution (SED); Section 3.2 deals with y—optical correlations.
Optical spectra are discussed in Section 3.3. The polarimetric be-
haviour of this blazar and a model describing its temporal evolution
are presented in Section 4. The final conclusions are summarized in
Section 5.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Optical and near-infrared photometry

The Glast-Agile support programme of the Whole Earth Blazar
Telescope (GASP-WEBT; see e.g. Villata et al. 2008, 2009) obser-
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Figure 1. Optical and NIR light curves of CTA 102 over the time interval
2004-2015. Spline curves correspond to lower envelopes for variations in
each colour band. Hereafter, we denote TID=JD—2450000.0.

vations in 2008-2013 were performed in the R band at the following
observatories: Belogradchik, Calar Alto, Crimean Astrophysical,
Lowell (Perkins telescope), Lulin, Mount Maidanak, New Mex-
ico Skies (iTelescopes), Roque de los Muchachos (Liverpool Tele-
scope), Rozhen, Sabadell, Skinakas, St. Petersburg, Teide (IAC80),
and Tijarafe. BVI photometric data are from St. Petersburg and
Lowell observatories. The V- and R-band light curves are comple-
mented by data taken at Steward Observatory under a monitoring
programme in support of the Fermi mission. Near-infrared (NIR,
JHK) data are from the Perkins Telescope, AZT-24 (Campo Im-
peratore), and Teide (TCS). We also use B- and R- Mt. Maidanak
data during the 2004 outburst. After the nominal end of the GASP
campaign, we continued monitoring CTA 102 in optical-NIR bands
(Crimean Astrophysical Observatory, Lowell Observatory, St. Pe-
tersburg University, Steward Observatory, Campo Imperatore ob-
serving station of Rome Observatory) in order to track the post-
outburst behaviour. We used photometric sequences in optical bands
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reported in Raiteri et al. (1998) and, in NIR bands, those given on
the AZT-24 webpage.'

We corrected the optical and NIR data for Galactic extinction
using values reported in the NASA Extragalactic Database® for
each filter (Schlafly & Finkbeiner 2011). The magnitude-to-flux
transformations were calculated with coefficients determined by
Mead et al. (1990).

The optical and NIR light curves of CTA 102 during the 2004—
2015 time interval are shown in Fig. 1; spline curves correspond
to lower envelopes of variations in each colour band. We note that
during both the 2004 and 2012 outbursts the amplitudes of long-
term (marked with splines) and short-term (individual data points)
variations increase with wavelength, as is common in flat-spectrum
radio quasars.

2.2 Optical polarimetry

We use polarimetric data collected at St. Petersburg University
(Crimea and St. Petersburg), Lowell (Perkins), Steward, and Calar
Alto observatories, supplementing these with data from the Kanata
telescope (Itoh et al. 2013). Instrumental polarization was derived
from measurements of stars located near the object under the as-
sumption that their radiation is intrinsically unpolarized. The Galac-
tic latitude of CTA102 is —38° and Ay = 0.16 mag, so that inter-
stellar polarization (ISP) in its direction is less than 0.6 per cent. To
correct for ISP, the mean relative Stokes parameters of nearby stars
were subtracted from the relative Stokes parameters of the object.
This removes the instrumental polarization as well. The fractional
polarization has been corrected for statistical bias, according to
Wardle & Kronberg (1974). Fig. 2 presents the flux and polariza-
tion behaviour of CTA 102 for 2005-2015. We supplement this plot
with a panel showing the y-ray light curve from the Fermi LAT in
order to demonstrate that the most prominent y-ray activity ever
recorded for this source was observed during the 2012 September—
October optical outburst. In Fig. 3, we present a blow-up of the
most active interval of the 2012 outburst. From visual inspection of
these figures, it is apparent that during the entire time range covered
by Fermi observations up to the 2012 season, CTA 102 remained
inactive at both y-ray and optical bands; the degree of polariza-
tion was mostly <10 per cent, while the electric-vector position
angle (EVPA) showed marked variations over the range [—200°,
400°]. We resolve the £180° ambiguity by adding/subtracting 180°
each time that the subsequent value of the EVPA is >90° less/more
than the preceding one. Occasional clockwise rotations of the po-
larization vector by up to ~700° are apparent. The onset of the
activity in the 2012 season was accompanied by a violent increase
of optical polarization activity. The degree of polarization exceeded
20 per cent at some epochs, during which the position angle varied
over the range 150°-300°.

2.3 y-ray observations

The y-ray data were obtained with the Fermi (LAT), which observes
the entire sky every 3 h at energies of 20 MeV-300 GeV (Atwood
et al. 2009). We analysed the LAT data in the energy range 0.1—
200 GeV using the unbinned likelihood analysis of the standard
Fermi analysis software package Science Tools v9r33p0 and instru-
ment response function PBR2_SOURCE_V6. Source class photons

Uhttp://www.astro.spbu.ru/staff/vlar/NIR thumbs/ctal02.html
2 http://ned.ipac.caltech.edu/
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Figure 2. From top to bottom: y-ray and optical flux evolution, optical
fractional polarization, and position angle of polarization of CTA 102 over
the time interval 2005-2015. Magenta points in the y -ray light curve indicate
upper limits; blue symbols in the optical panel denote GASP data. Shaded
areas in two upper panels mark the outburst time interval, as discussed
in Section 3.2. The red line in the EVPA panel corresponds to the mean
direction of mm-wave radio jet.

(evclass=128 and evtype=3) were selected within a 15° re-
gion of interest centred on the blazar. Cuts in the satellite zenith
angle (<100°) and rocking angle (< 52°) were used to exclude the
Earth limb background. The diffuse emission from the Galaxy was
modelled using spatial model g11_iem v06. The extragalactic
diffuse and residual instrumental backgrounds were included in
the fit as an isotropic spectral template 1so_source_v05. The
background model® includes all sources from the 3FGL catalogue
within 15° of the blazar. Photon fluxes of sources beyond 10° from
the blazar and spectral shapes of all targets were fixed to their val-
ues reported in the 3FGL catalogue. The source is considered to be
detected if the test statistic TS provided by the analysis exceeds 10,
which corresponds to approximately a 30 detection level (Nolan

3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/4yr_catalog/gll_psc_v16
.xml
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Table 1. Swift calibrations used for CTA 102 analysis.
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Figure 3. Blow-up of Fig. 2 during the 2012 September—October flare.

et al. 2012). The systematic uncertainties in the effective LAT area
do not exceed 10 per cent in the energy range we use (Ackermann
etal. 2012). This makes them insignificant with respect to the statis-
tical errors, which dominate over the short time-scales analysed in
this paper. Moreover, our analysis is based on the relative flux vari-
ations. Because of this, the systematic uncertainties are not taken
into account.

Different time bins #;,, from 12 h to 7 d, were used, depending
on the flux density of the object. This maximizes the availability of
detections at temporal resolutions that are as short as possible.

2.4 Swift observations

2.4.1 Optical and ultraviolet data

Swift Ultraviolet/Optical telescope (UVOT) observations were per-
formed in the optical v, b, and u bands, as well as in the UV filters
uvwl, uvm2, and uvw2. We reduced the data with HEASOFT pack-
age version 6.10, with the 20101130 release of the Swift/UVOTA
CALDB. Multiple exposures in the same filter at the same epoch
were summed with uvotimsum, and then aperture photometry
was performed with the task uvotsource. We used an aperture

MNRAS 461, 3047-3056 (2016)

Bandpass v b u uwl um?2 uw?2
1 A 5427 4353 3470 2595 2250 2066
A, mag 0.24 0.32 0.38 0.54 0.67 0.64

conv. factors 2.603 1.468 1.649 4.420 8.372 5.997

Notes. Units of count rate to flux conversion factors are
1070 ergem2s~ 1 A1

radius of 5 arcsec centred on the source, and background from an
annulus between 25 and 35 arcsec radii. To take the spectral shape
of CTA 102 into account, we re-calibrated the effective wavelengths
and count-to-flux conversion factors as explained in Raiteri et al.
(2010), using a power-law fit to the average source spectrum. This
also produced a better agreement between the ground-based and
space data than when using the Breeveld et al. (2011) calibrations.
Galactic extinction was calculated by convolving the Cardelli, Clay-
ton & Mathis (1989) mean extinction laws with the filter effective
areas and source flux. All of the derived parameters are given in
Table 1.

2.4.2 X-ray data

The X-ray data were obtained over a photon energy range of 0.3—
10 keV by the Swift X-ray Telescope (XRT). We reduced the data
using HEASOFT package version 6.11. The standard xrtpipeline
task was used to calibrate and clean the events. We selected events
with grades 0—12 in pc mode and 0-2 in wt mode. An ancillary re-
sponse file was created with a point spread function correction using
the xrtmkarf task, and the data were rebinned with the grppha
task to ensure a minimum of 10 photons in every newly defined
channel. We fit the spectra with the spectral analysis tool XSPEC
using a power-law model with minimum yx? value and fixing the
hydrogen column density (N = 5.04 x 10%° cm~2) according to the
measurements of Dickey & Lockman (1990). We used Cash statis-
tics along with Monte Carlo spectral simulations to estimate the
goodness of fit at a confidence level of 90 per cent. If the parameters
failed a goodness-of-fit test, we rebinned the data with a minimum
of 20 photons in each spectral channel and repeated the model-fit
procedure. If the new model still did not satisfy a goodness-of-fit
test, we rejected the data; this occurred only in two cases.

3 RESULTS

3.1 Colour evolution

The question of whether a blazar’s radiation becomes redder or
bluer when it brightens is a topic of numerous papers. It is com-
monly agreed that the relative contributions of the big blue bump
(BBB) and Doppler-boosted synchrotron radiation from the jet are
different between quiescence and outbursts, and that this leads to
variability of the SED. The situation is even more complicated in
the cases like CTA 102, where broad emission lines contaminate the
wide photometric bands (e.g. the Mg 11 A2800 A line is redshifted to
15700 A). A straightforward way to isolate the contribution of the
component of radiation that is variable on the shortest time-scales
(presumably, synchrotron radiation) has been suggested by Hagen-
Thorn (see e.g. Hagen-Thorn et al. 2008, and references therein).
The method is based on plots of (quasi-)simultaneous flux densities
in different colour bands and the construction of the relative contin-
uum spectrum based on the slopes of the sets of flux—flux relations
thus obtained.
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Figure 4. Flux—flux relations between the NIR J band and the H (black
circles) and K (red circles) bands over the time interval 2008-2012. Lines
are second-order polynomial fits.

An example of such an approach is given in Fig. 4, where the flux
densities in the H and K bands are plotted against the J-band flux
density. The lack of linearity between variations in corresponding
bands means that the low- and high-flux behaviours could reflect
variability of different sources of radiation (e.g. the ambient jet in
low states and a shock in high states). Alternatively, if the same
component is responsible for all of the variability patterns, the pa-
rameters of this component change significantly in a manner that
depends on the brightness of the source. In Fig. 5, we plot relative
SEDs of the variable component in CTA 102 in quiescence and dur-
ing the 2012 outburst from Swift UV to NIR bands, showing marked
hardening of the SED during the high state, together with substan-
tial curvature (convexity) of the spectrum. Since the logarithmic
spectral shapes are far from linear, we are not able to determine
a single power-law slope « (in the sense F, o« v~%) for the entire
optical-NIR range. As a value that characterizes these slopes, we
select the tangent to the spectrum at the central R-band frequency.
For the quiescent stage, we obtain agx = 1.78 £ 0.05, and for the
outburst ag = 1.50 £ 0.03. We emphasize that these values refer
to the variable component only, not to the entire flux. Meanwhile,
if we look at the evolution of the fotal flux optical SED, we see the
opposite: ag = 0.4 £ 0.1 during quiescence and ax = 1.4 + 0.1
for the outburst. The closeness of the latter value to that obtained
for the variable source is caused by the fact that, during the out-
burst state, the relative contribution of intrinsically blue underlying

Outburst of CTA 102 in 2012 3051

Y T T T T ]
T Outburst —e—
Quiescence —eo—
. *
e O
05 |- L _
e O\
e
LN
0 KN .
—_~ \
as L N
L
~ ARN
L NN
~ AN
(o] O
o

4L \f\ N
K H J | R V B U W1M2w2
-15 | 1 1 1 1 1 L]
14.2 14.4 14.6 14.8 15 15.2
log(v) [Hz]

Figure 5. Relative continuum spectra of the variable component in CTA
102 during quiescence (blue) and the 2012 flare (red) from NIR to UV.
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Figure 6. (Quasi-)simultaneous SEDs of CTA 102 from NIR to y-ray
bands.

components (BBB+ Mg 11 line emission) becomes small compared
to the synchrotron radiation of the variable source.

Simultaneous spectral hardening in the y-ray region during the
outburst is also apparent in Fig. 6. Notice that in this figure we plot
total flux densities, in contrast to Fig. 5.

We hypothesize, as suggested in Larionov, Villata & Raiteri
(2010) for the case of BL Lac, that this spectral hardening of the
variable optical and y -ray components is mostly caused by a change
of the viewing angle of the emitting zone, which shifts in frequency
the synchrotron spectrum due to increased Doppler boosting. Some
(or all) of the hardening could also result from the population of
emitting electrons becoming enriched with a high-energy extension
during the outburst compared to the quiescent state.
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Figure7. DCF between optical and y-ray light curves of CTA 102. Negative
delays correspond to y-ray lagging behind optical variations. The zero delay
at the peak of the DCF indicates cospatiality of the active regions.

3.2 y-ray-optical correlations

We have calculated the discrete correlation function (DCF; Edelson
& Krolik 1988; Hufnagel & Bregman 1992) between the optical and
y-ray flux variations of CTA 102 during 2012. The results, given in
Fig. 7, clearly demonstrate that there is no time delay between the
variations in the two energy bands within the accuracy of the DCF
method. The value of the lag between optical and y-ray variations,
based on the DCF centroid position, is —0¢05 & 0702. One may note
that there are secondary ‘humps’ at ~4.5 and ~9 d. We surmise that
these are caused by recurring optical and y-ray sub-flares during
the 2012 outburst (see Section 4.1 and Fig. 14).

This lack of delay allows us to compare directly the optical and
y-ray flux densities. To do this, we (1) bin the R-band optical data
so that the mid-point and size of each optical bin correspond to
the mid-point and size of the respective y-ray bin, and (2) sub-
tract from the binned optical data a tentative value of the flux of
(quasi-)permanent emission components (BBB + QSO-like emis-
sion with a prominent Mg 1 line). Combined, this amounts to
log (vF,) = —11.5 in the R band, which is similar to the value
obtained for CTA 102 in Raiteri et al. (2014), corresponding to as
much as 50 per cent of the total quiescent flux. Fig. 8 demonstrates
clear differences during the various stages of CTA 102 activity. The
onset of y-ray activity (TJD 5700-5943, blue circles in Fig. 8) cor-
responds to a rather stable optical level. During the outburst stage
(TID 6069-6678, red circles), we see a relation between y-ray and
optical fluxes of the form F,, o¢ F;***%, while in the post-outburst
stage, TID 6776-7231 (green circles), F, o¢ Fot'=0.

We assume that the variable optical emission is mostly syn-
chrotron radiation from the jet, while the y-ray emission is from
inverse Compton (IC) scattering of optical/IR photons by the jet’s
relativistic electrons. The origin of the seed photons may be external
to the jet, e.g. hot dust continuum or broad-line emission (external
Compton or EC model), or synchrotron photons from the jet (SSC
model). In the EC model, we expect the respective fluxes to vary
as F¢ o¢ Fgype, since only the relativistic electron population is in
common, while in the SSC model F¢ Fszync, since both the rel-
ativistic electrons and emission radiated by them are involved in
the high-energy photon production. Here, Fiy,. is the flux of the
synchrotron radiation and F¢ is that of the IC emission. These de-
pendences will be altered slightly by the different optical and y -ray
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Figure 8. y-ray—optical flux—flux diagram. Slopes of the linear (on a log-
arithmic scale) fits are 1.12 £ 0.04 (outburst stage) and 2.21 £ 0.32 (post-
outburst stage). Almost all data points lie inside the parallelogram, whose
sides have slopes of 1 and 2 (see the text).

K-corrections at times when the optical and y-ray spectral indices
are not the same.

A competing explanation of the near-unity slope between op-
tical and y-ray fluxes, besides the EC model, is that their vari-
ability is mostly caused by variations of Doppler factor resulting
from changes in the viewing angle. This can occur if the entire jet
changes its direction (wobbles or precesses), or if different parts
of the jet cross-section with various velocity vectors relative to the
mean become periodically or sporadically bright as time passes.
Under this scenario, the post-outburst stage with presumably small
variations in viewing angle produces SSC-like variability that was
hidden during the height of the outburst under higher amplitude
Doppler-boosted variations of geometrical origin.

Thus, the data distribution in Fig. 8 can be explained as due to two
concurrent effects, with slopes of ~1 (Doppler factor variations)
and ~2 (intrinsic SSC dependence), so that the data mostly lie
inside a circumscribed parallelogram with sides having the above
slopes. The relative lengths of these sides depend on the relative
dominance of the two effects, and the best-fitting slope of the entire
distribution can vary from ~1 to 2. The best-fitting slope of 1.12
during the outburst would indicate almost complete dominance of
the Doppler factor variations, while the best fit found for the post-
outburst stage implies an essentially constant Doppler factor during
that period. Another advantage of this model is that it can explain
the polarimetric variability in CTA 102 (see Section 4.1).

3.3 Optical spectra

We analyse the optical spectroscopic behaviour of CTA 102 using
the data taken at Steward Observatory of the University of Arizona
for the ‘Ground-based Observational Support of the Fermi Gamma-
ray Space Telescope’ programme” at the 2.3 m Bok telescope and
1.54 m Kuiper telescope from 2008 to 2015. All of these spectra

4 http://james.as.arizona.edu/~psmith/Fermi/
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Figure 10. EW of Mg 1 line versus continuum flux over the time interval
2009-2015. The red curve corresponds to the expected EW if the line flux
remains constant.

contain a prominent Mg 11 22800 A broad emission line redshifted
to 25700 A. Fig. 9 displays averaged spectra for the 2012 and 2015
observing seasons. We use 133 spectra spread over the time interval
2009-2015 to check whether there is any correlation between con-
tinuum (mostly synchrotron) flux density variations and changes in
the Mg 1 line flux.

We evaluate the line parameters (the equivalent width, EW, and
the line full width at half-maximum, FWHM)), fitting the line profile
with a single Gaussian function superposed on a featureless con-
tinuum. The results are presented in Fig. 10, where EW is plotted
against the continuum flux density; the inverse proportionality of
these two quantities indicates that the line flux is stable. The red
curve corresponds to the expected EW if the line flux remains con-
stant. These results imply that enhanced activity of the jet has little
or no effect on the broad-line region (BLR), where one expects most
or all of the Mg 11 emission to originate.

‘We note that similar results have been obtained for other blazars,
e.g. 3C 454.3 (Raiteri et al. 2008) and OJ 248 (Carnerero et al.
2015). However, some cases of correlated broad-line flux variability
connected to y-ray variability have indeed been reported by Ledn-
Tavares et al. (2013), Isler et al. (2013), and Isler et al. (2015).
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Figure 11. Histograms of fractional polarization before (black shaded),
during (red), and after (blue) the 2012 outburst.

We measure the Mg 11 line FWHM, from which one can derive
the velocity of the gas clouds in the BLR, and obtain vpwum =
2100 & 250 km s~'. This value is a lower limit to the actual velocity
range of the broad-line clouds, since it depends on the geometry and
orientation of the BLR (see e.g. Wills & Brotherton 1995). In fact,
because the line of sight to a blazar is probably nearly perpendicular
to the accretion disc, the de-projected velocity range is likely to be
a factor of 22 higher than the FWHM given above.

4 DISCUSSION

4.1 Polarimetric behaviour and helical jet model

Our polarimetric data obtained during 2008-2015 allow one to
see remarkable changes in the behaviour of CTA 102 that were
probably triggered by (or, at least, coincided with) the prominent
outburst of 2012. Fig. 11 shows histograms of the polarization
degree (PD) before, during, and after the flare. This highlights the
increased range of PD variations already seen in Fig. 2. A natural
reason for this change is a decrease in the viewing angle of the jet,
as already suggested by Casadio et al. (2015) based on analysis
of the superluminal apparent motion of knots in VLBA images.
However, if we consider the range of values of viewing angles
found in that paper (from 329 before the 2012 outburst to 1°2 after
it) and compare the values of PD expected within the moving shock
model for polarization variations (see e.g. Fig. 12 and also Larionov
et al. 2013b; Raiteri et al. 2013), we find that we would expect to
see the opposite: a decrease in PD during the outburst. A positive
correlation between the photometric flux and PD may be obtained if
the bulk Lorentz factor of the emitting plasma is much higher, e.g.
I' ~ 30 (dashed line in Fig. 12). In this case, a decrease in viewing
angle would increase PD (see also equations 1- 3 in Larionov et al.
2013b). However, such a high value is difficult to reconcile with
that found by Casadio et al. (2015), I" = 17.3.

Yet another possible reason for this apparent contradiction could
be the difference in sizes between the parts of jet responsible for
the flaring optical radiation and the centroid of the radio ‘core’. In
this case, the source of the polarized optical flux could have a mean
velocity vector that is less well aligned with the line of sight than
that of the radio emission region. This explanation is supported by
very different time-scales of variability in optical (few days) and
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Figure 12. Behaviour of fractional polarization versus viewing angle for
plasma compression ratio n = 1.5, Lorentz factor I' = 17.3 (solid line), and
I' = 30 (dashed line), in the moving shock model.

radio (months) wavelengths and, correspondingly, different sizes of
the emission regions (see also Casadio et al. 2015).

Fig. 13 shows the distribution of the absolute Stokes parameters
of CTA 102 during both quiescence and different stages of the 2012
activity. We notice that the cluster of (Q, U) points obtained before
and after the outburst (more than 300 data points, marked as black
circles) is located near the origin of the coordinates. All of the data
points are tightly packed around this location, which corresponds
to a very low level of polarized flux during quiescence (see also
Figs 2 and 11). The onset of the outburst was accompanied by a
definite loop-like rotation in the plane of the Stokes parameters,
while the fading stage of the outburst included less ordered drifts,
misplaced relative to the pre-outburst position. This latter feature
may reflect the change in orientation of the jet itself, while the
clockwise rotation could arise from spiral movement of the radiating
blob through the jet.

As in the case of S5 0716471 (Larionov et al. 2013b), we propose
a model of a relativistic shock moving down a helical jet, or along
helical magnetic field lines, to explain these rotations. The main
parameters that determine the visible behaviour of the outburst are
(1) jet viewing angle 0; (2) pitch angle ¢ of the spiral motion and
helical field; (3) parameters of polarization of the undisturbed jet;
(4) bulk Lorentz factor I" of the shocked plasma; (5) scaling factor
of the exponential rise of the outburst 7; (6) factor k, responsible
for different time-scales of the rise and decline of the outburst;
(7) period of the shock’s spiral revolution in the observer’s frame
Pobs; (8) the same period in the source frame; (9) radius of spiral;
(10) shocked plasma compression 1 = ratio of post-shock to pre-
shock density; and (11) spectral index of the emitting plasma «.

Some of these parameters can be obtained, or at least constrained,
directly from observations. For example, the Lorentz factor I" during
the 2012 outburst is close to 17, according to Casadio et al. (2015);
the average level of polarization during quiescence is of the order
of 1 per cent (see Fig. 11); the value of Py ~ 497 is obtained
from repeating optical (and y-ray) sub-flares during the outburst;
the mean value of the slope of the synchrotron spectrum is o =
1.50, which we obtain from our photometric data (see Section 5 and
Fig. 5).

Using relations 1-9 from Larionov et al. (2013b), we obtain
the values of the model parameters that are given in Table 2. To
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Figure 13. Bottom panel: absolute Stokes parameters Q and U of the optical
polarization of CTA 102. The typical errors in the Stokes parameters are
shown by the red cross. The blue curve corresponds to the path of the vector
of polarization according to our model (see the text). The top panel presents
the R-band light curve, with intervals of time colour-coded in the same way
as in the plot of Stokes parameters.

Table 2. Model parameters for the photometric and polarimetric behaviour
of CTA 102 in 2012 September.

0° ¢° Diet r T k Pobs  Pyre r n o
@» 2 3 @ & ’; O 6 9 1o an

265 09 1

182 0.75 183 47 235 0.0018 135 1.50

Notes. Units: pje in per cent, r in parsecs, Pops in days, Py in years. T and
k in fractions of Pg.

confront the model with observational results, we plot both together
in Figs 13 and 14. Since our model only takes into account smooth
variability caused by a radiating blob moving along a helical path in
the jet and neglects the effects caused by turbulence that is probably
present, we are able to reproduce only the basic variability pattern. In
particular, we see a series of decaying flares after the main outburst
(and the precursor preceding it). Nevertheless, the agreement of
the model with the Q versus U evolution in Fig. 13 is quite good.
The model evolution of the degree of polarization corresponds to
an upper envelope to the observational data. This is as expected,
since turbulence adds superposed polarization vectors at random
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Figure 14. Comparison of optical photometric and polarimetric data during
the giant outburst of CTA 102 in 2012, with our model fit.

position angles, which often partially cancel the polarization from
the ordered component of the magnetic field.

We note that our finding of clockwise rotation of the polarization
vector is supported by the detection of negative circular polariza-
tion in the 15 GHz radio emission of CTA 102 by Gabuzda et al.
(2008), who used the observation as evidence for a helical magnetic
field. In addition, inspection of the EVPA behaviour in Fig. 2 al-
lows one to see at least three episodes of clockwise rotation with
amplitude exceeding 700° (TJD 5500, 6500, 7250) and no cases
of anticlockwise rotations of similar length. Thus, this appears to
be a persistent feature of the blazar, in agreement with an ordered,
helical component of the magnetic field.

4.2 Weakness of spectral variations

The Mg 1 emission line flux is, at most, weakly variable over the
course of our observations despite marked changes in the optical
synchrotron flux. We consider this to be a consequence of two fac-
tors: (1) the part of jet where the outburst occurred is located parsecs
outside of the BLR (see Casadio et al. 2015), and (2) the ultra-high
amplitude of the 2012 outburst might have been determined to ma-
jor extent by a change in the viewing angle. The number of ionizing
photons traversing the BLR would not significantly change during
such a re-orientation of the jet.

4.3 Implication of variable Doppler factor

We have used our photometric and polarimetric data centred on the
2012 outburst to assess the main geometric parameters that govern
the overall pattern of Stokes parameter variations within a model
of a radiating blob or shock wave that moves along a helical path
down the jet. The changes in the viewing angle caused by helical
motion imply strong changes in the Doppler factor, from § ~ 28,
when the emission region is closest to our line of sight, to § ~ 16
when it is farthest. The larger value is similar to 8y, ~ 30 obtained
by Casadio et al. (2015) based on VLBA data.

Our long-term study of the polarimetric behaviour of CTA
102 allows us to identify at least three episodes of sustained
clockwise rotations and no similar episodes of anticlockwise ro-
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tation. This repeated behaviour suggests that the cause of the rota-
tions is geometrical rather than the result of random walks related
to a disordered magnetic field (although some shorter, apparently
random rotations occur as well; Kiehlmann et al. 2016).

As is shown in Figs 2 and 11, the mean level of polarization
of CTA 102 substantially increased shortly before the onset of
the 2012 outburst, and did not revert to the pre-outburst level
until fall 2015. This supports the hypothesis that secular varia-
tions of the viewing angle of the jet led to both enhanced pho-
tometric activity and corresponding changes in the linear polar-
ization. We can expect that flaring activity in this blazar will be
more pronounced than in previous years as long as the jet re-
mains closely aligned with our line of sight. Indeed, as reported
by Carrasco et al. (2016), Balonek (2016), and Becerra, Carpen-
ter & Cutini (2016), at the end of 2016 January a new high-
amplitude outburst occurred at y-ray, optical, and NIR bands (see
also  http://vo.astro.spbu.ru/sites/default/files/optic/ctal 02R.png).
Unfortunately, this happened when the object was difficult to ob-
serve owing to proximity to the sun in the sky, so this expected
effect cannot yet be verified in detail.

5 CONCLUSIONS

During the GASP/WEBT campaign, we obtained densely sampled
optical photometric and polarimetric data around the period of un-
precedented optical and y-ray activity of CTA 102, and combined
optical data with contemporaneous observations throughout the y-
ray to NIR frequency range. We find detailed correspondence of
optical and y-ray events, which confirms cospatiality of the syn-
chrotron and IC emission sites. The relation between optical and
y-ray flux during the height of the outburst is roughly linear. This
is as expected from either the EC process for the high-energy emis-
sion or from variable Doppler boosting acting as the main factor
controlling the overall pattern of variability at both energy ranges.
However, the Doppler boosting caused by changed viewing angle
of the emission region is a preferred explanation for the variability
of the total flux and polarization parameters. In contrast, during the
decay the relation between the fluxes is, within the uncertainties,
consistent with the F), « Fozpt law expected from the SSC mecha-
nism. Presumably, any changes in viewing angle during the decline
were too minor to have a dominant effect on the variations in flux.

We have determined the SED of the variable component of syn-
chrotron emission during both quiescence and the stages of outburst,
and found appreciable hardening of the SED during the outburst.
This hardening could be explained by convexity of the UV-NIR
spectrum (see Fig. 5) that moved to higher frequencies owing to
an increased Doppler shift as the viewing angle decreased. This
effect could have been amplified by an increase in the number of
high-energy electrons. The same spectral hardening is apparent in
the y-ray part of the spectrum.

As we can judge from our data, the change of viewing angle
that led to enhanced activity in CTA 102 starting in 2012 may have
resulted in a higher duty cycle of activity. When the viewing angle
is smaller, the Doppler factor is more sensitive to changes in that
angle; hence, variations caused by a non-constant viewing angle
will be more pronounced and occur over shorter time intervals.
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ABSTRACT

We present long-term photometric observations of the young open cluster IC 348 with a
baseline time-scale of 2.4 yr. Our study was conducted with several telescopes from the
Young Exoplanet Transit Initiative (YETI) network in the Bessel R band to find periodic
variability of young stars. We identified 87 stars in IC 348 to be periodically variable; 33 of
them were unreported before. Additionally, we detected 61 periodic non-members of which
41 are new discoveries. Our wide field of view was the key to those numerous newly found
variable stars. The distribution of rotation periods in IC 348 has always been of special interest.
We investigate it further with our newly detected periods but we cannot find a statistically
significant bimodality. We also report the detection of a close eclipsing binary in IC 348
composed of a low-mass stellar component (M 2 0.09 M) and a KO pre-main-sequence star
(M =~ 2.7M¢g). Furthermore, we discovered three detached binaries among the background
stars in our field of view and confirmed the period of a fourth one.

Key words: techniques: photometric —binaries: eclipsing — starspots —stars: variables: gen-
eral —stars: variables: T Tauri, Herbig Ae/Be—open clusters and associations: individual:

IC 348.

1 INTRODUCTION

The transit technique for finding planetary candidates is applied in
several ground-based (e.g. Bakos et al. 2004; Nutzman & Charbon-
neau 2008) and space-based surveys (e.g. Bordé, Rouan & Léger
2003; Ricker et al. 2014). This work is part of a project within the
ground-based Young Exoplanet Transit Initiative (YETI; Neuhauser
et al. 2011). We used the data obtained by this survey to search for
general periodic variation in the young open cluster IC 348. For an
overview on the current state of YETI we refer the reader to the
recent work of Garai et al. (2016).

In this paper we focus on the young (2 Myr; Luhman et al.
2003), nearby (316 pc; Herbig 1998), and compact (D ~ 20 arcmin;
Luhman et al. 2003) open cluster IC 348. It is an intensely studied
region of ongoing star formation. The T Tauri stars (TTS) found

* E-mail: dfritzewski@aip.de

therein by Herbig (1954) played an important role in the exploration
of star formation (Herbig 1998). The theory that TTS are young was
strengthened and later confirmed through colour measurements and
theoretical evolutionary models with the help of those TTS.

It is well known that IC 348 is younger than 10 Myr but its age
and the age spread are still under debate. Luhman et al. (1998) found
an age spread from 0.5 to 10 Myr from the photometric scatter in
the colour-magnitude diagram (CMD). A similar wide age spread
was assumed in the Orion nebula cluster (ONC) but it was shown
by Jeffries et al. (2011) that observational and physical effects give
rise to the observed luminosity dispersion. Because of the observed
colour spread in IC 348 Bell et al. (2013) argue for an age of 6 Myr
for IC 348 while Luhman et al. (2003) adopted a median age of
2 Myr which we use in this work.

The stellar content of IC 348 was researched with the photometric
studies by Herbig (1998) and Luhman et al. (1998). With the help
of the proper motion measurements from Scholz et al. (1999) and
additional photometric and spectroscopic data Luhman et al. (2003)
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Table 1. Overview of the YETI telescopes used for this work. FoV stands for field of view. In Stard Lesna two 0.6-m telescopes have been used with different

detectors. The table is sorted by the number of obtained frames.

Observatory Telescope Longitude Latitude FoV # Frames CCD detector Pixel scale
) (arcmin?) (arcsec pixel™!)
Jena® 0.6 m Schmidt 1148416 E 50.92888 N 52.8 x 52.8 10 808 e2v 42-10 1.547
Jena? 0.25 m Cassegrain 11.48416 E 50.92888 N 21.0 x 204 2390 e2v 47-10 1.193
Stard Lesnd 0.6 m Cassegrain 20.29081 E 49.15207 N 14 x 14 1957 FLI ML3048 0.410
16.9 x 16.9 MI G4-9000 0.333
ptSm, La Palma® 0.5 m mod. Dall-Kirkham 17.88188 W 28.76058 N 10.2 x 6.9 1050 KAF-3200ME 0.280
Lulin 1 m Cassegrain 120.87297 E 23.46908 N 1.5 x 11.2 614 e2v 36-40 0.515
Tenagra 0.8 m Ritchey—Chrétien 110.98475 W 31.55571 N 14.8 x 14.8 584 0.867
Saitama 0.55 m Ritchey—Chrétien 139.60561 E 35.86225 N 12.8 x 124 218 MLA4710-1 0.727
Swarthmore 0.6 m Ritchey-Chrétien 75.35605 W 39.90702 N 26 x 26 195 Apogee U16M 0.381
Llano del Hato 1 m Cassegrain—Coudé 70.87094 W 8.78794 N 18.5 x 18.5 30 e2v 42-40 0.542

“Mugrauer & Berthold (2010); bMugrauer (2016); “Hardy et al. (2015).

compiled a membership catalogue of IC 348, including spectral
classification for most of its members. This catalogue has recently
been extended by Luhman, Esplin & Loutrel (2016) to include 478
members. The membership criterion was based on proper motion,
position on the CMD, and spectral features and classification.

Using CCD detectors, photometric time series of different dura-
tions and with different fields of view (FoV), but all in the / band,
have been obtained and published. The first time series of its kind of
IC 348 was published by Herbst, Maley & Williams (2000b) with a
baseline time-scale of 4 months. The FoV was 10.2 x 10.2 arcmin?
and the authors found 19 periodic variable stars near the centre of
the cluster. With more data from the same survey, Cohen, Herbst &
Williams (2004) were able to detect 28 periodic variables. Finally,
with a baseline of 7 yr, Nordhagen et al. (2006a) found 12 additional
periodic stars in the same FoV. An independent study with deeper
photometry was published by Littlefair et al. (2005) and found 32
new periodic variables in IC 348. The most extensive study so far
has been conducted by Cieza & Baliber (2006). The authors used a
wider FoV (46.2 x 46.2 arcmin®) and were able to discover 75 ad-
ditional periodic variables. Moreover, they combined and analysed
all previous studies and counted a total of 106 periodic stars among
the members of IC 348 when applying the membership of Luhman
et al. (2016).

The evolution of angular momentum in young stars is a topic
of recent research (e.g. Tanveer Karim et al. 2016) and the distri-
bution of rotation periods is a stepping stone to its understanding.
Since the discovery of a bimodal period distribution for stars with
M > 0.25Mc, in the 1 Myr old ONC by Attridge & Herbst (1992)
other open clusters are compared to this young cluster. IC 348 is
slightly older and the previous time series studies came to the con-
clusion that the period distributions of both clusters look alike. The
distribution consists of fast rotators with periods of ~2 d and slow
rotators with periods of ~8 d. With more rotational periods for the
members of IC 348 we can investigate the distribution in more
detail.

In this study, carried out within the YETI network we used an
even wider FoV (52.8 x 52.8 arcmin®) than any previous studies.
With this FoV we can find variabilities in IC 348 and its vicinity.
Moreover, we used several telescopes located all over the world to
achieve a better phase coverage of our time series.

The paper starts with an overview of our observations and the data
reduction workflow (Section 2). Thereafter, we present the results
(Section 3), starting with variables in IC 348, followed by further
results on field stars. In the discussion (Section 4) we compare our
results with previous studies.

Table 2. Observational seasons and number of nights with successful
observations.

Season Date Number of nights
1 2012 Aug. 8-2013 Mar. 15 57
2 2013 Aug. 1-2014 Feb. 4 41
3 2014 Sep. 16-2015 Jan. 18 27

2 OBSERVATIONS AND DATA REDUCTION

2.1 Observations

IC 348 was observed between 2012 August 22 and 2015 January
18 in 125 telescopic nights over three seasons. Observations were
carried out by nine telescopes through the YETI network, with a
distributed longitudinal coverage (Table 1). The University Obser-
vatory Jena alone contributed 88 nights. Details on all observations
can be found in Table 2. To achieve a good phase coverage 3-
week-long YETI campaigns were performed in which IC 348 was
observed from the participating observatories on every clear night.
Therefore continuous coverage of IC 348 could be achieved at some
nights through combined observations. Overall, the distributed ob-
servations resulted in a better phase coverage of the data. In Fig. 1
we compare the phase coverage of YETI data to Jena data alone and
the advantage of YETI is clearly visible. For easier interpretation of
Fig. 1 we show the deviation of the curves in addition to the data.
The combined light curves, compiled from all telescopes, have bet-
ter phase coverage in the range of 10-25 d (25 percentage points)
and for periods of the multiple of 1 d (up to 35 percentage points).
The better phase coverage for multiple periods of 1 d reduces the
1 d alias period significantly when searching for periods.

In Jena the open cluster was observed with the 0.6-m Schmidt
telescope. We used the Schmidt-Teleskop-Kamera (STK; Mugrauer
& Berthold 2010) with its Bessel R filter and exposed for 50 s. The
exposure times at other telescopes differed because of different
apertures, smaller FoV, and other detectors. Additional BVI images
were acquired on some nights at the University Observatory Jena.
Further observations were carried out with the 0.25-m Cassegrain
telescope equipped with the Cassegrain-Teleskop-Kamera-1I (CTK-
II; Mugrauer 2016) at the University Observatory Jena. For those
observations we used Bessel V and [ filters and exposed for 180 s.

In addition to the Jena telescopes we observed with the ptSm
telescope on La Palma (Hardy et al. 2015), the 1-m Cassegrain
at the LOT observatory in Lulin, the 1-m Cassegrain-Coudé in
Llano del Hato, the two 0.6-m Cassegrain in Stard Lesnd, and the

MNRAS 462, 2396-2417 (2016)
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Figure 1. Phase coverage of the data for a single star. The dark grey line includes all YETT observations while the light grey line gives the phase coverage for
the observations from the University Observatory Jena. In black the difference of both curves is shown for easier interpretation. The better phase coverage for
periods of the multiple of 1 d is clearly visible (spikes), as well as the big advantage for periods in the range of 10-25 d.

Ritchey—Chrétien telescopes of Saitama University, Swarthmore
College, and Tenagra observatory. The locations, diameters, and
detectors of all telescopes used can be found in Table 1.

Most data were gathered with the STK operated at the Jena 0.6-m
Schmidt telescope, therefore the stars which were analysed are all in
the FoV of this telescope. Additionally, the STK exhibits the widest
FoV of all instruments used. Some telescopes obtained images with
deeper photometry. We decided not to use the additional fainter stars
from those frames. The sparse coverage of the light curve would
not have given insight to the time-scale we are interested in.

The STK is equipped with a 2048 x 2048 pixels e2v CCD de-
tector with a FoV of 52.8 x 52.8 arcmin® (Mugrauer & Berthold
2010). The centre of IC 348 was positioned slightly off the centre of
the detector to north-east to allow simultaneous observations with
the CTK-II (centred at o = 3" 45™ 20, § = +-32° 4’ 50”). From this
FoV the 1001 brightest stars have been analysed independent of
their membership status down to a limiting magnitude of R = (18.7
=+ 0.3) mag. Within our sample 137 stars are members of IC 348 ac-
cording to Luhman et al. (2016). Further stars are either unidentified
members, background or foreground stars.

All other telescopes used for this observation have a smaller FoV.
Therefore, they included a tighter area around IC 348 or covered
the whole region with various pointings, which implies that not all
stars of our selection have been observed by all telescopes.

The FoV of the STK is shown in Fig. 2 as a composite image
of B, V, and R observations. It is dominated by the bright star Atik
(o Per). The open cluster IC 348 lies south of it and is surrounded
by a reflection nebula. In this frame we marked our observed stars
according to their properties.

2.2 Data reduction and photometry

For every night, in addition to the science frames, darks and flats
were obtained. Whenever possible we acquired sky flats, otherwise
the nightly dome flats were used. Some telescopes included the
bias in an overscan region while others produced dedicated bias
frames. From those images a standard reduction with dark, bias,
and flat-field correction was performed with IRAF.

For every telescopic pointing the data were extracted separately
from the reduced images with aperture photometry followed by
differential photometry. For the differential photometry we used an
implementation of the algorithm presented by Broeg, Ferndndez

MNRAS 462, 2396-2417 (2016)

& Neuhauser (2005), based on the 1RAF task pHOT as described in
detail in Errmann et al. (2014). This algorithm calculates an artificial
star for comparison from all stars in the FoV, weighted according
to the standard deviation of the differential light curves. From this
procedure we obtained a light curve for each pointing on each night.

In Fig. 3 the mean photometric precision of one night is shown.
The winter night of 2014 December 8 is exemplary and represents
the normal conditions achieved at the University Observatory Jena.
For example for a 16 mag star a photometric precision of 0.03 mag
is reached.

After combining the data for each telescope, by adjusting the flux
level from night to night, we had to collate all observations of each
star obtained with different telescopes. For this step we first searched
for periodic variations in the light curves from the Jena observations
using the algorithms presented in Section 2.3. Thereafter, we used
the periods to produce phase-folded light curves. Because of the
tighter sampling in the phase domain the data from other telescopes
can easily be incorporated into the light curve. This was done by
adjusting the flux of the observations to the flux of the data with
similar phases. The very good phase coverage of the Jena data was
mandatory for this method.

With only a few nights of multiband photometry we decided to
anchor our photometry to Trullols & Jordi (1997). We used the night
of 2014 December 8 for the transformation and all magnitudes used
in the current work are based on this system.

2.3 Algorithms used to find periodic variabilities

The main goal of this work was to find new periodic photometric
variables in IC 348 and to confirm and improve ephemerides of
already known variable stars in this cluster. Therefore we applied
three different algorithms to detect periodicities in the data. All
algorithms have in common that they use a grid of fixed periods as
their input. We employed the same grid for all algorithms to gain
comparable results.

This period grid had a range from P, = 0.04d (~1h) to
Prnax = T/3 = 293 d (where T is our observational time base). We
used such a wide range because at least one long-periodic eclipse
is known in IC 348 (Nordhagen et al. 2006b) and more might be
discovered. We chose our lower limit to include short-term vari-
ability but not stellar pulsations. The upper limit was guided by the
decision to include at least three cycles. To save computation time
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Figure 2. BVR image of IC 348 as observed from Jena with STK on 2014 December 8 with an integration time of 50 s in each band. The full STK FoV with

a size of 52.8 x 52.8 arcmi

shown. North is up and east to the left. The open cluster IC 348 is located around and within the reflection nebula south of the

bright star Atik (o Per). Periodically variable members of IC 348 are marked with a (red) diamond, while all other members detected in this image are marked
with a (yellow) square. Non-members for which we found a period are marked with a (white) triangle.

we used an exponentially spaced grid with n ~ 38 000 points. The
resolution of the grid is for the lower limit 1 s, for a period of 1 d,
20 s and for the upper limit of 293 d, 1.6 h.

The first algorithm we used is the widely applied general-
ized Lomb—Scargle (GLS) periodogram by Zechmeister & Kiurster
(2009). From the periodogram we obtained the spectral power den-
sity as a measurement of the certainty of the periodic variations.
Although the algorithm is fast and convenient for finding periods
it has some drawbacks. It favours signals with sinusoidal shape
which can lead to incorrect best-fitting values for non-sinusoidal-
shaped light curves like transits, occultations, or eclipsing
binaries.

As a second algorithm the minimal string-length algorithm by
Dworetsky (1983) was used. Unlike the GLS a string-length al-
gorithm can find periodic variabilities of all shapes with the same
sensitivity. In this algorithm the sum of the distances of succeeding
points in the phase-folded representation is measured. Because of
lower phase coverage for long periods this method is biased to-
wards longer periods. To correct this effect a sum of a second-order
polynomial and an exponential decay was fitted to the output of the
algorithm. From the normalized and detrended results we were able
to find the best period.

Our third algorithm was the Gregory-Loredo Bayesian signal
detection as presented in Gregory & Loredo (1992) and Gregory

MNRAS 462, 2396-2417 (2016)
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Figure 3. Photometric precision for the night of 2014 December 8 for
the observations at the University Observatory Jena. This figure includes
all 1001 selected stars from the FoV. In that night we also gathered BVI
photometry of IC 348 with the STK.

(1999). This method uses different step functions to calculate the
likelihood for a given period based on Bayesian statistics. It is
unbiased towards shape and sampling of the light curve because the
step function can adopt arbitrary shapes. We used the assumption of
independent Gaussian errors and directly applied the formulation
given by Gregory (1999).

Each algorithm returned a best period leading to three different
values after one run of the algorithms. To find the best period au-
tomatically we applied an additional program. Therein we set as
an initial selection criterion that two of the three algorithms find
the same period within an error range of 10 per cent. Afterwards
an additional run of the period search was conducted within that
10 per cent range of the best period. Now a match within 1 per cent
was required and we used a tighter spacing of the grid. With this
criterion we were able to use the maxima of the periodograms inde-
pendently of their power density and were able to detect variabilities
with low signal-to-noise ratio. To exclude false detection all phase-
folded light curves were examined manually and non-periodic were
removed.

3 RESULTS

In this section we first present the results for the member stars of
IC 348 and later findings for non-members. The membership is
according to Luhman et al. (2016).

If a star has a commonly used name we use this name to identify it
in this section and give other identifiers as a footnote. Otherwise we
use our internal numbering. The abbreviations used in this section
are as following: LRL refers to Luhman et al. (1998) (and subse-
quent publications), HMW to Herbst et al. (2000b), CB to Cieza &
Baliber (2006), and FKM to this work. When no distinct identifier
is known we give the Two Micron All Sky Survey (2MASS) name
but continue using our identifier.

MNRAS 462, 2396-2417 (2016)

3.1 Periodic variables in IC 348

With the above mentioned method we were able to identify 87
photometric periodic stars in IC 348. Of those stars 33 have not
been reported as periodic before. Including all previous studies
(overview of Cieza & Baliber 2006) the total number of periodic
variables in IC 348 is now 139 out of 478 members. The reasons for
non-detections of previously known periodic variables are discussed
in Section 4.1. Most of the stars are rotating young stars that show
spot-induced variability, although some periodic variabilities are
due to occultations of protoplanetary discs or accretion. The results
are summarized in Table A1 and the phase-folded light curves are
shown in Fig. Al. In the following paragraphs we will present only
some notable variables.

3.1.1 V695 Persei

V695 Per! has one of the largest peak-to-peak amplitudes in our
observations with 1.2 mag. The phase-folded light curve (Fig. 4)
resembles a typical occultation which was explained by Barsunova,
Grinin & Sergeev (2013) as an AA Tauri-like system. The proto-
planetary disc follows a Keplerian motion with a period of (7.55
=+ 0.08) d. For the third season we observed a change in the light
curve. Some data points seem to be outlier to the previously ob-
served shape of the light curve. This is shown in the third panel of
Fig. 4. The outliers might be explained with a reconfiguration of the
protoplanetary disc or the magnetic field. As a result the disc could
be warped in a different way which leads to a change of the phase of
the occultation. Alternatively an additional occultation might take
place and the two effects overlap. Further monitoring of this star
can help to constrain the reasons.

3.1.2 V718 Persei

The unusual photometric periodicity of the star V718 Per? was
discovered by Cohen, Herbst & Williams (2003) and analysed in
depth thereafter (Nordhagen et al. 2006b; Grinin et al. 2008). It
is periodically occulted by a part of its protoplanetary disc. The
occultation has a period of (4.7 & 0.1) yr (Nordhagen et al. 2006b)
while the eclipse lasts for 3.5 yr. In our data, spanning 2.4 yr, we
were able to see the decrease of brightness of 0.9 mag (Fig. 5).
This observation shows that V178 Per is a rather stable system.
IC 348 was monitored from Van Vleck Observatory from 1991
(Nordhagen et al. 2006b): the system was therefore observed in a
stable configuration for 24 yr now.

3.1.3 A close stellar companion to LRL 47

As well as the modulation of the flux due to starspots with a period
of (4.91 £ 0.05) d, the light curve of LRL 47* showed an additional
feature. In the three observing seasons four short dips were found
(see Fig. 6). All of them show the typical V-shape of a grazing
transit.

LRL 47 is known to be active in X-ray (Preibisch, Zinnecker &
Herbig 1996; Preibisch & Zinnecker 2001, 2002; Stelzer et al. 2012;
Flaherty et al. 2014) like a lot of young stars are (Neuhauser 1997).
Lada et al. (2006) found no evidence of a circumstellar disc around

I'FKM 570, LRL 99, HMW 73, CB 49.
2FKM 123, HMW 15, LRL 35.
3 FKM 71.
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Figure 4. Phase-folded light curves of the AA Tauri-like star V695 Per for all three observing seasons. While the first two seasons are phased adequately
the observations from the third season show some variability in the phase. The data have been binned and the spacing is 0.1 mag for all tick marks on the

magnitude axis.
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Figure 5. The full light curve of V718 Per shows the strong decrease of
brightness due to the long-periodic occultation of the star. The data have
been binned to one data point per night.

it. Dahm (2008) and Currie & Kenyon (2009) later confirmed this
result. The non-existence of a disc is not unusual for stars in IC 348.
Lada et al. (2006) found a disc fraction of (50 £ 6) per cent and
Cieza et al. (2007) state that discs might disappear as soon as 1 Myr
after the stellar formation, building planets within this time. This star
might have had a circumstellar disc which has already vanished. In
addition to the non-existence of a disc, Duchéne, Bouvier & Simon
(1999) were able to exclude a stellar companion to this star with a
detection limit of 3 mag at 0.5 arcsec (i.e. 158 au).

The transits were observed at Jena, Tenagra, and Lulin obser-
vatories. Hence, we have three independent observations, an ob-
servational effect can therefore be excluded. These observations
show again the power of the YETI network. With only a single
telescope we would have missed most of the events. From the Uni-
versity Observatory Jena only the first event was visible and was
observed. Unfortunately the V and / band observations carried out
with the CTK-II mounted to the second telescope at the University
Observatory Jena are not accurate enough to gain additional colour
information of the transit.

The properties for the four transits are given in Table 3. The transit
mid-points has been obtained with jktEBop (Etzel 1981; Popper
& Etzel 1981; Southworth, Maxted & Smalley 2004). Also with
JKTEBOP we determined a period of (5.123874 4+ 0.000063) d from
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Figure 6. The light curves of the four observed transits of LRL 47 (star 71).
Each is centred on the transit mid-point (see Table 3) and scaled the same
for better comparison. The Tenagra telescope (2 and 3) has observed with a
lower sampling than the other two telescopes (Jena/STK panel 1 and Lulin
panel 4) therefore the data are sparse. In panel 3 the advantage of the YETI
network is visible. The observations from two telescopes are included in this
light curve. All information on the transits are listed in Table 3, including
depth, duration, telescope, and time.
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Table 3. Parameters of the observed transits of LRL 47. MJDy,iq gives the
midpoint of the transit as modified JD (MJD = JD — 245 6000 d). The epoch
is the orbital cycle number relative to the first observation.

Number Depth MIDmid Epoch Telescope
(mag) (d)

1 0.05 188.5105 4 0.0016 0 Jena

2 0.05 203.8714 +0.0149 3 Tenagra

3 0.04 244.8718 £ 0.0097 11 Tenagra

4 0.07 962.2088 £ 0.0030 151 Lulin

those four transits. This period is close to the rotational period of
(4.91 £ 0.05) d but is feasible for a close companion.

According to Luhman et al. (2003) LRL 47 is a KO & 2 star.
From the isochrones of Siess, Dufour & Forestini (2000) we can
find for the spectral type KO a mass of Mp = 2.7 M, and a radius
of Rp =4.14 R at the age of 2 Myr. This age is not necessarily the
true age of this star. Luhman et al. (1998) gave an age spread from
0.5 to 10 Myr for IC 348 which is under debate (see Section 1).
Therefore the primary’s radius can be overestimated by a factor of
2. Nevertheless, we continue with the median age of 2 Myr to find
an estimation of the companion’s properties.

Using JkTEBOP again for fitting the data did not lead to a satisfac-
tory result. The reason for this is the grazing nature of the transit
and our lack of additional information on the system. To get an idea
of what kind the transiting object is, we assumed a Keplerian orbit
and a non-grazing transit. With these assumptions we can calculate
lower boundaries for the companion’s radius and mass.

First, we calculated the inclination and radius from our supposed
values for the primary and the measured parameters of the tran-
sit. Thereafter we derived the mass for the companion from the
low-mass isochrones of Baraffe et al. (2015). After an iterative pro-
cess we concluded on an inclination of i < 75%4, a radius of Rc =
0.87R(, and a mass of Mc = 0.09 M@ . Here we give no uncer-
tainties because they would strongly underestimate the true errors.
As said above those values are only lower (upper) boundaries for
the mass and radius (and inclination). Because of the grazing of the
transit we cannot be sure about the true radii ratio and therefore the
derived values. From those lower boundaries we can conclude that
this star might have a close stellar companion which might be near
the hydrogen burning limit.

The four light curves show two slightly different shapes (Fig. 6).
The first two occurrences of the transit have a symmetric V-shape. In
contrast, the latter two have a steep decrease of flux at the beginning
and a slower increase after the minimum. Even though two different
shapes are observed we are not looking at a secondary and a primary
transit. Except the first transit all have an odd orbital cycle number
which rules out the double period. A secondary transit is not visible
in the data of phase 0.5. This constrains the mass ratio to %—g < 1.
The different shapes of the transit can be explained with active
regions and starspots on the stellar surface.

Independent of the mass, this short period means that the com-
panion has a small semimajor axis in the range of 0.08-0.1 au.
Therefore it is close to the primary and could not have been de-
tected by direct imaging even using adaptive optics on a 4-m class
telescope (Duchéne et al. 1999).

To constrain the mass of the companion candidate radial velocity
measurements of the primary with R = 13.5 mag are necessary.

MNRAS 462, 2396-2417 (2016)
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Figure 7. Period distribution of the rotation periods for high-mass stars in
IC 348 (grey bars). Overlaid are a simple Gaussian model (dashed line) and
a bimodal mixture model of two different Gaussians (solid line).

3.1.4 Period distribution

The distribution of the rotation periods has been an interest to all
previous time series studies of IC 348. It has always been compared
to the slightly younger ONC for which Herbst et al. (2000a) dis-
covered a bimodal period distribution. The bimodal distribution is
present for more massive stars which was defined by Herbst et al.
(2000a) as M > 0.25 M, or spectral type (SpT) earlier than M2
(Cohen et al. 2004) for young stars.

The comparison always gave the impression that the period dis-
tribution is similar to the period distribution of the ONC. Hence, it
is bimodal with peaks for periods of about 2 and 8 d. Despite the
similarities a Kolmogorov—Smirnov test could not confirm that the
two distributions (ONC and IC 348) are the same (Cohen et al. 2004;
Littlefair et al. 2005). Furthermore, Littlefair et al. (2005) used the
Hartigan dip test (Hartigan 1985; Hartigan & Hartigan 1985) and
found that the bimodality in IC 348 is not statistically significant.
Using the r (R Core Team 2015) implementation of the dip test
(Maechler 2015) we find that the extended set of rotation periods
now available has no statistically significant bimodality.

In addition to the dip test we applied two Gaussian models (Fig. 7)
to the data. At first we used the mass package in R (Venables & Ripley
2002) to fit a unimodal Gaussian to the data. The second model is
a mixture model of two different Gaussians. To find the parameters
we applied the MmixTooLs package for R (Benaglia et al. 2009). Both
models were compared to the empirical cumulative distribution
function (eCDF) of the data (Fig. 8). An F-test yields a p-value
of 1.1 x 107°, which is the probability that the null hypothesis is
true. In this case the null hypothesis is the unimodal distribution.
Including all data from Cieza & Baliber (2006) the F-test yields an
even smaller p-value.

‘We conclude that a bimodal Gaussian distribution fits more likely
the data than a unimodal Gaussian distribution. Since the dip test, in
contrast, favours the unimodal model the bimodality of the rotation
period distribution in IC 348 is still an open issue.
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Figure 8. Cumulative distribution function (CDF) of our data. The mixture
model is fitting very well. The colours and line types are the same as in
Fig. 7.
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Figure 9. The period distribution of stars with M > 0.25 M, separated by
the existence of discs. Few discs are observed around those more massive
stars in the cluster and we cannot make a statement about influence of the
disc on the stellar rotation.

Separating the rotation periods for stars with and without discs
using the data from Lada et al. (2006) is also inconclusive. The
low numbers of stars with discs shows a peak for the slow rotators
(Fig. 9) but with only two more stars than in the other bins. Among
the stars without an observed disc indicator more fast rotators can
be found. Nevertheless, slow rotators are among those stars, too. For
the histogram in Fig. 9 we used only stars which are in the group
of M > 0.25 M. Cieza & Baliber (2006) also found no evidence
that the slow rotors preferably have discs. Even with the additional
periods the statistics are still inconclusive.

For an additional regrouping we used all members with observed
periods and an Ho emission from Luhman et al. (2003). Within this
sample we classified all stars with an Hoe equivalent width greater
than 10 A as classical T Tauri stars (¢TTS) and all other as weak-
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Figure 10. The period distribution of TTS separated by ¢cTTS and wTTS.
Few cTTS are in our sample, but wTTS can be found in nearly all period
bins.

lined T Tauri stars (WTTS; Herbig 1998).* Stars without an Ho
equivalent width measurement were excluded from the sample. In
Fig. 10 we show the histogram of all rotation periods separated into
the two groups. Because of the small amount of cTTS in our sample
we have not applied statistical tests to these data. From Fig. 10
we can clearly see that wTTS are among slow and fast rotators.
The same result was found in a much larger sample from Orion
by Tanveer Karim et al. (2016), too. The few cTTS are distributed
over the whole range of periods and we cannot find any difference
between the two groups.

3.2 UX Orionis-type stars in IC 348

V909 Per,’> V712 Per,’ and V719 Per’ have all been classified as
UX Orionis-type stars (UXOr) by Barsunova et al. (2015). Those
stars are surrounded by clumpy material in their protoplanetary disc.
These clumps occult the star which leads to sudden decrease of the
flux with few periodicity. From the visual inspection of the light
curves we can confirm their results. For V909 Per we show the full
light curve in Fig. 11. In our light curves we were able to identify the
same deep sudden drops as Barsunova et al. (2015). GM Cepbhei is
a similar star which has previously been monitored by YETI (Chen
etal. 2012).

While obtaining BVRI photometry V719 Per was covered by its
disc and is therefore the faintest star in our sample R = (18.73
+ 0.33) mag. Additionally, it has a colour of (V — R) = (2.8 &+
0.6) mag and is one of the reddest stars examined. This observation
seems to disagree with the properties of UXOr variables which are
expected to become bluer when eclipsed. Barsunova et al. (2015)
showed that V719 Per appears bluer near the photometric minimum
but redder all other times during the eclipse. Our observations were
obtained in the first phase of the occultation and therefore the star
appeared redder.

4 Using the more detailed, spectral type-dependent classification of Barrado
y Navascués & Martin (2003) would not change our results and we decided
to use a single critical value to distinguish between the two groups.

> FKM 78, LRL 5, HMW 20.

6 FKM 140, LRL 37, HMW 23, CB 102.

7FKM 365, LRL 75, HMW 56, CB 123.

MNRAS 462, 2396-2417 (2016)

810z Jaquieoa( Gz uo Jasn Aseiqr Ausiaaiun [enus) [euoneN Aq v/ 168S2/96£2/S/29110.11sqe-8]01e/SeIuW/Wwoo dno-olwspeoe//:sdny woJj papeojumoq



2404  D. J. Fritzewski et al.

0.4F - - - - - -

0.6}

0.8

instrumental R magnitude [mag]

1.4

200 400 600 800 1000
JD [d] +2.456€6

Figure 11. The UX Orionis-type star V909 Per shows sharp, sudden, non-
periodic decreases of the flux. This figure includes all observations of this
star.

Table 4. Periods, brightness, and colours of the four non-member eclipsing
binaries found in the data. The magnitudes of the stars 974 and 975 are from
Scholz et al. (1999).

ID Period R (V—R)
(d) (mag) (mag)
213 0.4340 £+ 0.0015 15.02 £0.02 0.95 £0.21
777 0.4882 £+ 0.0015 17.26 £ 0.10 0.93 £0.30
974 0.422 £ 0.002 15.41 £0.02 0.98 £0.21
975 0.446 £ 0.002 15.72 £ 0.02 0.92 +£0.21

3.3 Non-member variable stars

Within this data set we found four detached eclipsing binaries which
are background stars to IC 348. They have the identifiers 213
(ZMASS 103455377+3226418), 777 (CSS 1034539.4+314252),
974 (CB 6), and 975 (CB 17). Only 777 is a previously known
binary. The stars 975 and 974 were studied by Cieza & Baliber
(2006), though incorrect periods were stated and the binarity was
not mentioned. Therefore, we can conclude that the binarity of this
system was unknown before. Of those four stars all but 213 might
be W UMa-type binaries. The minima of 213 have rather different
depths, therefore, it might be a different type of detached binary.

With our data we found for 777 a period of (0.4882 + 0.0015)d
which is consistent with the value of 0.48825 d given by Drake et al.
(2014). The periods of all four binaries are listed in Table 4 and all
four phase-folded light curves are presented Fig. 12.

Among the field stars the star 55 (NSVS J0343111+4-321746) is
a quasi-periodic variable. WoZniak et al. (2004) found a period of
300 d for this star and classified it as a SR+L AGB star. The period
cannot be confirmed because we limited our search range to 293 d.
Nevertheless, this star shows clearly a quasi-periodic variability as
visible from the light curve in Fig. 13. The classification as a SR+L
AGB star can be confirmed.

3.4 Stability of periods

Cohen et al. (2004) reported that they found not a single variable
star in IC 348 with a coherent phase for more than one observational
season. In contrast Rebull (2001) found ~30 per cent of the stars
in the similar aged flanking fields of ONC to be stable up to 1 yr.

MNRAS 462, 23962417 (2016)
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Figure 12. Phase-folded light curves of the four detached binaries in the
FoV. Those stars are not members of IC 348. Further information is given
in Table 4. The spacing is 0.01 mag for minor ticks and 0.1 mag for major
ticks.
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Figure 13. The full light curve of star 55 (NSVS J03431114-321746) shows
quasi-periodic variability. The data have been binned to one data point per
night.

In this study we can report coherent phases of the stars in IC 348.
Overall 48 per cent of the members have a coherent phase over the
range of 2.4 yr.

This behaviour can be seen in Fig. A1 where we show the phase-
folded light curves of the photometric periodic IC 348 members.
All stars which have a season number added to their name have not
been observed in a coherent phase over all three seasons.

3.5 Colour-magnitude diagram

In Fig. 14 we present the CMD of the whole FoV as measured
from our V and R images. The diagram has not been dereddened
and presents the observed colours and magnitudes. In this figure we
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Figure 14. CMD of our FoV. The stars are marked with the same symbols
as in Fig. 2 (except that the periodic non-members are marked in black
instead of white) and the field stars are added with light grey circles. The
cluster sequence is clearly visible. The overlap of the cluster sequence with
other periodically variable stars is due to the extinction towards IC 348 (see
text).

marked the periodic stars as well as the members of IC 348. The
members form a well-defined cluster sequence. Some outliers are
bluer than expected. Those stars are located close to the bright star
Atik (o Per), which may explain the anomalous colour measure-
ments.

In addition to the members on the cluster sequence a lot of pho-
tometric periodic stars, which are not members of the cluster, have
similar positions in the CMD. Nevertheless most of those stars have
sky positions which do not correspond to the position of IC 348
(Fig. 2). Those stars are reddened by the medium around IC 348
and are background stars. Only two stars on the cluster sequence
have a sky position corresponding with IC 348. One of them, LRL 77
(80), has been classified by Luhman et al. (2003) as a foreground
star from proper motion. Our period of P = 15.3d confirms this
classification. This period is too long for a typical member of the
cluster. The other one star 607 ([PSZ 2003] J034450.0+320345;
Preibisch, Stanke & Zinnecker 2003) is positioned on the southern
outskirts of the cluster and we find a period of P = 200 d. In conclu-
sion, none of the non-members near the sky position of the cluster
and on the cluster sequence in the CMD is an unidentified member.

4 DISCUSSION

From the long-term photometry of the young open cluster IC 348
we found various periodic variable stars. For all periods given in
Table Al the systematic error is 1 per cent of the given period. This
systematic error arises through the selection process of the best
period. In our selection algorithm two periods are consistent if they
differ by less than 1 per cent. Therefore, the true period can have an
error of up to 1 per cent. For short periods the phase difference of
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Figure 15. Comparison of our periods to the data of Cieza & Baliber (2006)
(CBO06). The (red) triangles represent members of IC 348 and (black) dots
are field stars. The dotted lines correspond to the relations of 1:2, 1:1, and
2:1 (from top to bottom).

small errors is percentually bigger than for long periods. Therefore,
a short period can be determined more accurately. In contrast to
this strong confinement from the periodogram rotating stars do not
exhibit such a well-defined periodicity. Because of the evolution of
starspots a measurement error is introduced. This error is hard to
estimate because it arises from physical processes in the star, with
unknown properties for this particular star. Measuring the period of
a differentially rotating star can lead to results differing as much
as 10 per cent (see Section 4.1). A 1 per cent error is therefore a
reasonable estimate even for fast rotating stars.

The periodicity of binary stars can be determined with greater
accuracy because the orbital period is not subject to phase changes.
If it is possible from the periodograms we give smaller errors for
those stars in Table Al.

4.1 Comparison with previous work

In the previous work of Cieza & Baliber (2006) all known periods
have been merged into a single data set. From this base we can
compare our results with the known periods. The comparison with
Cieza & Baliber (2006) shows that our method is reliable. Only six
periods found in both works differ strongly. When phase-folding
our light curves with the period given by Cieza & Baliber (2006)
we cannot see any coherent behaviour in the light curve. The periods
given by Cieza & Baliber (2006) might suffer from beating with the
sampling rate. A very special case is the star 968 (CB 62, LRL 72)
for which the authors gave a period of 1 d which is very likely an
alias period, since the observations were carried out in a few nights
at one observatory. Our data with a better phase coverage show a
periodicity of (44.6 £ 0.5) d.

For all other stars found in both studies the periods match well
with the line of equality, or in some cases have a ratio of 1:2 or
2:1 (Fig. 15). Some periods differ by 0.3 d which can be explained
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by differentially rotating stars and spot evolution (see Rebull 2001;
Cieza & Baliber 2006).

For 24 stars for which Cieza & Baliber (2006) gave a period we
were not able to find any periodic variability. Given the activity of
the young stars this is not a surprising result. Several reasons can
lead to a non-detection. On the one hand the star might have shown
no periodic behaviour over the course of 3 yr. Some observed stars
were periodic only in one out of three seasons and a lot of stars
are not periodic at all, which does not mean that no starspots were
present. The stars are still very variable, but no periodicity can be
detected because of the number or the evolution of the starspots. For
the stars which showed no periodic variability Jackson & Jeffries
(2012) found in NGC 2516 no qualitative difference to stars which
did. Therefore it is not unusual to miss rotational periods published
before. For the same reason it was possible to find 25 new rotation
periods although IC 348 is well researched. On the other hand
the variability due to spots can easily be covered by other non-
periodic behaviours. If the noise in terms of erratic behaviour of the
light curve is too strong, even the best algorithms cannot find the
underlying period in the light curve.

Cieza & Baliber (2006) stated the number of periodic stars in
IC 348 to be 143. This included 37 stars not listed as members
in Luhman et al. (2003). With the membership criterion of Cieza
& Baliber (2006) (everything in the FoV of their study, including
foreground and background objects) the number of stars in IC 348
which have shown some periodicity is around 200.

4.2 Further periodic variables in the field of view

The case of LRL 47 shows the importance of the long-term monitor-
ing of young open clusters for finding companions. Although, the
periodicity of the observed transit is 5.12 d it was observed only four
times over three observing seasons. Other surveys have missed this
event before and we were only able to calculate a period because
we used observations distributed through YETI at observatories
worldwide.

By analysing the whole FoV and not just the members of the
cluster we were able to find additional periodic stars, including three
unknown contact binaries. This shows there is additional scientific
value in analysing all available data, and not just primary targets (in
this case the stars associated with the cluster).

5 CONCLUSIONS

With long-term photometry from different telescopes world-wide
we were able to identify 148 periodic variabilities in our FoV centred
at IC 348. Because of the long time-scale and the wide FoV 74 of
the periods are newly discovered. This includes 33 new periodic
variables in IC 348. The total number of periodic stars among the
members of IC 348 (counting only the stars of Luhman et al. 2016)
rises with this study to 139. Discovering new periods in this well-
studied cluster is possible due to the high variability of the starspots
on these young stars. With a time base large enough it should be
possible to determine rotational periods for most stars in young
clusters. Photometric long-term studies are therefore viable sources
of statistically significant data on the rotation of stars.

With the additional periods for the stars in IC 348 we were able to
show that a bimodal Gaussian distribution fits the data more likely
than a unimodal. Nevertheless, a dip test was inconclusive and we
have no statistical evidence that the period distribution of the stars in
IC 348 is bimodal. In addition we showed that for the stars of IC 348
the rotation period does not depend on the type of the TTS. wTTS
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and cTTS can both be found among fast and slow rotators. The
same applies to stars with and without an observed disc indicator.
Stars without a disc can also be found among the slow rotators.

For LRL 47 we found a close low-mass stellar companion. The
companion has been observed in a grazing transit hence our anal-
ysis from single-band photometric data is not reliable. For further
characterization of this system — including mass determination —
radial velocity data are desirable.

Outside the cluster we discovered three previously unknown
background detached binaries and were able to confirm the period
of a fourth.
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Table Al. Here we present all periods (members and non-members) found in our data. ID gives the number used in this paper. Identifier is a name from
2MASS or Preibisch et al. (2003). CB and LRL are the IDs of Cieza & Baliber (2006) and Luhman et al. (1998), respectively. Stars with an LRL ID in
parenthesis are non-members of IC 348 according to Luhman et al. (2003), other stars with an LRL ID are members from Luhman et al. (2016). P states our
period with the error AP while Pcp is the value given by Cieza & Baliber (2006). Amplitude gives the peak-to-peak amplitude of the periodic light curve in
magnitudes. R and (V — R) are in the Bessel system and have been measured from our data.

ID RA Dec. Identifier CB LRL P AP Pcp Amplitude R (V—R)
©) ©) @ @ @ (mag)  (mag)  (mag)
25 56.1632 32.1552 2MASS J03443916+4-3209182 109 9 1.64 0.02 1.6 0.094 13.3 14
27 56.1539 32.1127 2MASS J03443694+-3206453 95 6 1.69 0.02 1.7 0.072 11.7 1.1
30 55.9635 32.2193 2MASS J03435123+4-3213091 22 0.788 0.003 0.12 11.9 0.9
31 55.8851 32.5134 2MASS J03433241+3230477 0.78 0.01 0.019 11.9 1.4
36 56.1000 32.1834 2MASS J03442398+-3211000 38 0.71 0.01 0.027 124 0.9
38 55.7496 32.1541 2MASS J03425992+3209144 45.5 0.5 0.21 12.5 24
49 55.5409 32.3859 2MASS J03420982+-3223086 39.1 0.4 0.16 12.8 1.6
52 55.5155 32.2742 2MASS J03420373+3216269 0.1132 0.001 0.012 12.9 0.8
54 55.4924 32.2384 2MASS J03415816+4-3214179 4.13 0.04 0.10 13.0 1.1
60 55.8956 32.5271 2MASS J03433494+3231372 0.84 0.01 0.055 13.2 1.2
67 56.0684 32.1654 2MASS J03441642+4-3209552 45 53 3.01 0.03 3 0.15 13.2 1.0
71 55.9813 32.1590 2MASS J03435550+3209321 47 491 0.05 0.88 13.5 1.1
72 55.7439 32.4100 2MASS J03425852+4-3224359 32.7 0.3 0.15 13.5 1.5
80 56.1809 32.1382 2MASS 103444342+3208172 (77) 15.3 0.2 0.077 13.6 1.0
84 55.4940 32.0440 2MASS J03415855+4-3202379 11.51 0.12 0.088 13.6 1.3
87 56.1462 32.1270 2MASS J03443503+3207370 91 24 A 2.26 0.02 4.5 0.12 13.8 1.3
95 56.0209 32.1650 2MASS J03440499+-3209537 56 21.5 0.2 0.063 13.9 1.2
98 56.2563 32.1810 2MASS J03450151+3210512 133 79 1.88 0.02 1.9 0.071 13.9 1.1
107 56.1452 32.1093 2MASS J03443487+43206337 89 48 5.48 0.05 54 0.15 14.2 1.3
109 55.7419 32.3678 2MASS J03425806+3222042 28.1 0.3 0.028 14.0 1.0
110 56.0369 32.2697 2MASS J03440885+3216105 44 7.89 0.08 0.053 14.1 1.3
112 56.3775 32.0322 2MASS J03453061+3201557 10363 2.24 0.02 0.084 14.1 1.1
118 56.1186 32.1230 2MASS J03442847+3207224 76 66 7.01 0.07 7 0.17 14.2 1.3
125 56.1602 32.1266 2MASS J03443845+3207356 104 36 5.21 0.05 5.1 0.27 14.2 1.4
126 55.5462 32.3783 2MASS J03421109+3222418 11.0 0.1 0.05 14.2 1.1
139 56.4865 32.1620 2MASS J03455676+43209428 1.26 0.01 0.031 14.4 0.7
145 55.8836 32.1049 2MASS J03433205+3206172 94 5.49 0.05 0.18 14.5 1.2
147 56.1672 32.1928 2MASS J03444011+3211341 59 2.14 0.02 0.10 14.6 1.4
151 56.0007 32.3708 2MASS J03440015+3222144 12.15 0.12 0.028 14.5 0.9
154 56.2572 32.2411 2MASS J03450174+3214276 134 39 16.4 0.2 16.4 0.10 14.6 1.5
157 56.1066 32.2084 2MASS J03442557+3212299 68 64 8.37 0.08 8.4 0.47 14.8 1.4
158 56.4391 32.1445 2MASS J03454539+3208401 11.91 0.12 0.052 14.7 0.8
162 55.7459 32.5015 2MASS J03425901+3230053 21.0 0.2 0.054 14.6 1.4
163 56.1126 32.0789 2MASS 103442702+3204436 71 69 8.93 0.09 9.1 0.20 14.7 1.2
168 55.6818 31.9876 2MASS J03424360+4-3159150 10 2.18 0.02 2.2 0.094 14.8 1.4
174 56.1775 32.1055 2MASS J03444261+3206194 121 146 11.5 0.1 12 0.16 14.8 1.2
176 56.1558 32.1033 2MASS J03443740+4-3206118 97 82 6.28 0.06 6.2 0.095 15.0 1.4
184 56.3166 32.5146 2MASS J03451598+3230519 135 4.04 0.04 4.1 0.12 14.9 1.4
187 55.9618 31.9059 2MASS J03435084+-3154210 4.04 0.04 0.12 14.9 1.3
190 56.4079 32.1403 2MASS J03453789+3208249 0.28 0.01 0.012 14.9 1.0
195 55.6255 31.7028 2MASS J03423010+-3142104 29.9 0.3 0.088 15.0 1.2
213 56.4741 32.4451 2MASS J03455377+43226418 0.434 0.002 0.075 15.0 0.9
217 55.6693 32.2859 2MASS J03424056+3217101 3.34 0.03 0.085 15.3 1.2
223 55.9531 32.1260 2MASS J03434875+4-3207332 25 111 39.1 0.4 20.3 0.07 15.3 1.3
226 56.0091 32.3278 2MASS J03440216+4-3219399 35 118 6.11 0.06 6.2 0.35 15.2 1.5
245 56.3181 32.1056 2MASS J03451634+4-3206199 1933 28.5 0.3 1.9 15.8 1.5
246 56.3474 32.4104 2MASS J03452338+-3224369 8.69 0.09 0.097 15.4 1.4
251 56.0746 32.2057 2MASS J03441791+4-3212203 46 93 4.39 0.04 4.5 0.16 15.3 14
252 55.9989 32.2342 2MASS J03435970+3214028 34 87 14.04 0.1 14 0.16 15.3 1.6
260 55.9643 32.5303 2MASS J03435141+4-3231486 28 3.75 0.04 3.8 0.13 154 1.6
262 56.0476 32.3279 2MASS J03441143+4-3219401 41 137 0.766 0.008 0.8 0.092 15.6 1.4
268 56.0469 32.1034 2MASS J03441125+4-3206121 40 105 10.5 0.1 9.1 0.22 15.5 1.5
277 55.9843 32.5050 2MASS J03435622+3230178 30 8.23 0.08 8.1 0.10 15.5 1.6
279 55.6486 32.2889 2MASS J03423566+4-3217198 7 1.15 0.02 1.2 0.035 15.5 0.9
280 56.1172 32.2667 2MASS J03442812+3216002 75 85 2.67 0.03 2.7 0.22 15.9 1.2
282 56.1162 32.1255 2MASS J03442787+43207316 74 86 6.55 0.07 54 0.084 15.6 1.5
292 55.7311 31.9535 2MASS J03425546+3157123 11 0.6508 0.001 1.9 0.12 15.5 1.2
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Table A1 — continued

ID RA Dec. Identifier CB LRL P AP Pcg Amplitude R (V—R)

©) ©) (d) (Y] (d) (mag) (mag) (mag)
296 56.1229 32.4403 2MASS J03442949+3226250 9.5 0.1 0.044 15.7 1.3
297 56.1605 32.1336 2MASS 103443854+3208006 105 58 7.69 0.08 7.3 0.20 15.7 1.7
304 56.0986 32.1130 2MASS J03442366+-3206465 64 92 9.7 0.1 10 0.28 15.6 1.5
305 56.1605 32.2167 2MASS J03443838+3212597 103 144 13.5 0.1 13.5 0.27 15.8 1.5
317 55.9842 32.1434 2MASS J03435619+3208362 142 391 0.04 0.066 15.9 1.4
318 55.9495 32.2992 2MASS J03434788+-3217567 24 126 9.68 0.1 9.8 0.16 15.7 1.5
327 56.3845 32.0542 2MASS J03453230+3203150 140 10 289 0.705 0.001 0.7 0.17 15.8 1.2
341 56.0901 32.1772 2MASS J03442161+3210376 58 41 7.56 0.08 2.8 1.3 16.6 2.1
346 56.0957 32.1993 2MASS J03442297+3211572 120 5.06 0.05 0.16 15.9 1.5
347 56.1188 31.9984 2MASS J03442851+3159539 68 26.9 0.3 0.22 15.8 1.5
348 56.1384 32.2581 2MASS J03443321+3215290 122 6.96 0.07 0.098 15.7 1.7
349 56.0930 32.2002 2MASS J03442232+-3212007 61 100 0.83 0.01 8.4 0.099 16.1 1.6
353 55.6923 32.4549 2MASS J03424614+3227172 12.1 0.1 0.075 16.0 1.0
355 56.1111 32.0662 2MASS J03442663+3203583 69 62 3.09 0.03 3.1 0.16 16.0 1.8
357 56.2907 32.2268 2MASS J03450986+3213350 247 0.02 0.03 16.0 1.1
364 56.0170 32.1214 2MASS J03440410+4-3207170 174 10.0 0.1 0.20 16.3 1.6
366 56.5065 32.1606 2MASS J03460161+43209375 1.67 0.02 0.087 16.1 0.9
384 56.1064 32.1920 2MASS J03442555+-3211307 67 60 B 4.86 0.05 5.4 0.36 16.3 1.6
386 55.7794 32.1718 2MASS J03430704+3210182 14 6.14 0.06 6.2 0.19 16.1 1.7
387 56.1859 32.1369 2MASS J03444458+-3208125 103 25.7 0.3 0.89 17.0 2.0
391 56.0898 32.1716 2MASS J03442155+3210174 56 116 7.09 0.07 7 0.36 16.1 1.8
394 55.9558 32.1778 2MASS J034349394-3210398 27 147 6.4 0.06 13.1 0.19 16.2 1.4
407 56.2123 32.2693 2MASS J03445096+3216093 128 101 12.1 0.1 13.1 0.27 16.0 1.5
421 56.0929 32.0953 2MASS J03442228+-3205427 60 61 11.9 0.1 30 0.50 16.5 1.3
441 55.7352 31.7106 2MASS J03425646+3142382 8.62 0.09 0.23 16.2 2.1
444 55.5361 32.4745 2MASS J03420867+3228276 2.84 0.03 0.14 16.3 1.7
465 56.0897 32.2528 2MASS J03442156+3215098 185 8.17 0.08 0.31 16.9 0.4
470 56.2338 32.0991 2MASS J03445611+43205564 131 188 3.31 0.03 33 0.087 16.3 1.3
476 56.3981 31.9406 2MASS J03453551+3156257 141 9.28 0.09 9.6 0.13 16.4 1.5
477 56.1691 32.3865 2MASS J03444061+3223110 114 4.03 0.04 4.1 0.14 16.3 1.5
502 56.1023 32.0659 2MASS J03442457+3203571 65 123 4.94 0.05 4.9 0.33 17.1 1.9
505 56.2034 32.2228 2MASS J03444881+3213218 127 178 6.9 0.07 6.9 0.25 16.5 1.7
509 56.1812 32.1286 2MASS J03444351+3207427 52 8.14 0.08 0.13 16.6 1.9
514 56.2198 32.0158 2MASS J03445274+4-3200565 1939 10.9 0.1 0.15 16.7 1.6
523 55.9983 32.2654 2MASS J03435953+3215551 33 155 7.59 0.08 7.6 0.33 16.7 1.4
525 56.3444 31.7239 2MASS J03452267+3143259 17.1 0.2 0.15 16.4 1.4
526 55.6077 32.3507 2MASS J03422585+3221022 2 17.3 0.2 17.7 0.22 16.5 1.6
543 55.6177 32.5133 2MASS J03422824+-3230479 3 4.34 0.04 4.3 0.45 16.3 1.5
544 55.9534 32.2644 2MASS J03434881+3215515 26 162 2.88 0.03 2.9 0.18 16.9 1.7
565 55.5846 32.0920 2MASS J03422033+4-3205310 1 7.25 0.07 7.7 0.57 16.6 1.8
570 56.0802 32.1263 PSZ2003 J034419.24+320734 49 99 A 7.55 0.08 7.6 1.3 16.0 1.5
596 56.3977 32.0572 2MASS J03453545+3203259 10284 1.57 0.02 0.26 16.6 1.6
607 56.2081 32.0628 2MASS J03444998+-3203455 220 2 0.085 16.7 1.7
608 56.0906 32.2087 2MASS J03442176+43212312 180 3.26 0.03 0.08 16.7 1.7
611 56.1249 32.3230 2MASS J03442997+3219227 104 8.67 0.09 0.25 16.8 2.3
616 55.6342 31.7272 2MASS J03423219+-3143382 12.2 0.1 0.21 16.7 1.9
617 55.6703 32.2264 2MASS J03424086+3213347 9 0.47375 0.00025 0.5 0.085 16.6 1.8
640 56.1495 32.2645 2MASS J03443588+3215533 181 7.7 0.08 0.17 16.6 1.7
670 56.3423 32.0345 2MASS J03452214+3202040 10373 0.78 0.01 0.10 16.9 1.3
683 56.0756 32.0825 2MASS J03441816+3204570 31 3.34 0.03 0.14 17.4 2.1
696 55.6000 31.9005 2MASS J03422398+3154016 0.579 0.001 0.07 17.0 1.3
699 56.2718 32.1653 2MASS J03450521+3209544 177 4.95 0.05 0.16 17.1 1.6
701 56.3406 32.5352 2MASS J0345217443232065 5.07 0.05 0.2 16.9 1.9
723 56.0283 32.1318 2MASS J03440678+3207540 37 156 2.61 0.03 1.3 0.13 17.1 2.0
735 55.8874 32.4675 2MASS J03433299+3228027 22 11.7 0.1 12.2 0.23 17.3 2.0
758 56.2620 32.1169 2MASS J03450285+3207006 150 2.39 0.02 0.14 17.3 1.7
774 56.3116 32.4332 2MASS J03451480+3225594 5.58 0.06 0.2 17.0 1.9
775 56.1584 32.1937 2MASS J03443800+3211370 193 2.39 0.02 0.25 17.4 1.4
777 56.4146 31.7148 2MASS J03453948+-3142528 0.4882 0.0015 0.27 17.3 0.9
796 56.1134 32.2393 2MASS J03442724+3214209 132 44 0.04 1.2 17.2 1.7
798 56.4449 32.4804 2MASS J03454675+3228487 143 10.33 0.1 10.5 0.20 17 1.7
800 56.1874 32.2268 2MASS J03444495+-3213364 112 20.0 0.2 0.20 17.1 1.8
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ID RA Dec. Identifier CB LRL P AP Pcp Amplitude R (V—R)
©) ©) @ @ @ (mag)  (mag)  (mag)

807 55.6372 31.7057 2MASS J03423291+3142205 10.69 0.11 1.0 16.9 2.1
811 56.1616 32.3183 2MASS J03443878+3219056 108 208 4.85 0.05 4.8 0.20 16.9 24
829 56.0312 32.0691 2MASS J03440750+3204088 214 2.34 0.02 0.24 17.5 1.6
848 55.7330 31.7464 2MASS J03425593+3144463 2.46 0.02 0.12 17.1 1.6
849 56.1574 32.2050 2MASS J03443777+3212181 100 154 3.25 0.03 33 0.25 17.4 1.7
898 56.4328 32.4098 2MASS J03454385+3224350 142 14.4 0.1 14.3 0.30 17.5 1.8
927 56.4929 32.4466 2MASS J03455824+3226475 7.72 0.07 0.80 18.2 1.1
935 55.9526 32.2307 2MASS J03434862+3213507 261 0.638 0.006 0.30 18.0 1.3
941 56.0191 32.4684 2MASS J03440459+3228062 6.96 0.07 0.40 17.5 1.7
952 56.0834 32.1127 2MASS J03442001+3206455 50 210 8.62 0.09 8.6 0.45 17.6 1.4
955 56.1240 32.1777 2MASS J03442972+3210398 40 4.6 0.05 0.25 15.4 1.4
956 56.1363 32.1545 2MASS J03443276+3209157 82 88 5.28 0.05 55 0.33 16.2 0.7
957 56.1355 32.1490 2MASS J03443257+3208558 80 71 1.82 0.02 6.7 0.14 16.1 2.1
958 56.1311 32.1457 2MASS J03443153+3208449 78 29 222 0.02 10.8 0.069 12.8 1.1
959 56.1363 32.1438 2MASS J03443274+3208374 81 16 2.62 0.03 2.6 0.088 12.5 1.0
960 56.1611 32.1450 2MASS 103443871+3208420 107 23 241 0.02 2.4 0.12 15.4 1.6
961 56.1614 32.1489 2MASS J03443869+3208567 106 108 2.79 0.03 2.1 0.13 16.0 1.6
962 56.1558 32.1504 2MASS 103443741+3209009 99 83 8.34 0.08 8.4 0.43 16.5 0.9
964 56.1633 32.1623 2MASS J03443919+3209448 110 91 3.98 0.04 3.9 0.54 16.3 1.4
965 56.1416 32.1482 2MASS J03443398+3208541 86 65 15.8 0.2 16.4 0.21 14.7 1.5
967 56.0903 32.1070 2MASS J03442166+3206248 57 125 8.36 0.08 8.4 0.18

968 56.0939 32.0314 2MASS 103442257+3201536 62 72 44.7 0.4 1 0.21 15.9 1.6
972 56.1083 32.2750 2MASS J03442595+3216306 972) 7.56 0.08 0.032 14.2 0.8
973 56.0406 32.2868 2MASS J03440973+3217130 9.58 0.1 0.2 15.5 0.5
974 55.6466 32.5650 2MASS J03423520+3233544 6 0.422 0.002 0.2 0.25

975 55.8014 32.5698 2MASS J03431233+3234114 17 0.446 0.002 0.20 0.35

996 56.1153 32.5637 2MASS J03442766+3233495 73 1.59 0.02 2.6 0.094 15.8 1.5
998 56.0927 32.5625 2MASS 103442225+3233449 12.13 0.12 0.043 14.5 1.0
1001 56.4838 32.572 2MASS J03455608+3234190 11.88 0.12 0.13 15.8 1.2
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Figure A1. Phase-folded and binned (200 bins) light curves of all periodically variable IC 348 members. We present the double phase for easier visualization
(data points in the phase between 1 and 2 are repeated from phase O to 1). For stars without a coherent phase over the full time span of the observations only
one season is shown. This is indicated by Sn added to the star number, where 7 is an integer from 1 to 3 (compare Table 2). The spacing is 0.01 mag for minor
ticks and 0.1 mag for major ticks on the magnitude axis.
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Repetitive patterns in rapid optical variations in the
nearby black-hole binary V404 Cygni

Mariko Kimura', Keisuke Isogai', Taichi Kato', Yoshihiro Ueda', Satoshi Nakahira?, Megumi Shidatsu?, Teruaki Enoto"*,
Takafumi Hori!, Daisaku Nogami', Colin Littlefield®, Ryoko Ishioka®, Ying-Tung Chen®, Sun-Kun King®, Chih-Yi Wen®,
Shiang-Yu Wang®, Matthew J. Lehner®”-8, Megan E. Schwamb®, Jen-Hung Wang?®, Zhi-Wei Zhang®, Charles Alcock®,

Tim Axelrod’, Federica B. Bianco'?, Yong-1k Byun'', Wen-Ping Chen'?, Kem H. Cook®, Dae-Won Kim'3, Typhoon Lee®,
Stuart L. Marshall'4, Elena P. Pavlenko', Oksana I. Antonyuk', Kirill A. Antonyuk', Nikolai V. Pit'®, Aleksei A. Sosnovskij'®,
Julia V. Babina'®, Aleksei V. Baklanov'®, Alexei S. Pozanenko!'®!7, Elena D. Mazaeva'®, Sergei E. Schmalz'®, Inna V. Reva'®,
Sergei P. Belan'®, Raguli Ya. Inasaridze?®, Namkhai Tungalag?, Alina A. Volnova'®, Igor E. Molotov??, Enrique de Miguel*>?4,
Kiyoshi Kasai®®, William L. Stein®, Pavol A. Dubovsky?’, Seiichiro Kiyota?®, Ian Miller?’, Michael Richmond?°,

William Goff3', Maksim V. Andreev®>3, Hiromitsu Takahashi?#, Naoto Kojiguchi®®, Yuki Sugiura®, Nao Takeda?,

Eiji Yamada®, Katsura Matsumoto®, Nick James3®, Roger D. Pickard®”-38, Tamds Tordai®’, Yutaka Maeda*’, Javier Ruiz*4%>43,
Atsushi Miyashita**, Lewis M. Cook*>, Akira Imada*® & Makoto Uemura*’

How black holes accrete surrounding matter is a fundamental yet
unsolved question in astrophysics. It is generally believed that
matter is absorbed into black holes via accretion disks, the state of
which depends primarily on the mass-accretion rate. When this
rate approaches the critical rate (the Eddington limit), thermal
instability is supposed to occur in the inner disk, causing repetitive
patterns of large-amplitude X-ray variability (oscillations) on
timescales of minutes to hours'. In fact, such oscillations have been
observed only in sources with a high mass-accretion rate, such as
GRS 19154105 (refs 2, 3). These large-amplitude, relatively slow
timescale, phenomena are thought to have physical origins distinct
from those of X-ray or optical variations with small amplitudes and
fast timescales (less than about 10 seconds) often observed in other
black-hole binaries—for example, XTE J1118+480 (ref. 4) and GX
339—4 (ref. 5). Here we report an extensive multi-colour optical
photometric data set of V404 Cygni, an X-ray transient source®
containing a black hole of nine solar masses’ (and a companion star)
at a distance of 2.4 kiloparsecs (ref. 8). Our data show that optical
oscillations on timescales of 100 seconds to 2.5 hours can occur at
mass-accretion rates more than ten times lower than previously
thought. This suggests that the accretion rate is not the critical
parameter for inducing inner-disk instabilities. Instead, we propose

that along orbital period is a key condition for these large-amplitude
oscillations, because the outer part of the large disk in binaries with
long orbital periods will have surface densities too low to maintain
sustained mass accretion to the inner part of the disk. The lack of
sustained accretion—not the actual rate—would then be the critical
factor causing large-amplitude oscillations in long-period systems.

V404 Cyg, which was originally discovered as a nova in 1938 and
detected by the GINGA satellite in 1989°, underwent an outburst in
June 2015 after 26 years of dormancy. At 18:31:38 on June 15 (15.77197
Universal Time (uT)), Swift/Burst Alert Telescope (BAT) initially
detected this outburst as a possible ~-ray burst!?. The outburst was
also detected by the Monitor of All-sky X-ray Image (MAXI) instru-
ment on June 16.783 ut!!.

Following these detections, we started a world-wide photometric
campaign (Extended Data Tables 1 and 2, Methods section ‘Detailed
methods of optical observations’) partly within the Variable Star
Network (VSNET) Collaboration, and collected extensive sets of mul-
ti-colour optical photometric data consisting of >85,000 points. Our
data set also includes early observations with the Taiwanese- American
Occultation Survey (TAOS) starting on June 15, 18:34:07 UT, 2 min 29
after the Swift/BAT trigger'? (see Extended Data Tables 1 and 2, and
Methods section ‘Detailed methods of optical observations’ concerning
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Figure 1 | Overall multi-colour light curves during the 2015 outburst of
V404 Cyg. Shown are multi-colour light curves (B, V, R and I bands, and
no filters) during BJD 2,457,189 to 2,457,202 (BJD 2,457,189 corresponds
to 2015 June 15). It is clearly seen that dip-type oscillations (variations
with recurrent sudden dips) were observed from the beginning to the

the VSNET collaboration team and TAOS). Some weak activity started
approximately 1,000 s before the Swift/BAT trigger'®. The same activ-
ity above 80 keV was also detected by the active anti-coincidence
shield (ACS) of the Spectrometer on INTEGRAL (SPI) telescope of
the INTEGRAL observatory in the same time intervals (P. Minaev,
personal communication).

Our observations immediately indicated that large-amplitude short-
term variations on timescales of ~100s to ~2.5h were already present,
starting less than three minutes after the Swift/BAT trigger. In Fig. 1
and Extended Data Fig. 1, we show the overall optical multi-colour light
curves. The overall trend of the light curves can be divided into three
stages: (1) gradual rise during BJD (Barycentric Julian Day) 2,457,189
to 2,457,194.5 (brightening by 1 magd ™' on average); (2) the plateau
during BJD 2,457,194.5 to 2,457,200.0; and (3) rapid fading during BJD
2,457,200.0 to 2,457,203.3 (fading on average by 2.5magd ). Short-
term variations with amplitudes varying between 0.1 mag and 2.5 mag
were observed throughout the outburst, and consisted of characteristic
structures such as recurrent sudden dips from a peak (Fig. 1).

Moreover, fluctuations similar in shape to the unique X-ray varia-
tions of the enigmatic black-hole binary GRS 1915 + 105 are present
in the optical light curve of V404 Cyg (Fig. 2). The patterns in the X-ray
light curve of GRS 19154105 have been classified into at least 12 cate-
gories on the basis of their flux and colour characteristics®. Repeating
structures like these had not been observed in optical wavelengths
before the 2015 outburst of V404 Cyg. The variations that we observed
can be divided into two characteristic classes: (1) ‘dip-type’ oscillations
(repetitions of a gradual rise followed by a sudden dip, sometimes with
accompanying spikes on timescales of ~45 min to ~2.5h; Fig. 2a—c);
and (2) ‘heartbeat-type’ oscillations (rhythmic small spikes with short

end of the outburst. The horizontal axis shows BJD — 2,457,189. The
significant periods of repetitive optical variations are indicated in grey
and green shading for the ‘dip-type’ and ‘heartbeat-type’ oscillations,
respectively.

periods of ~5 min; Fig. 2d). Although rapid optical variations have
been detected in the black-hole binary V4641 Sgr, those variations are
stochastic with no indication of regular patterns'. The variations we
found in V404 Cyg at optical wavelengths were regular and similar in
shape to those in GRS 1915 + 105, although the interval between dips
is about 5 times larger in V404 Cyg than in GRS 1915+ 105.

Using X-ray data from Swift/X-ray Telescope (XRT), we compared
simultaneous optical and X-ray light curves (Fig. 3). When both X-ray
and optical data showed strong short-term variations, the temporal
correlations were generally good, although the X-ray flux variations
are much larger than the optical ones. The good correlation indicates
that both X-ray and optical observations recorded the same phenom-
ena (see also Methods section ‘Comparison with X-ray observations’
and Extended Data Fig. 2). Spectral analyses of the simultaneous
X-ray data (Methods section ‘Origin of cyclic dips’ and Extended Data
Fig. 3) indicate that there was no tendency for increased absorption
when the X-ray flux decreased, suggesting that these dips do not orig-
inate in absorption. In some epochs, we found evidence for heavy
obscuration as found in the GINGA data during the 1989 outburst!>;
however this is not related to dip-type variations. We can thus infer
that the short-term fluctuations directly reflect variations in radiation
from the accretion disk or its associated structures. Detailed analyses
of the typical simultaneous broad-band spectral energy distribution
(SED) (Methods section ‘SED modelling’ and Extended Data Fig. 6)
show that the majority of the optical flux is most likely to be produced
by reprocessing of X-ray irradiation in the disk.

For GRS 1915+ 105, it has been proposed that the observed variabil-
ity is caused by limit-cycle oscillations in the inner accretion disk due to
Lightman-Eardley viscous instability'é, which can explain a slow rise in
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Figure 2 | Short-term and large-amplitude optical variations having
repeating structures in the 2015 outburst of V404 Cyg. a-d, Variations
with characteristic patterns during BJD 2,457,193.6 to 2,457,194.0

(a), BJD 2,457,197.7 to 2,457,198.0 (b), BJD 2,457,198.6 to 2,457,198.9
(¢) and BJD 2,457,200.34 to 2,457,200.6 (d). In a, b and c, there are
gradual rises with increasing amplitudes of fluctuations followed by dips,

brightness (mass accumulation) followed by a sudden drop (accretion
to the black hole). Such a model assumes that the black hole is accreting
mass nearly at the Eddington rate, which is supported by observations
of GRS 1915 + 105", Similar types of X-ray variability have also been
detected in the black-hole binary IGR J17091—3624 (ref. 18), whose
Eddington rate is unknown because both the mass and the distance
are uncertain.

during which fluctuations disappear. These variations are sometimes
accompanied by spikes. The interval between two dips ranges from
~45min to ~2.5h. d, Repetitive small oscillations with high coherence
at intervals of ~5 min. The shapes of these oscillations resemble those of
GRS 1915+105°.

In V404 Cyg, however, the accurate determination of the distance
based on a parallax measurement® and the dynamical mass determi-
nation’ enable us to conclude from our 2015 data that the black hole in
this system was accreting at a much lower rate than the Eddington rate
most of the time. During the period when GRS 1915 + 105-type vari-
ations in the optical light curves were recorded in V404 Cyg, its bolo-
metric luminosity, averaged over an interval longer than the period of
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Figure 3 | Correlation between optical and X-ray fluctuations of

V404 Cyg in the 2015 outburst. The times covered in each panel are BJD
2,457,194.126 to 2,457,194.140 (a), BJD 2,457,197.050 to 2,457,197.065
(b), BJD 2,457,198.760 to 2,457,198.780 (c) and BJD 2,457,199.430 to
2,457,199.450 (d). In each panel, the left-hand y axis shows magnitude in
bands I, R, V and B, and the right-hand y axis shows counts per second

in the Swift/XRT 0.5-10keV band. Panels a and b cover the fading and
rising phases, respectively; panels ¢ and d show the correlations of short-
term fluctuations. When both X-ray and optical light strongly varied, the
correlation is generally good (though note in a, c and d that optical dips
lag behind X-ray dips). Navy blue error bars, £10. We plot points without
errors when errors are smaller than or comparable to the plotting symbols.
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Figure 4 | The bolometric luminosity Ly,o of V404 Cyg during the 2015
outburst. It is normalized to the Eddington luminosity assuming a black
hole mass of 9M... Black points, Swift/BAT survey data (15-50keV); red
points, from the public Target Opportunity release of INTEGRAL Imager

oscillation, spanned a wide range, from ~0.01 Lg4q to ~0.4 Lg4q (Where
Lggq is the Eddington luminosity for a nine solar-mass, M, black hole),
as estimated from the hard X-ray flux and SED (Fig. 4 and Methods
section ‘“Time history of the bolometric luminosity’). Remarkably, the
dip-type oscillations were observed at mean bolometric luminosity of
~0.015 Ligg, ~0.07 Ligq and ~0.06 Lag during BJD 2,457,191.35 to
2,457,191.60, BJD 2,457,192.34 to 2,457,192.70, and BJD 2,457,200.60
to 2,457,200.76, respectively.

It is also worth noting that a typical dip similar to those seen in
GRS 19154105 was observed just 3 min after the first detection of this
outburst (Extended Data Fig. 1b). This fact suggests that the accretion
rate is not the critical parameter for inducing these oscillations. Our
results imply that there is a novel type of disk instability that is different
from the known dwarf-nova type'® or the Lightman-Eardley type'®.

We point out that black-hole binaries showing large-amplitude,
short-term variations either in X-ray or optical bands have long orbital
periods (33.9d in GRS 19154105%°, ~4 d in IGR J17091—3624%!,6.5d
in V404 Cyg?, and 2.8 d in V4641 Sgr**; see Methods section ‘Objects
showing violent short-term variations in outburst’ and Extended Data
Table 3 for a comparison of these objects), reinforcing the earlier
suggestion of this link between violent oscillations and long orbital
periods®*. It has been proposed that the accretion disk in a sys-
tem with a long orbital period suffers from instabilities in the disk’s
vertical structure, and hence the disk beyond this radius of insta-
bility may never build up'>?>. Our SED modelling of this outburst,
however, requires a disk having a large radius (1.7 x 10'? cm),
even considering the uncertainty of the interstellar reddening, to
account for the ultraviolet flux particularly. This result implies that
the disk extended up to distances close to the maximum achievable

on Board the Integral Satellite (IBIS)/CdTe array (ISGRI) monitoring
(25-60 keV). Grey and green shadings represent respectively the periods
of the ‘dip-type oscillations’ and the ‘heartbeat-type oscillations’ Black and
red error bars, +10.

radius (Methods section ‘SED modelling’). This radius is consist-
ent with the short-term optical variations detected below 0.01 Hz
(Extended Data Fig. 5 and Methods section ‘Power spectra’) and
the time lag of ~1 min between the X-ray and optical light curves
(Fig. 3 and Extended Data Fig. 2) if we assume that the optical light
mainly comes from reprocessed X-rays. We note that synchrotron emis-
sion has been proposed to be the origin of the short-term and large-am-
plitude fluctuations in the case of V4641 Sgr'#. The optical polarization
of V404 Cyg, however, did not show evidence of significant variations
during the 2015 outburst?*?. This fact disfavours synchrotron emission
as the origin of the short-term variations.

Outbursts of X-ray transients are thought to be triggered by the
dwarf-nova-type instability: once the surface density at some radius
reaches the critical density (Xy) after continuous mass transfer from
the secondary star, thermal instability occurs and the disk undergoes an
outburst'®. In systems with long orbital periods, it is difficult for surface
densities in the outer disk to reach X, which is roughly proportional
to the radius. As a result, thermal instability in the inner part of the
disk occurs more easily and governs the outburst behaviour®. This is
probably the reason why long-period systems behave differently from
short-period ‘classical’ X-ray transients. In fact, our estimate of the disk
mass (5 x 10%° g) accreted during the 2015 outburst is far smaller than
the mass (2 x 10*g) of a fully built-up disk in quiescence (Methods
section ‘Estimation of the disk mass and comparison with previous
outbursts’ and Extended Data Fig. 4). These values indicate that the
surface density was well below the X;; required to induce thermal
instability in most parts of the disk at the onset of the present outburst.
Once the X-ray outburst started in the inner region, hydrogen atoms
in the outer part of the disk would have been ionized and ‘passively’
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maintained in the hot state as long as the X-ray illumination contin-
ued. This explains the large optical fluxes observed®®. The rapid decay
observed in the 2015 outburst of V404 Cyg may reflect the lack of the
exponential decay in long-period systems as theoretically predicted®.
Because the surface densities in the rest of the disk were too low to sus-
tain the outburst by viscous diffusion'?, only the inner part of the disk
was responsible for the dynamics of the present outburst, as inferred
from the rapid fading from the outburst (Methods section ‘Disk radius
inferred from final fading rate’). We infer that, in outbursts of IGR
J17091—3624'%2! and the 1938 outburst of V404 Cyg (Methods section
‘Estimation of the disk mass and comparison with previous outbursts’
and Extended Data Fig. 4), the radius of the active disk is larger, which
explains why the duration of those events is longer than that of the 2015
outburst of V404 Cyg.

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

Detailed methods of optical observations. Immediately after the detection by
Swift/BAT on June 15.77197 uT, the VSNET collaboration team?! started a world-
wide photometric campaign of V404 Cyg. There was also an independent detection
by CCD (charge coupled device) photometry on June 16.169 ut*2 Time-resolved
CCD photometry was carried out at 27 sites using 36 telescopes with apertures of
dozens of centimetres (Extended Data Table 2). We also used the public AAVSO
data®®. We corrected for bias and flat-fielding in the usual manner, and performed
standard aperture photometry. The observers, except for TAOS*, used standard
filters (B, V, R, I; we write R and I for R¢ and I in the main text and figures for
brevity) and measured magnitudes of V404 Cyg relative to local comparison stars
whose magnitudes were measured by A. Henden (sequence 15167RN) from the
AAVSO Variable Star Database®. We applied small zero-point corrections to some
observers measurements. When filtered observations were unavailable, we used
unfiltered data to construct the light curve. The exposure times were mostly 2-30s,
with some exceptional cases of 120s in B band, giving typical time resolution of a
few seconds. All of the observation times were converted to BJD.

Comparison with X-ray observations. For the Swift/XRT light curves
(Fig. 3 and Extended Data Fig. 2), we extracted source events from a region with a
30-pixel radius centred on V404 Cyg. To avoid pile-up effects, we further excluded
an inner circular region if the maximum count rate of the XRT raw light curves,
binned in 10s intervals, exceeded 200 countss ™. The inner radii are set to be 10
and 20 pixels at the maximum raw rate of 1,000 countss™! and 2,000 countss™?,
respectively, and those for intermediate count rates were determined via linear
interpolation between the two points. The presented light curves were corrected
for photon losses due to this exclusion by using the xrtlccorr tool. In addition, from
Fig. 3a, cand d, we can see a time delay in the start of a dip in optical light, relative
to that in X-rays. The delay time was ~1 min, which is similar to the reported value
of 0-50s (ref. 36). This was determined by cross-correlating the U-band and X-ray
(0.3-10 keV) light curves obtained with Swift/UltraViolet and Optical Telescope
(UVOT) and Swift/XRT on uT 2015 June 21%. The observations were carried out
when the source showed little rapid optical flickering and no extreme flares, and
thus the nature of the lag may be different from that in our observations. We also
note that the apparent difference between the Swift/UVOT and the ground-based
times™ is caused by the drift of the clock on board the satellite, to which we have
applied the necessary corrections.

Origin of cyclic dips. In order to examine the possibility that absorption by gas
in the line-of-sight causes the observed violent flux variations in the optical and
X-ray bands (Fig. 3), we studied intensity-sliced X-ray spectra. A striking exam-
ple is shown in Extended Data Fig. 3a. The period shown corresponds to that in
Fig. 3a when both the X-ray and optical fluxes exhibited a sudden intensity drop
towards the latter part of the period. We divided it into five intervals (T1 to T5;
Extended Data Fig. 3a), and generated spectra through the tools xrtpipeline and
xrtproducts in standard pipeline processing. We excluded the central 60-arcsec-
ond strip from this Windowed Timing (WT) mode data, to avoid the heavy
pile-up effect when the raw count rate exceeds ~150 countss . We compared the
vF, spectra of the five intervals, where the spectra are fitted by a single power-law
model multiplied by photoelectric absorption (phabs x pegpwrlw; in the standard
X-ray spectral fitting package XSPEC). The absorbed X-ray flux ranges by two
orders of magnitude, from 2.1 x 10 ?ergs 'em2in T5t0 3.0 x 10 7 ergs 'cm 2
in T3. However, the best-fit column density and photon index were relatively
stable over the five intervals, ~(2-6) x 102! cm ™2 and ~1.0-1.5, respectively.
Since the X-ray spectrum does not show a noticeable rise in column density
when the X-ray flux sharply dropped, and since there is no stronger iron edge
in the latter part of the observation, absorption cannot be the primary cause
of the time variation in our data sets that cover the X-ray and optical bands
simultaneously.

Objects showing violent short-term variations in outburst. In Extended Data
Table 3 we show the list of X-ray binaries that have shown violent short-term
variations either in X-rays or in optical wavelengths.

IGRJ17091—3624 is known as the second black hole X-ray binary whose X-ray
light curves showed a variety of patterns, resembling those of GRS 1915+ 105'%.
The variations observed in the 2011 outburst of this object were classified as
p (‘heartbeat’), v (similar to class p but with secondary peak after the dips),
a (‘rounded-bumps’), 5/ (repetitive short-term oscillations after low-quiet
period) and g (ref. 18).

The Rapid Burster (RB or MXB 1730—335), a low-mass X-ray binary (LMXB)
containing a neutron star (NS), was discovered by Small Astronomy Satellite
(SAS-3) observations®”. This object has been recently reported to show cyclic long
X-ray bursts with periods of a few seconds resembling class p (‘heartbeat’) vari-
ations and those with periods of 100-200's resembling class 6 (“M”-shaped light
curves) variations of GRS 1915 + 10524, The emission of the Rapid Burster did not
reach the Eddington luminosity during these variations®®.
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V4641 Sgr was originally discovered as a variable star*’ and was long confused
with a different variable star, GM Sgr’. V4641 Sgr is famous for its short and
bright outburst in 1999, which reached a optical magnitude of at least 8.8 mag
(refs 41-44). V4641 Sgr showed short-term variations in optical wavelengths
during the 2002, 2003 and 2004 outbursts'**>~47, It was the first case in which
short-term and large-amplitude variations in the optical range during an out-
burst were detected. V4641 Sgr is classified as a LMXB, and has a long orbital
period. Its mass-accretion rate is less than the Eddington rate (except for the 1999
outburst**4%). These properties are similar to those of V404 Cyg. However, while
the short-term variations of V4641 Sgr seemed to be random, those of V404 Cyg
showed repetitive patterns; this is the greatest difference between these two objects.
There has been a suggestion that V4641 Sgr is a ‘microblazar’*® because the jets
observed during the outburst in 1999 were proposed to have the largest bulk
Lorentz factor among known galactic sources®.

There are also other X-ray transients showing short-term optical variations (for

example, XTE J1118+480 and GX 339—4). However, these two sources are quasi-
periodic oscillations (QPOs), characterized by very short periods. The periods
are much shorter than those of repetitive patterns (tens of seconds to a few hours)
that we discuss in this Letter. Furthermore, the amplitudes of their variations are
significantly smaller than those observed in V4641 Sgr**” on timescales longer
than tens of seconds.
Estimation of the disk mass and comparison with the previous outbursts.
Following the method in ref. 15, we estimated the mass stored in the disk at the
onset of the outburst. By integrating the X-ray light curve of Swift/BAT and assum-
ing the spectral model C in table 1 in ref. 15, we obtained a value of 5.0 x 10 g
assuming a radiative efficiency of 10% and a distance of 2.4 £ 0.2 kpc (ref. 8).
The mass during the 1989 outburst has been updated to 3.0 x 10%°g by using this
updated distance. The stored mass in the 2015 outburst was approximately the
same as that in the 1989 one. As discussed in ref. 15, these masses are far smaller
than the mass of a fully built-up disk, estimated to be 2.0 x 10? g, if these outbursts
were starting at the outermost region.

We compare the published optical light curves of the 1989 and 1938 out-
bursts®"*? with our data from the 2015 outburst (Extended Data Fig. 4). We can
see that these outbursts have different durations. The 1938 outburst was apparently
longer than the others, and it may have had different properties from the 1989
and 2015 ones. The fading rates of the 1989 and 2015 outbursts are significantly
larger than those of classical X-ray transients®, or of FRED (fast rise and exponen-
tial decline)-type outbursts, such as 0.028 magd ™" in V518 Per = GRO J0422+-32
(ref. 53) and 0.015magd ! in V616 Mon = A0620—00 (ref. 54). This supports the
hypothesis that the outbursts in 1989 and 2015 are different from typical outbursts
of classical X-ray transients and that the stored disk mass was a factor of ~10°
smaller in the 1989 and 2015 outbursts than the mass of a fully built up disk.
Power spectra. We performed power spectral analyses on BJD 2,457,193, B]D
2,457,196 and BJD 2,457,200. We used the continuous and regularly sampled
high-cadence data set obtained by LCO (Extended Data Table 1) with exposure
times of 5s (on BJD 2,457,193) and 2 s (others). The durations of these observations
are 1.4, 3.1 and 2.2 h, respectively. Considering the read-out times of 1 s, the Nyquist
frequencies of these observations are 0.08 and 0.17 Hz, respectively. The power
spectral densities (PSDs) were calculated using powspec software in the FTOOLS
Xronos package on magnitude measurements. We did not apply de-trending of
the light curve since the durations of the individual observations were shorter
than the timescale of the global variation of the outburst. The power spectra are
well expressed by a power law (Pocf~!") with an index I"of 1.9+0.1, 1.8 +-0.1,
and 2.3+0.1 on BJD 2,457,193, 2,457,196 and 2,457,200, respectively (Extended
Data Fig. 5). Interpretation of the physical origins on the basis of these variations
is difficult, because a power law index of ~2 in the PSDs is often observed in
natural phenomena. In this region (f< 0.01 Hz), the power originating in the opti-
cal variations of V404 Cyg is significantly higher than that of white noise estimated
from the observations.

We next summarize the other reports on short-term variations of V404 Cyg
during the present outburst. On BJD 2,457,191, this object was observed using the
Argos photometer on the 2.1m Otto Struve Telescope at McDonald Observatory
with an exposure time of 2 s*. They reported that the power spectrum was domi-
nated by steep red noise. Observations on BJD 2,457,193 and BJD 2,457,194 were
also performed using the ULTRACAM attached with the 4.2m William Herschel
Telescope on La Palma observatory with a high time resolution (466.8 ms)*®. They
reported that the variations were dominated by timescales longer than tens of
seconds. Although large amplitude flares (0.3-0.4 mag) on timescales shorter than
1s were reported™, these flares may be of different origin. For the variations with
timescales longer than 100 s, our results agree with these reports®>*.

Disk radius inferred from final fading rate. The timescale 7 of heating/cooling
waves in dwarf novae and X-ray transients®® is a function of the mass of the central
object (M;) and radius (r) with the form 7 o aM fl/ 213/2 where o is the viscosity
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parameter™. Here, we estimate the disk radius of V404 Cyg assuming that the
timescale of the final fading reflected a dwarf nova-type cooling wave. Using the
Kepler data of V344 Lyr and V1504 Cyg, we measured a fading rate of 1.5 magd "
of the normal outbursts immediately preceding superoutbursts. During the out-
bursts in V344 Lyr and V1504 Cyg®, the disk radius is expected to be very close
to the 3:1 resonance radius. Adopting a typical mass of a white dwarf in a cataclys-
mic variable (M; =0.83M_; ref. 61), we estimated the disk radius of V404 Cyg to
be 7.8 x 10" cm for a black hole mass of 9M.... This is much smaller than the radius
(1.2 x 10'?cm) expected for a fully built-up disk®.

SED modelling. Extended Data Fig. 6a shows the multi-wavelength SED on BJD
2,457,199.431 to 2,457,199.446, when the source was simultaneously observed in
the X-ray, ultraviolet (UV) and optical bands. The optical fluxes in the V and I¢
bands are taken from our photometric data averaged over the period. Note that
R¢-band data are also available but not used here, because of the contamination
by the continuum strong Ha line®2-6%,

The X-ray spectrum is extracted from simultaneous Swift/XRT data (ObsID
00031403058) which were taken in the WT mode. The data are processed through
the pipeline processing tool xrtpipeline. The events detected within 20 pixels
around the source position are removed to mitigate pile-up effects. The U-band
flux is obtained from the Swift/UVOT images with the same ObsID as the XRT,
through the standard tool uvot2pha provided by the Swift team. A circular region
centred at the source position with a radius of 5 arcsec is adopted as the source
extraction region of the UVOT data. The optical, UV and X-ray data are corrected
for interstellar extinction/absorption by assuming Ay (interstellar extinction in the
V band) =4 (ref. 65) and using the extinction curve in ref. 66 and the Ny (hydro-
gen column density) versus E(B— V) relation in ref. 67. Radio data are from the
RATAN-600 observation performed in the same period®.

The multi-wavelength SED can be reproduced with the diskir model®”°, which
accounts for the emission from the accretion disk, including the effects of
Comptonization in the inner disk and reprocessing in the outer disk. We find that
partial covering X-ray absorption (using the pcfabs model implemented in the
spectral analysis software XSPEC) improves the quality of the fit significantly. The
inner-disk temperature is estimated to be 0.12+0.01 keV, and the electron tem-
perature and photon index of the Comptonization component, the ratio between
the luminosity of the Compton tail and disk blackbody (Lc/Lg), and the fraction
of the bolometric flux thermalized in the outer disk (fou), are 17.5 £ 0.8 keV,
1.78+0.03, 1.17 £ 0.03, and 1.37§ x 1072, respectively (the errors in this
section represent 90% confidence ranges for one parameter). The inner radius
(Ryy) is estimated to be (1.5-5.4) x 10%cm, and the outer radius (Ryy) is
(2.5-£0.3) x 10'?cm. The derived value of R,y is comparable to or even larger
than the binary separation (~2.2 x 10'2cm). However, it could be smaller due to
uncertainties in interstellar/circumbinary extinction”! and/or the contribution of
jet emission. For instance, if Ay is 0.4 mag larger than the assumed value (4.0), Rout
becomes (1.940.2) x 10'2cm. The maximum achievable radius of a stable disk for
a g (mass ratio) = 0.06 object (Extended Data Table 3) is around 0.62A (radius of
the 2:1 resonance) to ~0.7A (tidal limit), where A is the binary separation’?.
Considering the uncertainties, the result of our analysis (= 0.77A) is compatible
with this maximum radius. Our result appears to favour a large A, value. For the
partial covering absorber, the best-fit value of the column density is
5.2+03 % 1023 cm ™2 and that of the covering fraction is 64 4 4%.

The radio SED can be approximated by a power-law with a photon index of
~1, as in other black hole binaries in the low/hard state”. This profile is likely to
be generated by the optically-thick synchrotron emission from compact jets”.
Because an optically-thick synchrotron spectrum often extends up to the millime-
tre to near-infrared bands”>~7, it may contribute to the optical fluxes, in particular
at longer wavelengths. The blackbody emission from the companion, a K3III-type
star’ with a radius of ~3 R, and a temperature of ~4,320 K, contributes to the
SED negligibly.

Extended Data Figure 6b plots the simultaneous SED on BJD 2,457,191.519 to
2,457,191.524, which is ~2 orders of magnitude fainter in the X-ray band than that
shown in the left panel. The X-ray, UV and optical data are taken from the Swift
data (ObsID 00031403038) and our photometric measurements in the same man-
ner as described above. This SED can be reproduced with the irradiated disk model
as well, with somewhat smaller photon index(1.437)57) and inner-disk tempera-
ture (<0.07keV), and a larger Sout (0.06fg_'g§) than those on B]D 2,457,199.431 to
2,457,199.446.

Time history of the bolometric luminosity. The bolometric luminosity Ly, of
V404 Cyg is evaluated based on the hard X-rays above ~15keV where the intrinsic
spectrum is less affected by an absorption.

We processed the Swift/BAT archival survey data via batsurvey in the HEAsoft
package to derive count rates with individual exposures of ~300s. Even within this
short exposure, photon statistics are good during bright states (>0.05 countss ).
Assuming a Crab-like spectrum (1 Crab~20.039 countss™"), the BAT count rates R

(countss ™) are then converted into 15-50keV flux (Fs_s) and luminosity (L;5-so)
using Fis_50=3.6 x 107/R (ergs ' cm™!) and a fiducial distance of 2.4 kpc, respec-
tively. In Fig. 4, we show Ly after multiplying by a conversion factor Lyoi/L1s-50=7
determined from SED modelling (previous section). We find that this bolo-
metric correction factor lies within the range 2.5-10 by fitting 19 X-ray(XRT)-
optical simultaneous SED in different periods between BJD 2,457,192.019 and
2,457,201.011. Since the BAT survey data are rather sparse, in order to catch shorter-
term variations, we further overlaid the INTEGRAL IBIS/ISGRI monitoring in the
25-60keV band available at ref. 78, assuming a conversion parameter of 1 Crab
rate to be 172.1 countss ™! and a bolometric correction factor of Lo/ Las_¢o = 9.97.
The luminosity was highly variable during the outburst, changing by five orders
of magnitude. While V404 Cyg sometimes reaches the Eddington luminosity (Lg4q)
at the peak of multiple sporadic flares, it also repeatedly dropped below 1-10% of
Lgqq (Fig. 4). At earlier phases of this outburst, the characteristic oscillation already
occurred during a lower luminosity state, as discussed in the main text.
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Extended Data Figure 1 | Optical and X-ray light curves of V404 Cyg magnitude dropped below V' =17.0. Superimposed on this rapid fading,
during an outburst in 2015 June-July. a, Overall multi-colour light the amplitude of variations became progressively smaller and smaller.
curves and Swift/BAT light curves. The plotted points are averaged After BJD 2,457,205, the mean magnitude seemed to be constant, and the
for every 0.67 days. b, An enlarged view of the shaded box in a (the outburst virtually ended.

first detection of short-term variations). On BJD 2,457,203, the mean
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Extended Data Figure 2 | Additional examples of simultaneous optical and X-ray observations of V404 Cyg in the 2015 outburst. Data shown in
Fig. 3 are excluded. a, b, Main panels, correlations on BJD 2,457,192 (a) and BJD 2,457,200 (b); right panels, Swift/XRT light curves on linear scales.
Navy blue error bars, £10.
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Extended Data Figure 3 | Example of the soft X-ray light curve and the X-ray data in Fig. 3a. b, Time-sliced soft X-ray spectra with pile-up
spectra during the dip-type oscillation in the 2015 outburst of V404 correction, in the intervals of T1 to T5 determined in a. The exposures of
Cyg. a, The ~860-s-long Swift/XRT raw light curve (BJD 2,457,194.125- individual spectra are ~100-300s. Error bars, £10.

2,457,194.135, ObsID 00031403040) without pile-up correction, same as
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Extended Data Table 1 | A log of photometric observations of the 2015 outburst of V404 Cyg

Start® End® Mag’ Error® N* Obs Band' Start* End®* Mag' Ermor’ N° Obs Band'
0.274 0.295 1324 0.032 215 TAO R 7.314 7511 12.54 0.065 67 CRI \
0.282 0.499 15.34 0.101 37 PZN CR 7.314 7.512 11.45 0.060 66 CRI Re
0.386 0.426  15.18 0.036 86 PZN Re 7.315 7.511 10.36 0.061 65 CRI I
0.386 0.426 14.31 0.040 20 CRI&PZN Re 7.422 7.588 10.52 0.011 1501 IMi I
1137 1.192 14.92 0.024 61 PZN CR 7.427 7.670 11.35 0.035 1104 deM Iz
1.274 1398 1393 0.086 20 PZN Re 7.675 7.802 10.81 0.012 1961 LCO le
1.283 1.284 11.40 0.000 2 Kwz2 Iz 7.707 7.945 10.70 0.019 1003 Swi Iz
1.283 1.284 1250 0.000 2 KW2 \ 7.744 7.907 12.98 0.036 350 GFB \
1.283 1.284 11.95 0.068 2 Kwz2 B 8.030 8.300 10.22 0.020 535 KU1 Iz
1.551 1.870 1348 0.029 191 deM I 8.032 8.035 11.69 0.036 5 OKU \
1.627 1.810 14.88 0.008 2430 LCO CR 8.038 8.297 10.27 0.016 1022 OKU I
2.109 2517 1507 0.024 224 PZN CR 8.038 8.128 12.03 0.040 81 loh CR
2277 2.404 14.57 0.104 35 PZN Re 8.152 8.214 12.41 0.028 103 Wnm cG
2341 2.622 14.19 0.044 23 DPV CR 8.360 8.543 9.95 0.015 68 CRI I
2,354 2529 1541 0.056 158 DPV \ 8.394 8.619 1041 0.011 623 Kai le
2.354 2.529 14.12 0.048 158 DPV Re 8.419 8.671 1017 0.012 1129 deM Iz
2.380 2505 17.19 0.075 61 Ter B 8.709 8.859 1342 0.036 413 RIT \
2.380 2.505 15.52 0.072 61 Ter A 8.969 9.043 10.87 0.019 296 Sac I
2.381 2.506 14.33 0.062 61 Ter Re 8.983 9.154 10.55 0.024 608 Kis Iz
2.408 2.524 14.65 0.024 354 Ter CR 9.006 9.044 12.77 0.032 40 Sac v
2.422 2.815 14.43 0.045 151 Kai Iz 9.179 9.315 12.49 0.053 146 PZN CR
2.423 2.609 14.43 0.045 147 Kai Re 9.224 9.229 12.59 0.149 5 OKU v
2.4486 2.669 13.46 0.021 667 deM I 9.238 9.300 10.84 0.020 152  OKU I
2742 2.859 1391 0.008 2652 LCO CR 9.382 9.620 10.40 0.002 643 Kai le
3.801 3.341 12.55 0.048 1216 TAO R 9.414 9.595 10.24 0.003 428 NDJ I
3.251 3524  16.10 0.054 186 Ter B 9.577 9.841 13.54 0.020 620 RIT B
3.252 3.525 1445 0.051 183 Ter \ 9.607 9.798 12.21 0.005 4709 LCO \
3.252 3.524 13.41 0.044 177 Ter Re 9.635 9.828 10.13 0.010 1823 LCO Iz
3.260 3529 13.58 0.017 1278 Ter CR 9.744 9.911 12.38 0.031 350 GFB \
3.266 3.308 13.54 0.088 48 PZN CR 10.027 10.028 11.90 0.018 3 Kis v
3.27 3.307 1364 0.091 40 PZN Re 10.029 10.201 10.54 0.011 837 Kis le
3.410 3.489 15.80 0.095 38 CRI B 10.387 10.619 10.46 0.020 611 Kai I
3411 3.488  14.36 0.071 r CRI \ 10.415 10.670  10.38 0.013 1389 deM le
3411 3.488 13.17 0.062 37 CRI Re 10.744 10.910 11.99 0.010 349 GFB v
3411 3.489  12.01 0.058 ar CRI le 11.182 11.300 9.41 0.012 99 KU1 le
3419 3.588 14.48 0.048 189 RPc \ 11.291 11.288  10.55 0.003 112 TAO R
3.428 3.553 14.52 0.058 128 Trt v 11.339 11.514 10.51 0.018 406 DPV Iz
3.430 3519 1225 0.023 597 IMi le 11.348 11.554  13.10 0.014 730 Trt \
3.435 3.873 12.47 0.020 1036 deM Iz 11.372 11.516 13.15 0.019 335 DPV N
3525 3650 1264 0.075 37 [efe]e] I 11.385 11.592 11.00 0.015 490 Kai I
3.530 3.820 14.53 0.076 165 Kis v 11.421 11.673 11.32 0.021 1314 deM I
3.819 3821 10.39 0.014 2 Kis le 11.460 11624 1371 0.097 70 JSa N
3.998 4.057 11.49 0.038 149 KU1 I 11.483 11.603 13.53 0.016 374 RJV v
4.058 4.311 12.04 0.038 397 Mdy Re 11.590 11.679 14.43 0.014 730 LCO v
4.187 4.316  11.88 0.022 169 TAO R 11.679 11.834 1285 0.008 3859 LCO le
4435 4873 11.66 0.021 1089 deM Iz 12.228 12.232 15.49 0.139 5 OKU v
4.546 4.649 1341 0.041 82 Kis \ 12.234 12.271 12.95 0.028 177 TAO R
4.579 4.837 11.32 0.008 1416 LCO Iz 12.302 12.334 13.81 0.011 3n TAO R
4976 4878 12.14 0.034 5 Kis A 12.386 12.611 13.89 0.025 484 Kai Iz
4978 4.881 10.04 0.004 3 Kis I 12.405 12.670 14.08 0.022 640 deM I
5.070 5223 1119 0.042 254 Mdy Re 12.484 12598 16.87 0.031 237 RJV \
5.426 5.481 12.75 0.054 36 CRI B 13.058 13.314 15.81 0.013 211 Mdy Re
5.427 5.481 13.86 0.057 36 CRI A 13.199 13.334 15.97 0.048 1772 TAO R
5.427 5.480 11.66 0.048 35 CRI Re 13.382 13.594 14.28 0.014 467 Kai le
5.427 5.480 10.57 0.044 36 CRI I 13.415 13.670 14.08 0.022 640 deM I
5.448 5.633 1045 0.010 840 deM le 13.438 13.473 1391 0.040 93 NDJ le
5.595 5670 10.25 0.020 25 [ele]e] le 14.014 14.021 17.21 0.075 5 OKU \
5.724 5.854 9.85 0.007 820 Swi Iz 14.026 14.168 14.75 0.022 97 OKU Iz
5.745 5811 11.69 0.011 346 GFB A 14.043 14.276 14.70 0.016 361 Kis I
5.923 5.849 10.32 0.013 24 (oe]e] Iz 14.379 14.499 17.00 0.030 52 Trt cV
6.011 6.015 12.51 0.016 5 OKU A 14.421 14.565 14.85 0.012 152 RPc I
6.018 6.076 10.27 0.005 154 OKU N 14.422 14.614 14.56 0.007 248 NDJ I
6.146 6.157  10.01 0.050 4 KW2 le 14.504 14.517  17.15 0.114 5 Trt \
6.146 6.157 12.02 0.121 4 Kwz2 A 14.601 14.810 15.56 0.003 1830 LCO CR
6.146 6.157  13.15 0.158 2 KW2 B 15.166 15.276  16.92 0.234 664 TAO R
6.182 6.281 10.55 0.048 129 Aka Re 15.356 15.548  16.04 0.007 244 DPV CR
6.210 6.280 12.41 0.060 64 Aka v 15.364 15.550 17.41 0.024 42 DPV v
6.293 6.554  11.31 0.030 85 CRI Re 15.434 15.558  14.84 0.017 81 RPc le
6.205 6.550 12.30 0.037 83 CRI \' 15.694 15.762 14.45 0.008 166 Swi Iz
6.346 6.428 11.84 0.028 a3 PZN Re 16.082 16.142 14.60 0.397 5 TAO R
3.356 6.543 9.94 0.011 412 DPV I 16.302 16.377 16.07 0.013 26 PZN CR
6.363 6.521 12.25 0.010 572 Trt \' 16.320 16.525 14.44 0.010 129 CRI Iz
6.369 6.406 10.09 0.008 334 DPV I 16.344 16.435 14.50 0.012 52 DPV I
6.430 6.615 12.38 0.022 418 RJV Vi 16.516 16.530 14.44 0.030 6 RPc le
6.584 6.827 12.65 0.005 59810 LCO \ 16.680 16.937 14.36 0.006 335 SWiI le
6.592 6.861 10.54 0.012 794 RIT Iz 17.358 17.518 14.48 0.006 218 DPV Iz
6.717 6.944  10.36 0.007 942 SWI le 17.418 17.671 14.78 0.006 309 deM le
6.745 6.8912 1235 0.010 347 GFB v 17.440 17.575 14.62 0.014 43 RPc Iz
6.919 6.950 10.35 0.076 24 [efe]e] I 18.287 18.338  17.37 0.254 470 TAO R
7.056 7.057 13.27 0.010 3 Kis A 19.328 19.332 16.45 0.258 68 TAOQ R
7.057 7437 1055 0.019 295 Kis \' 19.403 19.451 14.82 0.011 33 DPV le
7115 7.147 10.01 0.018 45 Aka Re 19.423 19.498 14.79 0.026 17 RPc I
7.144 7.150 9.87 0.018 18 Kwz2 Iz 19.712 19.761 16.61 0.008 60 GFB CV
7.144 71450 11.76 0.068 18 KW2 \ 20435  20.592 14.98 0.008 90 RPc le
7.144 7.150 13.44 0.184 2 Kwz2 B 21.023 21.031 15.34 0.012 10 RPc Iz
7.313 7.512 13.79 0.063 67 CRI B

Start and end dates of observations, mean magnitudes, 1o of mean magnitudes, numbers of observations, observers’ codes, and filters are summa-
rized. Note that observers for TAOS used custom made filters close to the union of standard R and V3479, but the magnitude reported in the present
Letter was approximately calibrated to standard R.

*JD—2,457,189 (days).

tMean magnitude.

F1lo of mean magnitude.

§Number of observations.

||Observer’s code: PZN (IKI GRB follow up network), CRI (Crimean Observatory Team), deM (E. de Miguel), DPV (P. A. Dubovsky), Ter (Terskol Observa-
tory), Kai (K. Kasai), NDJ (N. James), RPc (R. D. Pickard), Trt (T. Tordai), COO (L. Cook), Kis (S. Kiyota), KU1 (Kyoto Univ. Team), Mdy (Y. Maeda), LCO (C.
Littlefield), RIT (M. Richmond), RJV (R. Javier), GFB (W. Goff), SWI (W. L. Stein), OKU (Osaka Kyoiku Univ. team), Sac (A. Miyashita), IMi (I. Miller), TAO
(TAOS Team), KW2 (H. Maehara), Aka (H. Akazawa), Wnm (K. Hirosawa) and JSa (J. Lluis).

{IFilter. B, V, Re, Ic are the standard Johnson-Cousins system. ‘CR’ and ‘CV’ mean unfiltered CCD photometry with zero point adjustmentin Rand V,
respectively. ‘cG’ means green (G) channel output in a digital single-lens reflex camera, which gives|ah 63proximate response close to V (ref. 80).
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Extended Data Table 2 | List of instruments for optical observations

LETTER

CODE Telescope (& CCD) Observatory (or Observer) Site
PZN 1m Zeiss-1000 Tien Shan +Apogee Alta Astronomical Observatory Almaty, Kazakhstan
40cm ORI-40+FLI MLOS000 ISON-Khureltogot Mongolia
70cm+FLI AS-32+FLI IMGBE303E Abastumani observatory Georgia
CRI 1.25m AZT-11+FLI ProLine PL230 Crimean astrophysical observatory Crimea
38cm K-380+Apogee E47 Cremean astrophysical observatory Crimea
deM 35cm SC+QSI-516wsg Observatorio Astronomico del CIECEM Huelva, Spain
DPV 28cm SC+MII G2-1600 Astronomical Observatory on Kolonica Slovakia
35cm SC+MII G2-1600 Astronomical Observatory on Kolonica Slovakia
VNT 1m+FLI PL1001E Astronomical Observatory on Kolonica Slovakia
Ter Zeiss-600 60cm+SBIG STL-1001E Terskol Observatory Russia
S2C 35cm Terskol Observatory Russia
Kai 28cm SC+ST7XME Kiyoshi Kasai Switzerland
NDJ 28cm SC+STAXE Nick James UK
RPc FTN 2.0m+E2V 42-40 LCOGT* Hawaii, USA
35cmSC+SXV-H9 CCD Roger D. Pickard UK
Trt 25cm ALCCDS5.2 (QHY6) Tamas Tordai Budapest, Hungary
COoOo TO7" 43cm+STL-1100M AstroCamp Observatory Nerpio, Spain
T21" 43cm+FLI-PLE303E iTelescope.Net Mayhill New Mexico, USA
T11" 50cm+FLI ProLine PL11002M iTelescope.Net Mayhill New Mexico, USA
Kis 25cm SC+Alta F47 Seiichiro Kiyota Kamagaya, Japan
T18" 32cm+STXL-6303E AstroCamp Observatory Nerpio, Spain
T5" 25cm+ST-10XME iTelescope.Net Mayhill New Mexico, USA
T24" 61em+FLI-PLO9000 Sierra Remote Observatoy California, USA
KU1 40cm SC+ST-9XEI Kyoto U. Team Kyoto, Japan
Mdy 35cm SC+ST10XME ‘Yutaka Maeda Nagasaki, Japan
LCO 60cm+Apogee Alta U42 CCD Wan Vleck Observatory Connecticut, USA
40cm+SBIG STL-6303 Wan Vleck Observatory Connecticut, USA
RIT 30cm+ST-9E RIT Observatory New York, USA
RJV LX200R 40cm+ST8 XME Observatorio de Cantabria Spain
GFB CDK 50cm+Apogee U6 William Goff California, USA
Swi C14 35cmSC+ST10XME William L. Stein New Mexico, USA
OKU 51cm+Andor DW336N-BV OKU Astronomical Observatory Osaka, Japan
Sac 20cmL+ST-7XMEi Atsushi Miyashita Tokyo, Japan
IMi 35cm SC+SXVR-H16 Furzehill Observatory UK
TAO TAOS-B* 50cm+SI800 E2v47-20 Lulin Observatory Taiwan
TAOS-D’ 50cm+SI800 E2V47-20 Lulin Observatory Taiwan

Observers’ codes (see Extended Data Table 1), names of telescopes and CCD cameras, observatory (or observer) and sites are summarized.

*Las Cumbres Observatory Global Telescope Network.
Titelescope.net.
1The Taiwanese-American Occultation Survey (TAOS)3481.82,
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Extended Data Table 3 | Basic information on objects showing violent short-term variations in outbursts

V404 Cyg GRS 1915+105 IGR J17091-3624 Rapid Burster V4641 Sgr
Orbital period [d] 6.47129(7) (ref. 83) 33.85(16) (ref. 20) >4 (ref. 84) & 2.81678 (ref. 23)
Compact object BH BH BH NS BH
Spectrum of the secondary K3lll (ref. 7) K- (ref. 20) - - B9l (ref. 23)
M, ( Me) 9.0(0.6) (ref. 7) 10.1(0.6) (ref. 85) 11.8-13.7 (ref.86) 1.1(0.3) (ref. 87) 7.1(0.3) (ref. 88)
g= M, /M, (Mass ratio) 0.06 (ref. 7) 0.042(0.024) (ref. 20) = = 0.45(0.05) (ref. 88)
i [deg] (Inclination angle) 67(3) (ref. 7) 66(2) (ref. 89) 50-70 (ref. 90) = 72.3(4.1) (ref. 88)
V magnitude minimum 18.4 (ref. 91) = = = 13.8(ref. 88)
V magnitude maximum 10.9 (This work) - - - 8.8 (ref. 41)

Shown are orbital period, nature of the compact object, spectrum of the secondary, mass of the central object (M;), mass ratio (g), inclination angle (i), minimum magnitude (V band), and maximum
magnitude (V band) on V404 Cyg, GRS 1915+105, IGR 17091-3624, the Rapid Burster, and V4641 Sgr. M,, mass of the secondary star. References are cited as follows: 7, 20, 23,41, 83-91.
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Abstract

We observed RZ LMi, which is renowned for its extremely short (~19d) supercycle and
is a member of a small, unusual class of cataclysmic variables called ER UMa-type dwarf
novae, in 2013 and 2016. In 2016, the supercycles of this object substantially lengthened
in comparison to the previous measurements to 35, 32, and 60d for three consecutive
superoutbursts. We consider that the object virtually experienced a transition to the nova-
like state (permanent superhumper). This observed behavior reproduced the prediction
of the thermal-tidal instability model extremely well. We detected a precursor in the
2016 superoutburst and detected growing (stage A) superhumps with a mean period of
0.0602(1)d in 2016 and in 2013. Combined with the period of superhumps immediately
after the superoutburst, the mass ratio is not as small as in WZ Sge-type dwarf novae,
having orbital periods similar to RZLMi. By using least absolute shrinkage and selection
operator (Lasso) two-dimensional power spectra, we detected possible negative super-
humps with a period of 0.05710(1) d. We estimated an orbital period of 0.05792 d, which
suggests a mass ratio of 0.105(5). This relatively large mass ratio is even above that of
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ordinary SU UMa-type dwarf novae, and it is also possible that the exceptionally high
mass-transfer rate in RZLMi may be a result of a stripped secondary with an evolved
core in a system evolving toward an AM CVn-type object.

Key words:
(RZ Leonis Minoris)

accretion, accretion disks —novae, cataclysmic variables — stars: dwarf novae — stars: individual

1 Introduction

SU UMa-type dwarf novae (DNe) are a class of cataclysmic
variables (CVs) which are close binary systems transfer-
ring matter from a red dwarf secondary to a white dwarf,
forming an accretion disk. In SU UMa-type DNe, two types
of outbursts are seen: normal outbursts and superoutbursts.
Superoutbursts are defined by the presence of (positive)
superhumps, which are humps with a period that is a few
percent longer than the orbital period [for general informa-
tion on CVs, DNe, SU UMa-type DNe, and superhumps,
see e.g., Warner (19995)].

RZ LMi is one of the most enigmatic SU UMa-type DNe.
This object was originally discovered as an ultraviolet-
excess variable star [Lipovetskii & Stepanyan 1981; it was
later given a designation of FBS 0948+344 (Abrahamian
& Mickaelian 1993)]. Lipovetskii and Stepanyan (1981)
reported that the object had a spectral energy distribution
of spectral classes O-B at maximum. When the object was
fading or rising, strong emission lines appeared. Lipovet-
skii and Stepanyan (1981) studied 16 objective prism plates
and seven direct imaging plates and recorded a strong vari-
ation with a range of 14-17 mag. The object was recorded
at 17 mag on the Palomar Obervatory Sky Survey (POSS).
Based on the colors and rapid variation in a time-scale of
a few days, Lipovetskii and Stepanyan (1981) suggested
a dwarf nova-type classification. Green et al. (1982) also
selected it as an ultraviolet-excess object (PG 0948+344)
and confirmed it spectroscopically as a CV. They gave a
variability range of B = 14.4-16.8 without details (the min-
imum likely referred to the magnitude in POSS). Despite
the finding by Lipovetskii and Stepanyan (1981), Kholopov
et al. (1985) designated RZLMi as a nova-like (NL) vari-
able by referring to Green et al. (1982). Kondo, Noguchi,
and Maehara (1984) also selected RZ LMi as an ultraviolet-
excess object.

The nature of the variability of this object remained
unclear. Knowing the dwarf nova-type classification, one
of the authors of this paper (TK) visually observed
this object in 1987-1988 and found relatively stable
~20d cycle lengths with additional short outbursts. This
result was reported in the domestic variable star bul-
letin “Henkousei” (in Japanese). This report was prob-
ably the first to document the unusual cyclic variation of

RZ LMi. Two teams observed this object photometrically:
Robertson, Honeycutt, and Turner (1994) reported an
unusual long-term repetitive light curve with a stable period
(it is now known as the supercycle) of 19.2 d. Pikalova and
Shugarov (1995) reported that the behavior was different
from a typical dwarf nova in that it showed short fading
and brightening. They also reported a possible period of
21.167d or 23.313 d, and classified it as a VY Scl-type NL.

A clue to understanding the unusual behavior of RZ LMi
came from the discovery of the SU UMa-type dwarf nova
ER UMa with an ultrashort supercycle (interval between
superoutbursts) of 43d in 1994 (Kato & Kunjaya 1995).
As presented orally in the conference held in Abano Terme,
Italy, 1994 June 20-24, Robertson’s team originally con-
sidered that the recurring NL-type bright state and the
dwarf nova-type state in ERUMa and RZLMi were the
best examples to show the consequences of recurring mass-
transfer bursts from the secondary. In the same confer-
ence, however, after Robertson’s presentation, Y. Osaki
introduced Kato and Kunjaya’s detection of superhumps
in ERUMa (Osaki 1995¢) and showed that the unusual
behavior of ER UMa could be understood within the frame-
work of the thermal-tidal instability (TTI) model (Osaki
1989) if one can allow an exceptionally high mass-transfer
rate (cf. Osaki 1995a). After this conference, Robertson’s
team published a paper following the interpretation by Kato
and Kunjaya introduced by Y. Osaki (Robertson et al. 1994,
1995).1 After the discovery of superhumps in ER UMa
and the recognition of the similarity between ER UMa and
RZ LMi, superhumps were naturally sought. The competi-
tion was intense: both Robertson, Honeycutt, and Turner
(1995) and Nogami et al. (1995) observed the same super-
outburst in 1995 and detected superhumps. These observa-
tions confirmed that RZ LMi does indeed belong to the SU
UMa-type DNe. These objects, together with V1159 Ori,
are usually called ER UMa-type stars (cf. Kato et al. 1999).

The mechanism of the ultrashort (19 d) supercycle and
the unusually regular outburst pattern remained a mys-
tery. Robertson, Honeycutt, and Turner (1994) suspected
a mechanism outside the disk in addition to the one in the

' The dwarf nova-type nature was first clarified by lida (1994). Misselt and Shafter
(1995) also observed ER UMa in 1993-1994 and finally reached the same conclusion
as Kato and Kunjaya (1995).
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disk. A later publication by Olech et al. (2008) followed the
former possibility and suggested a third body. In the stan-
dard TTI model, this short supercycle is difficult to repro-
duce, and Osaki (1995b) presented a working hypothesis
that in RZ LMi the disk becomes thermally unstable during
the superoutburst earlier than in other SU UMa-type DNe.
Hellier (2001) suggested, following the interpretation in
Osaki (1995b), that in systems with very small mass ratios
(q), the tidal torque is too small to maintain the super-
outburst, and that there occurs a decoupling between the
thermal and tidal instabilities. Hellier (2001) suggested that
one of the consequences of this decoupling can be found as
the persistent superhumps after superoutbursts.

According to the working hypotheses by Osaki (1995b)
and Hellier (2001), it is strongly predicted that the g is small
in RZ LMi and that the disk radius after the superoutburst is
larger than in other SU UMa-type DNe. RZ LMi, however,
has defied every attempt to determine the orbital period,
since it mostly stays in the “outburst” state and it is diffi-
cult to make a radial-velocity study in short quiescence. The
almost continuous presence of superhumps also made it dif-
ficult to detect potential orbital variations by photometric
methods. Without the orbital period or a radial-velocity
study, it remained impossible to observationally determine
g, and the evolutionary status of RZ LMi remained unclear
despite its unusual outburst properties.

The situation dramatically changed after the detection
of a possible change in the outburst pattern in the AAVSO
observations (vsnet-alert 19524). We have conducted a
world-wide campaign to observe RZLMi during the 2016
season. The new development has also been helped by
the classification of superhumps stage (A, B, and C: Kato
et al. 2009) and identification of stage A superhumps rep-
resenting the growing phase of superhumps at the radius of
the 3:1 resonance (Osaki & Kato 2013b; Kato & Osaki
2013).

In this paper, key information and results are given
in the main paper. The results not directly related to the
conclusion of the paper, such as the variation of super-
hump periods and variation of the profile of superhumps,
are given in the Supplementary Information, as they will
provide useful information to expert readers.

2 Observations

The data were obtained under campaigns led by the
VSNET Collaboration (Kato et al. 2004) in 2016. We
also used the public data from the AAVSO International
Database.? Time-resolved photometric observations were

2 (http://www.aavso.org/data-download).

obtained on 75 nights (nights with more than 100 obser-
vations) between February 25 and June 10. Some snapshot
observations were obtained on some other nights. We also
performed time-resolved photometric observations during
the period of 2013 March 5-April 29 at nine sites. We also
obtained snapshot observations (several observations typ-
ically ~20 min apart) on 47 nights between 2014 March
8 and May 22. The logs of observations are given in the
e-tables.> Alphabetical abbreviated codes in the log are
observer codes of AAVSO and they mean that the data
were taken from the AAVSO database. We also used histor-
ical photographic data reported by Pikalova and Shugarov
(1995) (listed as “Shugarov,” as he finally compiled all the
data, in this paper).

The data were analyzed in the same way as described in
Kato et al. (2009) and Kato et al. (2014b). We mainly used
R software* for data analysis. In de-trending the data, we
divided the data into four segments in relation to the out-
burst phase and used locally-weighted polynomial regres-
sion (LOWESS: Cleveland 1979). The times of superhumps
maxima were determined by the template-fitting method as
described in Kato et al. (2009). The times of all observations
are expressed in barycentric Julian Days (BJD).

3 Results and discussion

3.1 Outburst light-curve and emergence
of superhumps

Figure 1 illustrates the three consecutive superoutbursts in
2016 during which we obtained time-resolved photometric
observations. The initial part of the light curve (upper panel)
was the final fading part of the preceding superoutburst.
There was only one normal outburst between the first and
second superoutbursts. Although the initial part of the first
superoutburst was not well sampled, we found that the
superoutburst lasted for 26 d.

There were two normal outbursts between the second
and the third superoutburst. The duration of the second
superoutburst was 48 d, even longer than the first one. The
intervals (supercycles) between the three superoutbursts
were 32 d and 60 d. These values were 23 times longer than
the historical supercycle (19d) of this object (Robertson
et al. 1994; Nogami et al. 1995).

During the best-observed second superoutburst, there
was a shoulder (precursor outburst). Figure 2 shows the ini-
tial part of this superoutburst. The precursor part is clearly
seen between BJD 2457483 and 2457484. During this
phase, superhumps rapidly grew to the maximum ampli-
tude and they started to decay slowly (lower panel; see

3 E-tables are available in the online edition as Supporting Information.

* The R Foundation for Statistical Computing (http:/cran.r-project.org/).
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Fig. 1. Light-curve and O-C diagram of superhumps in RZLMi (2016). Upper: Light curve. The data were binned to 0.0023d. In this figure, we
show three consecutive superoutbursts which we observed. Middle: O- C diagram for the second superoutburst (filled circles). We used a period
of 0.05955d for calculating the O-C residuals. Lower: Amplitudes of superhumps. The scale is linear and the pulsed flux is shown in a unit

corresponding to 18 mag = 1. (Color online)

also figure 3 for an enlargement). This behavior is the same
as in ordinary SU UMa-type DNe [see e.g., figure 19 in
Kato et al. (2013a) for one of the best-known SU UMa-
type DNe VW Hyi; see also figure 4 in Osaki and Kato
(2013a) for the corresponding part of the Kepler data
of V1504 Cyg]|. Similar precursors were also recorded in
snapshot observations of the first superoutburst and less
markedly (fewer observations) during the third superout-
burst. These observations indicate that RZLMi shows a
sequence of a precursor and the main superoutburst as in
ordinary SU UMa-type DNe at least in this season.

The variable supercycles now safely exclude the exis-
tence of a stable clock (such as an orbiting third body)
which was supposed to work to produce regular super-
outbursts (Robertson et al. 1994; Olech et al. 2008). Fur-
thermore, Osaki (1995a) already showed that the super-
cycle length reaches the minimum as the mass-transfer rate
(M) increases, but that it lengthens again as M further
increases. As M increases, the system eventually reaches the

“permanent outburst” state (see figure 2 in Osaki 1995a),
bridging ER UMa-type objects and what is called perma-
nent superhumpers (Skillman & Patterson 1993; Patterson
1999). The current state of RZ LMi reproduced this predic-
tion exactly, providing strong support to the explanation
of the unusual short supercycles in ER UMa-type objects.

Osaki (1995b) formulated the duration of a superout-
burst (£upermax) @s below:

~ tyiol /(1 = 1/e)][1 = (M/ M) ™*2, (1)

tsupermax

where t,; is the viscous depletion timescale and M.y, is the
critical M required to produce a hot, stable disk, respec-
tively. The factor fy is the fraction of the disk mass accreted
during a superoutburst. It is given by

fu =1~ (Ro/Ryeid)*”, (2)
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Fig. 2. Light-curve and O- C diagram of superhumps in RZLMi (2016). This figure is an enlargement of figure 1. Upper: Light curve. The data were
binned to 0.0023d. The precursor part is clearly seen between BJD 2457483 and 2457484. During this phase, superhumps rapidly grew. Middle:
O- C diagram for the second superoutburst (filled circles). We used a period of 0.05955d for calculating the O- C residuals. Lower: Amplitudes of
superhumps. The scale is linear and the pulsed flux is shown in a unit corresponding to 18 mag = 1. (Color online)
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Fig. 3. Growing superhumps and precursor at the start of the 2016 April superoutburst. The data were binned to 0.0023 d. Superhump grew between

BJD 2457483 and 2457484. (Color online)

where Ry and Ry i represent the disk radius at the end
of a superoutburst and at the start of a superoutburst
(assuming that the disk critically reaches the radius of the
3:1 resonance at the start of a superoutburst), respec-
tively. If we consider that t,;; and R, are the same between
different superoutbursts of RZLMi, we can estimate M

during the current state. Using the parameters in Osaki
(1995b), t,;, = 11.2d and an assumption of a large disk
radius at the end of a superoutburst Ry = 0.42a, where
a is the binary separation, the historical fypermax Oof 6d
(Robertson et al. 1995) is reproduced with M/M.; =
0.5. The current fypermax values of 26 and 48d require
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M/ M = 0.97 and 0.99, respectively. Although these esti-
mates have uncertainties due to various assumptions, it is
certain that the current state of RZLMi is critically close
to the stability border. If RZLMi increases M further by
1%, the object should become a permanent superhumper.
As judged from these estimates, we have seen an almost
complete transition from an ER UMa-type object to a per-
manent superhumper. There has been at least one case
(BKLyn) in which a permanent superhumper became an
ER UMa-type object and then returned back (Patterson
et al. 2013; Kato et al. 2013a), and the case of RZLMi
may not be special.

3.2 Growing (stage A) superhumps
and post-superoutburst superhumps

As is best seen in the lower panel of figure 2, the ampli-
tudes of superhumps rapidly grew in ~20 cycles. During
the initial ~13 cycles, the O- C values (middle panel) were
negative and a characteristic kink around E = 13 indicates
that this object showed long-period (stage A) superhumps
before entering the stable phase of stage B superhumps with
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Fig. 5. O-C diagram of superhumps in RZLMi in 2013 April. Upper:
Light curve. The data were binned to 0.0023d. Middle: O-C diagram
(filled circles). We used a period of 0.05945d for calculating the O-C
residuals. Lower: Amplitudes of superhumps. The scale is linear and
the pulsed flux is shown in a unit corresponding to 18 mag = 1. (Color
online)

a shorter period, as in other SU UMa-type DNe (see the
e-tables for the full list of times of superhump maxima).
This identification appears particularly confident since it
has been recently demonstrated that ER UMa, the proto-
type of ER UMa-type objects, showed the same pattern with
a precursor outburst (Ohshima et al. 2014). The period of
stage A superhumps from the times of maxima (E < 13)
is 0.0602(4) d. By using the data between BJD 2457483.01
and 2457484.40, we have obtained a period of 0.0601(1) d
with the phase dispersion minimization (PDM: Stellingwerf
1978) method (figure 4). The errors are 1o estimated by
the methods of Fernie (1989) and Kato et al. (2010). We
consider that the result by the PDM method is more reliable
than that from superhump maxima, since it gives a smaller
error, and adopted this period.

Although the second superoutburst was generally well
observed, the observations were unfortunately relatively
sparse around stage A. The 2013 April superoutburst of
this object was relatively well observed in the same phase,
although the brightness peak was missed and instead of
a distinct precursor there was a stagnation in the rising
phase, which was likely an embedded precursor (figures 5
and 6; see e-table for the full times of superhump maxima).
During the observation in 2013, a continuous light curve
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Fig. 7. Stage A superhumps in RZLMi (2013 April). The data between
BJD 2456381.41 and 2456381.88 were used. Upper: PDM analysis.
Lower: phase-averaged profile. (Color online)

of growing superhumps (0 < E < 4) was well recorded.
Using the data between BJD 2456381.41 and 2456381.88,
we obtained a period of 0.0602(3) d with the PDM method
(figure 7). Since this value is consistent with the 2016 one,
we adopted an averaged value of 0.0602(1) d as the period
of stage A superhumps.

The dynamical precession rate, wgyn, in the disk can be
expressed by (see Hirose & Osaki 1990):

Wdyn/Worb = Q(q) R(r), (3)

This @dyn/@erb is equal to the fractional superhump excess
in frequency: €* = 1 — P,/ Psyy, where Py, and Psy are the
orbital period and superhump period, respectively. If P,
is known, we can directly determine g from the observed
€* of stage A superhumps under the assumption that the
period of stage A superhumps reflects the purely dynamical
precession rate at the radius of the 3:1 resonance (Kato &
Osaki 2013).

Since the orbital period of RZLMi is not known, we
cannot directly apply the method in Kato and Osaki (2013)
to determine g dynamically. We can instead use the period
of post-superoutburst superhumps to constrain g and the
disk radius as introduced in Kato et al. (2013b):

€"(stageA) = O(q) R(r3.1) (7)
and
€*(post) = Q(q) R(7post) (8)

where 3. is the radius of the 3:1 resonance;
r3a =31 4+4q)71, 9)

€*(post) and 7y are the fractional superhump excess and
disk radius immediately after the outburst, respectively. By
solving equations (7) and (8) simultaneously, we can obtain
the relation between 7,0, and g. If we have knowledge about
Tpost> as determined in other systems in Kato and Osaki
(2013), we have a more stringent constraint.

On 2013 March 20, the object was observed in quies-
cence closely following a superoutburst which started on

5 There was a typographical error in the second line of equation (1) in Kato and Osaki
(2013). The correctformulais ﬁ [%ﬁb%].The results (including tables) in Kato
and Osaki (2013) used the correct formula and the conclusions are unchanged. We
used the correct formula in equation (5) in this paper. The same correction of the
equation should be applied to Kato et al. (2013b), Nakata et al. (2013), and Kato
(2015).
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March 6. The object displayed post-superoutburst super-
humps and there was a continuous run covering six cycles.
A PDM analysis of this continuous run yielded a period
of 0.0594(2)d (figure 8). Since this variation was also
present after one further normal outburst, and since the
decaying amplitudes of this variation exclude the possibility
of the orbital variation, we identified this period as that
of post-superoutburst superhumps. We combined the qui-
escent data on March 20 and 24 and obtained a period
of 0.05969(2)d (figure 9, assuming that the superhump
phase and period did not change during a normal out-
burst). The shorter one-day alias (~0.0584 d) is too close to
the supposed orbital period (discussed later) and this alias
is unlikely.

Using the periods of stage A superhumps and post-
superoutburst superhumps, the relation between 7,0, and
q is shown in figure 10. The measurements of #,., in
SU UMa-type DNe using the same method are within the
range of 0.30 and 0.38 (Kato & Osaki 2013). The smaller
values represent the values for WZ Sge-type DNewith mul-
tiple rebrightenings (after such rebrightenings), and it is
extremely unlikely to be the case for RZLMi. If 7, is
around 0.38, g is estimated to be 0.06(1). It would be note-
worthy that Osaki (1995b) assumed #,0sx = 0.42 for this
particular object. If this is indeed the case, g needs to be as
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Fig. 10. Relation between g and ryost Using the periods of stage A super-
humps and post-superoutburst superhumps. Dashed curves represent
the range of 1o errors. (Color online)

large as 0.10(2). This consideration suggests that the expec-
tations of Osaki (1995b) and Hellier (2001) that RZLMi
has a very small g and that the large disk radius immedi-
ately following a superoutburst are not true at the same
time: either g is higher or the disk radius is smaller. This
is the important conclusion from the present observation.
Since stage A superhumps were not very ideally observed in
the present study, further observations are needed to refine
the result.
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3.3 Possible negative superhumps
and orbital period

We used the least absolute shrinkage and selection operator
(Lasso) method (Tibshirani 1996; Kato & Uemura 2012),
which has been proven to yield very sharp signals. We used
the two-dimensional Lasso power spectra as introduced in
the analysis of the Kepler data in such studies as Kato and
Macehara (2013) and Osaki and Kato (2013b). These two-
dimensional Lasso power spectra have been proven to be
very effective in detecting signals in non-uniformly sam-
pled ground-based data (see e.g., Ohshima et al. 2014)
since Lasso-type period analysis is less affected by aliasing
than traditional Fourier-type power spectra. This charac-
teristic has enabled detection of negative superhumps in
ground-based observations (e.g., Ohshima et al. 2014; Kato
et al. 2014b). The result for RZLMi in 2016 is shown in
figure 11. The strong persistent signal around 16.8 cycles
per day (cd™!) is superhumps. A weaker signal around
17.50-17.55cd ™! between BJD 2457510 and 2457530 is
possible negative superhumps. Since the second superout-
burst lasted for a very long time, it may have been possible
that negative superhumps were excited during this long-
lasting standstill-like phase, which gives a condition that is
almost the same as that in permanent superhumpers (see

subsection 3.1). A PDM analysis of the data between BJD
2457510 and 2457530 yielded a period of 0.05710(1)d.
The superhump period in this interval was 0.059555(4) d.

It has been widely accepted that absolute fractional
superhumps excesses (e, for positive superhumps, and
€_ for negative superhumps, where € = Pgy/Pop, — 1)
are tightly correlated when both signals are simulta-
neously seen in NLCVs (e.g., Patterson et al. 1997,
Montgomery 2009). The empirical relation is €, ~2|e_|. If
it is also the case for RZLMi, P, is expected to be around
0.05792 d. This period is labeled as Porb in figure 11. If this
is indeed the orbital period, the consequence is important
(cf. subsection 3.2). The measured period of stage A super-
humps [0.0602(1) d] gives €* = 0.038(2), which is equiva-
lent to g = 0.105(5) [see table 1 in Kato and Osaki (2013).
This value is higher than the typical ones for WZ Sge-
type DNe, which have similar P,y as RZLMi (Kato &
Osaki 2013; Kato 2015; Kato et al. 2016b). This ¢ mea-
surement invalidates the suggestion by Osaki (1995b) and
Hellier (2001) that the unusual properties of RZLMi is
a result of the very low g. The g, however, is consistent
with the relation derived from the period of stage A and
post-superoutburst superhumps (subsection 3.2, figure 10)
assuming the large disk radius at the end of a superout-
burst. If this interpretation is correct, the disk radius at
the end of a superoutburst is large, as required by Osaki
(1995b), but the origin of the large disk (i.e., superout-
bursts which terminate earlier than in ordinary SU UMa-
type DNe) cannot be attributed to an exceptionally small g.
In recent years, some SU UMa-type DNe show early termi-
nation of superoutbursts (such as V1006 Cyg, Kato et al.
2016a). In Kato et al. (2016a), the termination may be asso-
ciated with the supposed appearance of stage C superhumps
(late-stage superhumps with a shorter constant period). The
origin of stage C superhumps is still poorly known, and the
reason for the premature termination of superoutbursts,
which may be related to the evolution of stage C super-
humps, still needs to be clarified.

There is supporting evidence for a large g: the dura-
tion of stage A superhumps, which is considered to reflect
the growth time of the 3:1 resonance, is very short (less
than 1d) in RZLMi. From a theoretical standpoint, this
growth time is expected to be proportional to 1/g> (Lubow
1991), and this relation has been confirmed in WZ Sge-
type DNe(Kato 2015). As judged from the rapid growth of
superhumps in RZ LM, it appears extremely unlikely that
RZ LMi has as small a g as in WZ Sge-type DNe.

3.4 Evolutionary status

If the g derived from the possible negative super-
humps and suggested by the rapid growth of superhumps
(subsection 3.3) is correct, RZLMi cannot be an object
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close to the period minimum or a period bouncer—Olech
et al. (2008) conjectured that some ER UMa-type novae are
period bouncers. The g we suggested is similar to or even
larger than those of ordinary SU UMa-type DNe having
similar P, (figure 12).

We know of at least one other object, GALEX
J194419.33+491257.0 in the Kepler field, which has a
very short P, of 0.0528164(4)d and very frequent out-
bursts (normal outbursts with intervals of 4-10d) (Kato
& Osaki 2014). This object has an unusually high g =
0.141(2) measured using stage A superhumps. These prop-
erties are somewhat similar to those of RZLMi. Kato
and Osaki (2014) suggested the possibility that GALEX
J194419.33+491257.0 may be a CV with a stripped core-
evolved secondary and which is evolving toward an AM
CVn-type CV. Such a condition might be a fascinating pos-
sibility to explain why RZLMi has an exceptionally high
M for its P,.

3.5 Secular variation of supercycle

As discussed in subsection 3.1, it is likely that RZLMi
changed M by a factor of ~2 in the last two decades.
In recent years, a transition from the NL (permanent
superhumper) state to the ER UMa-type state was dis-
covered in BKLyn (Patterson et al. 2013; Kato et al.
2013a). Patterson et al. (2013) proposed, based on the
potential identification with an ancient classical nova in

101, that ER UMa stars are transitional objects during the
cooling phase of post-eruption classical novae [the idea
was not new and it was already proposed in Kato and
Kunjaya (1995) and Osaki (1995a)]. Following this inter-
pretation, Otulakowska-Hypka and Olech (2013) studied
ER UMa-type objects and found a secular increase of the
supercycle in most typical ER UMa-type objects. RZLMi
was included, and Otulakowska-Hypka and Olech (2013)
gavea P of the supercycle of (5.0 4£1.9) x 10~*in 18 yr. We
should note that Zemko, Kato, and Shugarov (2013) also
studied variation of supercycles in ER UMa and reported
that supercycles vary in a range of 43.6-59.2 d with shorter
time-scales of 300-1900 d. A secular increase of the super-
cycle was also statistically meaningful in that work (Zemko
et al. 2013).

The conclusion of Otulakowska-Hypka and Olech
(2013), however, was only based on the variation of super-
cycles, and they disregarded the possibility that the super-
cycle can also increase if M increases toward M., since
there is a minimum in the supercycle as M increases [cf.
the right-hand branch of figure 1 in Osaki (1995a); see also
subsection 3.1]. As this is apparently the case for RZ LMi,
we studied the secular variation of supercycles in RZ LMi.
We summarize the result in table 1 [the data in Kato et al.
(2013a) also used AAVSO observations]. When raw data
were not available, we measured the fraction of superout-
burst and duty cycle by eye from the figures in the papers
listed in the table. The data for 1986-1989 (Shugarov) were
too sparse to determine the supercycle and only the duty
cycle was estimated. The data for 1987-1988 (Kato) were
visual observations. The supercycle was determined from
seven well-defined bright outbursts. The duty cycle was
probably underestimated due to the insufficient detection
limit of visual observations. For AAVSO observations, the
fraction of superoutbursts could be determined only to 0.05
since most of the data were randomly sampled snapshot
observations.

It has became apparent that the supercycle was not
stable as had been supposed in Robertson, Honeycutt, and
Turner (1995) and Olech et al. (2008). The supercycle at the
time of Robertson, Honeycutt, and Turner (1995) probably
reached the historical minimum. It was likely the super-
cycle once lengthened to as much as ~24 d before 2013,
but it returned to 19-20d. This behavior probably gave
the impression that the supercycle is globally constant if
seen in long time-scales, such as several years. The situation
changed in 2016 when the supercycle strongly increased.
This increase was associated with the increase of the frac-
tion of superoutburst and the duty cycle, indicating that
M increased despite the lengthening of the supercycle [con-
trary to the conclusion by Otulakowska-Hypka and Olech
(2013)]. Although the situation before 2016 was less clear,
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Table 1. Supercycles of RZ LMi.

Year JD range* Supercycle Fraction of Duty cyclef Nights Source
(d) superoutburst
1984 45699-45851 19.6(1) 0.4 0.53 30 This work (Shugarov)
1984-1985 46019-46230 19.5-21.5 0.35: 0.39 31 This work (Shugarov)
1986-1989 46468-47682 — — 0.6 7 This work (Shugarov)
1987-1988 47151-47318 22.5(9) — 0.39 52 This work (Kato)
1992-1995 48896-49723 18.87 0.4 0.5 — Robertson, Honeycutt,
and Turner (1995)
2004-2005 53027-53519 19.07(4) 0.4 0.4 — Olech et al. (2008)
2005-2006 53644-53884 19.7(1) 0.45 0.58 89 AAVSO
2006-2007 54041-54254 20.75(4) 0.40 0.55 113 AAVSO
2007-2008 54374-54626 21.3(1) 0.45 0.55 100 AAVSO
2008-2009 54749-54988 21.7(1) 0.40 0.31 96 AAVSO
2009-2010 55146-55334 24.3(1) 0.35 0.52 58 AAVSO
2012 55985-56070 21.61(2) 0.55 0.46 76 Kato et al. (2013a)
2012-2013 56273-56473 22.83(1) 0.50 0.62 149 This work
2013-2014 56563-56819 20.8(1) 0.40 0.48 151 This work (Neustroev),
AAVSO
2014-2015 56930-57178 19.9(1) 0.45 0.55 96 AAVSO
2016 57416-57451 35 0.60 0.50 28 This work
2016 57451-57483 32 0.81 0.74 31 This work
2016 57483-57543 60 0.80 0.83 54 This work
*JD—-2400000.
fObject brighter than 15.0 mag.
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in contrast to 12-13d in other superoutbursts in 2013;
a mean value of supercycles in 2013 is given in table 1). It
was likely that M temporarily increased also in 2013. In the
2013-2014 season, the durations of superoutbursts again
decreased to shorter than 12 d (figure 14) while supercycle
lengths remained short (~21d).

As far as RZLMi is concerned, M is not secularly
decreasing as in the scenario given by Patterson et al. (2013).
Among other ER UMa-type objects, BK Lyn returned to

Fig. 14. Overall light-curve of RZLMi in 2013-2014. The data were binned
to 0.03d. (Color online)

its original NL state in late 2013 and the ER UMa-type
state was only transiently present (Kato et al. 2013a). As
discussed in Kato et al. (2013a), the hypothetical cooling
sequence from NL objects - ER UMa-type DNe — ordi-
nary SU UMa-type DNe after nova eruptions as proposed
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by Patterson et al. (2013) is not very consistent with obser-
vational statistics, since such a cooling sequence would pre-
dict a large number of intermediate (having much more
slowly cooling white dwarfs) objects between ER UMa-type
DNeand ordinary SU UMa-type DNe, while observations
could not confirm a large number of such objects. As seen in
ER UMa, BK Lyn, and RZ LMi, the M variations look more
irregular with time-scales of several years and it looks like
that the majority of variations in outburst activities in these
systems does not reflect the secular M variation as proposed
by Patterson et al. (2013). As this paper has shown, the high
activity of RZLMi may be a result of a rare evolutionary
condition with a relatively massive secondary. In such a

case, we may not require a nova eruption to produce an
object like RZ LMi.

4 Summary

We observed RZ LM, which is renowned for the extremely
(~19d) short supercycle and is a member of a small,
unusual class of CV called ER UMa-type DNe, in 2013
and 2016. In 2016, the supercycles of this object sub-
stantially lengthened in comparison to the previous
measurements to 35, 32, and 60d for three consecutive
superoutbursts. The durations of the superoutbursts also
lengthened and they composed 60%-81% of the super-
cycle. Such long durations of superoutbursts have never
been observed in this object, and we consider that the object
virtually experienced a transition to the NL state (perma-
nent superhumper). This observed behavior reproduced the
prediction of the thermal-tidal instability model made by
Osaki (1995a) extremely well. We estimated that in 2016,
the mass-transfer rate of RZLMi reached 97%-99% of
the thermal stability limit, and that it was about two times
larger than the value in the past.

We detected a precursor in the 2016 superoutburst
and detected growing (stage A) superhumps in 2016 and
in 2013. We estimated their period to be 0.0602(1)d.
This makes the second case in which growing superhumps
were confidently recorded in ER UMa-type DNe during the
sequence of the precursor and the main superoutburst. We
also detected post-superoutburst superhumps immediately
after a superoutburst in 2013 with a period of 0.05969(2) d.
Since both stage A superhumps and post-superoutburst
superhumps can be considered to reflect the dynamical pre-
cession rates, we can derive the relation between the mass
ratio and the radius of the post-superoutburst. The result
suggests that the mass ratio is not as small as in WZ Sge-type
DNe, having orbital periods similar to RZ LMi.

By using Lasso two-dimensional power spectra, we
detected possible negative superhumps with a period of
0.05710(1) d. By combination with the period of ordinary

superhumps, we estimated the orbital period of 0.05792d.
The period of stage A superhumps, combined with this
orbital period, suggests a mass ratio of 0.105(5). This rel-
atively large mass ratio is consistent with the rapid growth
of superhumps. This mass ratio is even above ordinary
SUUMa-type DNe, and it is also possible that the excep-
tionally high mass-transfer rate in RZ LMi may be a result
of a stripped core evolved secondary in a system evolving
toward an AM CVn-type object.

An analysis of historical records of supercycles in this
system suggests that the variation of the outburst activity is
sporadic with time-scales of years and it does not seem to
reflect the secular variation caused by evolution.
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FEHR RS

WER, KHF, W, KA, HEE, FARE

B ok RSCHEFURT, Bk 32001)

TE: &9 “HPRRE” KT AT AR ST E AT G5 35 R 1L A 5355 b X BE AR AT L,
Wi 2862 m , HATE 7 G (B 1 m BHiEs) , LAEREEROLFRICEM. WIERE
BERAERAN 2 m B, NMATERRERIRE. PSR,

x B A KXEH; KXE; EHms

TESES: Pl12 ERFRIRTG: A

1 3

a3

B R RICHFFEATOL T 1992 4F, NG EEFE R R SHF R, N
PR TR E L, A T R E AR, BT, LA RR,
FELDVES R T E W HERUEFHNER, THRARIFCHER. KFTRERKERE T
Higwtsesh, DOBH SR E, FIRHBRR & & E IR i G AT IR 78, JF
Z 52 EREE IR, LS8R S B E I E AR KRR . fESEBE MR E
EEISCHREN, BL RS RICEHF TR N S R A, SR EA VR AR R S & P
IIBAT V5 R SC A ARNUAE 5 FH 18 R SOt 9 it 5 W e

BV oYK aE” R TR (1958—1965) HLdA KCE, 1977 4F “HRau k2 4
B ALY IS R TO . 1981 FAERF BN R CERK B w e ~, TR —ET0
MWET “PR” KRG, MHEEERBIEA A (Perkin-Elmer) §ili& ) 60 cm 55 FE 4
(Cassegrain) O NG, ZHE@BET ST 20 R (A2 i8R R Ems:, A
HE L flidr. “hR” RXERNEESE —BEAARCH AR BRGEN R E, P
A TR AR TR LIS 2013 FAED H SR R RIS SR T, “HR” R
BHT TG, BUEATTRS R Mg .

BT X Rk g, “HoR” RN ESIRIER N, JeFEim g E, “hR” R
G EANES NF RSN TT, 207 BHEAK N S, 1990 FAE G “ERS” SCf

BFAEE: MZEH, hclin@astro.ncu.edu.tw
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T BRI IR AT SIS R G IR THR, T REARHT L 15 B — I Ik g AT i B AT
R LES . D15 3 T E (seeing)s M. WA SEFMHEE, HE K LA
Fel I REAR AT LR R IR B dE. 1997 3R G “RSHRIZE” BT, MERERE B R
X H SLT, 1999 H58 T, 24 HATEIHER 76 cm BRI (SLTT76); 2000 FHF MG
AWM, 2 EARR SC & W B EE B 1 & FEERIE. PR G W FE T, R R T2l
5% RN, X G RERR S RS R T BB, 7FAmEE L
BRI R R RIMIEE T, 2002 FFEE G EKH DR ER 1 m Bigs (LOT),
FEEAFETFEMN. BATIEE) 2 m Himsi i . EARRCE SEE LA 1.

Bl EMAXESEE

2 JEMRXG

JEM RS G AT T B a1l 2 FE B B b X R REAR R 1L, ¥4k 2 862 m, AL
BONARZ 12005225 B, 6% 23°28'07” N, 2 G E2 e R0, th & B A
ZAZFERIEFENEE ZFVH RN E X, b bArdbm i, BnRMARERAD, X
RAEME S, JLPERAEE, JOUE R, dTiEks, KAORE, RN, KT
BRI, AR S5 R T, %l LT P I ME 4 0 1.3977, TR REN: U =
(21.78 +0.30) mag/arcsec?, B = (22.01 £0.08) mag/arcsec?, V = (21.28 £0.06) mag/arcsec?,
R = (20.91 % 0.05) mag/arcsec?, I = (19.40 + 0.06) mag/arcsec?  , FFATFHIA A 1 450 h
(K2), #9180 & (LAEEME 8 b it), BUFRIMINZETT REFEMKESLE (WK 3).
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3 BMRX & AFHMNET ST B (2003—2014)

HATHEEH AR 1 m @4 (LOT) « TAOS 1IN 4 0.5 m HAIHEITE. 0.4 m Himh
(SLT40). 0.35 m B4 (L35), 7 GFHEme. WINEA “MIIR%” Rk R ik
SR 55 ARARAR TG 28 F AT R 48 (ELF). “rfrsoR2:” R AT A2 RARNL. AR A0
TN R G K “ A RE” A2 BUE Sl (LABS) SR KA KR TT
Wit

JEMRR S & B HE 2 BFH /N Y B e B R 6 v WL 2 A A 5. RA /N B B B B A
I (] 3G, b KA B e o0 Ho itk T SIS RIS, MM A E EEIAR FERYE
TAh, PRET DOV B K e R X, FREE BRI R SO R (W 2 &S &%), 5
FRRICEGAED U, 7E A2 BRI SOOI P 0K 2 5 b THT R B 0 00 v o5 40 AN ] sl /> (1)
L& Bil4n 2006 F “HoR” RICHFFUT SN E B R 33 02 BRI (Pan-STARRS: the
Panoramic Survey Telescope And Rapid Response System). [F AHLEEAE IR R, AR K
X E MR FRE R RIE Rz BRI P S BRI R IR L A EERSITEFERNRSORESE
EMR LG afiE T 2mask: HERKIMTE. BERIENE. BERIEE. §EKI
U/ NAT B G E FEEAT /IMT B i £
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2.1 fE#M 1 m BimiE (LOT)

JEAR 1 m BithE (LOT) J& H il 6 AR K s A A 2 o i (W 4), Ty FE4%
MG HOC S RS, A& RIFHDG AR, SRR ENIBEERE, B&F CCD MMl 1Ko
R WE AL K = A fm R 551X (TRIPOL2: Tri-range Imager and Polarimeter 2). JEAK 1
m B8 DA 2 U BOSUR LD N T B, TT R BB R 7E. [RIN AR 2 5 [ bRk
SCERTERY, WA BREmE B W (WET: The Whole Earth Telescope). 4¥kif)% BL
EARELE W (WEBT: The Whole Earth Blazar Telescope). 4% R4MT 2 211X YETI
(Young Exoplanet Transit Initiative) %,

B 4 FEF 1 m BE@E (LOT)

2003 fEREMR 1 m BB IAMIL I 265 (gamma ray bursts, GRB) Y& & MM 4751,
H5 R — L R E A AF AL AR AN 5 262 Wl Y (EAFON: East-Asia GRB Follow-up
Observation Network), 3 FN I 15 A6 RIE. 2004—2007 4 GV 28R 14
(Taiwan Supernovae Survey) MM LOT #HAT##H 218K TAE, LRI T 15 B A, &4
BHE YA T U RIZE LOT Eif7, 10 Rk R Vi E RV e (WE 5). fERF T
ZAMUSTHRR &R RSO 52 2
2.2 TAOS itxl

TAOS (The Taiwanese-American Occultation Survey) THE&I|H &7 “H A7 ” K
SRS BRRE ST, ROR A7 RSCHEE P, 56 [ G A SR B AL RS B bt B i [ E R
FIE S, HRETINA -SRI HHE T DL IR AL EARZ 1 km BN BURAK. ATHRiIFE
V93 0.6 m H BT EE, o M 0 5T o 2 S 45 3 T BT ARty 1R K B R R AR I8 7 15 5t
fH G E IR, 2005 FETFMRIEH:, 6 fFERMINSE SR BoR, KB RAMEIRAR I HcE Lt
FLEFIR AT EE D PR R EAR KT 500 m BIRTGHA T RAAKEE BT 177 L
BR™. H#T TAOS T4 C 8% —Et%, F—RM% TAOS II %l (Transneptunian Automated
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B 5 ReHERXE SCIiExX#Hgit

Occultation Survey) #4741 %76 5 Baja California fJ OAN K&,
2.3 SLT40 BiniE

T B 76 cm B8 (SLT76) AAEVF 2 MMM L. 2005 4% SLT76 HimGifbr /5
FEEEA MBI TR 23 7 —242 40 em B4, 2006 EIFIHBEAT MK R itRI (LUSS) # F-K
FHAR /DN RAK, 3 MR ILR I 800 ZW/MTE. HFH 300 ZHMORBAKAHR ST, MrA
KRIECHE S AT 50, AR SCE KIL/MTREHITCOH 80 2R EK A4, IMTREA
WA A GV, WG AY. FE. ., KRR R . 2007 4F LUSS &R L
£ (C/2007 N3) H5iEth/MT A (2007 NL1), ZEEERm4 N “BHRER” (Comet Lulin).
LUSS RIS 55, 2010 42 SLT40 Lk TSR, 8 pK i m TAE" .

3 ARKH

HET K7 RICHFUITIES )T GE RN 2 m B i, 2 m Bagiitdlhy “f
PR R bR — TR R TARBIE FE Ok R Wt Rz —, e #EE EE T4
Bho 2 m BIZGEICRE N 1 m BT 4 . FUHECA DY G R 20 B A, WLk mT b
LOT fem— Mg, N EIRLLIMANL. k2 m Hmb @ s, TR SEALN
HeE AL ST, I8 B PR VR 46 R R SO BB 1 T 2% DA R B R ST N AR g™

S MK

[1] http://www.astro.ncu.edu.tw/, 2016

(2] ZOCHE. WERUT T, 1998, 20(4): 486

[3] Kinoshita D, Chen C W, Lin H C, et al. Chinese Journal of Astronomy and Astrophysics, 2005, 5(3): 315
[4] http://taos.asiaa.sinica.edu.tw/tw/index.php, 2016

[5] http://taos2.asiaa.sinica.edu.tw/tw/index.php, 2016

[6] http://nrch.culture.tw/twpedia.aspx?id=1161, 2016
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(7] BEHE. WERUT T, 2009, 31(3): 252

An Introduction of the Lulin Observatory

LIN Hung-chin, CHANG Ming-hsin, CHANG Kuang-shiang,
CHANG Yung-hsin, LIN Chi-sheng, HSIAO Hsiang-yao

(Graduate Institute of Astronomy, “Central University”, Taoyuan 820011)

Abstract: Graduate Institute of Astronomy, “Central University” (IANCU) is the first as-
tronomy graduate program in Taiwan. The institute operates the Lulin Observatory, hosting
a 1-m, a 0.4-m, a 0.35-m and a TAOS array of four 0.5-m telescopes. These facilities serve the
faculty and students for education and basic research uses. Established in 1999, Lulin Obser-
vatory is the unique observatory in Taiwan dedicated to research and advanced education in
astronomy. With an elevation of 2 862 m above sea level, Lulin observatory is located at the

geometric center of the island. A 2-m telescope is being planned at Lulin.

Key words: astronomical site; observatory; telescope
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EMAR S S BUHIR Bt (2003-2016)
PRI - AREIRE - PRRE

FEMRR S E H 2002 4 9 ABAE A B HEE > 2003 FREM—KEEF(LOT) L4 fliaA IR EdC
g% AT BHSERREMRIHRY ISRIRML » #K 2003-2016 3 14 FEAVATEHEER - BEMASLE T FHIBUNIIRF B
By 1437 /NEf o —4En] 53 Ry PO(EBUHIZ -

AEERNIZ ¢ 10-12 A -

KERNZ 13 H -

EAEEMZE ©4-6 A - 4 HRIGHEARZE > 5-6 A28 > KAaE ©

TEBMNZE - 79 H - TEZRE KRR E > RRE(LA - IWNEFERREAE - Fif A
HRFFEIEER R -

sEAlSE T ER R At T

* 1 FHEMNREESET (2003-2016)

Month 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Average

1 7875 125 163.25 129 12732 179 23452 2069 90.8 113.42 153.58 269.62 188.55 754 155.93
2 1425 14598 94.75 149 128,55 11825 1657 100.6 123.8 64.88 183.63 109.8 131.65 60.25 127.29
3 1475 163 143 126.05 1164 1385 146.75 1813 759 16823 13426 78.7 111.1 72.8 13497
4 1265 1105 14475 86.8 53.75 8525 718 75.8 151.45 32.75 5583 13595 124 829 94.26
5 129.75 106.25 136.25 59.5 106.6 98.25 1674 86.05 56.6 743 41.02 324 642 86.05 91.20
6 24 133 45 39.3 54 37 8175 265 615 3515 80.14 337 1469 114.05 5425
7 2225 48 167.75 91.57 12888 884 76.6 99.85 81.75 1064 88.05 114.65 87.45 123.95 109.53
8 13775 142 76  111.65 56.6 11895 6.8 983 979 357 722 1109 451 61 88.73
9 142 116 12925 60.05 69.55 59.8 0 109.95 90.1 117.35 107.84 13439 9325 4285 94.69
10 149.25 219.75 210.25 150.6 172.63 191.38 175.6 139.8 136.95 214.51 200.57 23233 1454 1422 182.80

11 166.5 214.5 216.25 71.75 160.55 152.55 175.8 163.65 872 93.81 136.1 166.15 197.05 171.85 150.40
12 271.5 232.45 129 132 261.09 211.17 169.8 169.65 115.25 132.21 86 ‘137.3 161.2 193.27 170.62

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 1437.73

* 2009 FRZEA TR R VRS - B/\H/\HREZE+ A 04 2 i H ISR TEiEE - 4
B - 2L 2009 S22~ TUHBUAREIR D > 2/ 0 -
** Average {H R flIFR s Mo (BRAE IR B3 -

<140>



2000
1800
1600
1400
1200

2]
51000
o

T 800

s 600

Qo
=400
200

LOT Yearly Observing Hours

17385 175643

2003

'S)

2004 2005 200

[655.5

]55529 1408 g8

143502 HATE S AT 52 145535

1336.22

(@)

2007 2008 2009 2010

-]

016

Year

[ 1 BRSSP R S HE] (2003-2016)

200
180
160
140
120
100

Hours

80
60
40
20

Lulin Monthly Average Observing Hours

155.58

168.28
155.81

133.95

128.23

179.07
97.36 08.87
87.16 87.37

102.85
57.00

11 12

4 5 6 8 9 10

Month

& 2

EEM RSB H S PHBUI Bdeat i (2003-2016)

<141>




BARE > - B SR AT 2016

{53 B SENE
20160101 R 2
20160102 REREGWER 2
20160201 BRI 80
20160203 JE—z iR 60
20160228 PN SN & A 38
20160305 B %ﬁﬁiiﬁ 18
20160320-21 NHK ## 4
20160409 1 HE EP 12
20160418 LR B S S 35
20160514 FUBRER 38
20160522 RS A REE T 30
20160609-10 TR R R 9
20160610 BIE R CREE TR+ 8RR S 23
20160616 TEARBEEEH 16
20160628-29 R RS 18
20160704 SMILE #7722 29
20160719 R BERELH 13
20160722 S 3
20160727 BT EERR RN 16
20160729 = RS 9
20160730 HrEEes 62
20160731 TRICHF LR R ER T 24
20160805 R A 12
20160806 BRI 93 PR e 41
20160813 Bl RS 30
20160814 BERDLE 21
20160821 RREERE 40
20160924 EERE+EACE 22
20161002 Bign FERE(GEILT O E) 20
20161105 HADLE 49
20161105 RN 17
20161126 BB AR S 10
20161219 SN 1= 4
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2017/4/1 https://gcn.gsfc.nasa.gov/gen3/19575.gcn3

TITLE: GCN CIRCULAR

NUMBER: 19575

SUBJECT: GRB 160624A: Lulin observation

DATE: 16/06/25 15:01:46 GMT

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

A.K.H. Kong (NTHU), M.Y. Lee, Y.-M. Lin (TFGHS), X. Hou (NTHU/YAO),
C.Y. Liu (NTHU)

We observed the field of GRB 160624A (D'Ai et al. GCN #19560) with the
1m telescope at the Lulin Observatory in Taiwan. We obtained a 600-s
image with the SDSS r-band filter on 2016 June 24, 17:32 UT (~ 6 hours
after the burst). Apart from the possible host galaxy that is also
seen in SDSS (Cucchiara et al. GCN #19565), no new point source was
detected at the enhanced XRT position (Beardmore et al. GCN #19566)
with r > 22.2 mag.

<143>
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