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ABSTRACT

We report a characterization of the multi-band flux variability and correlations of the nearby
(z=0.031) blazar Markarian 421 (Mrk 421) using data from Metsähovi, Swift, Fermi-LAT,
MAGIC, FACT and other collaborations and instruments from November 2014 till June 2016.
Mrk 421 did not show any prominent flaring activity, but exhibited periods of historically
low activity above 1 TeV (F>1TeV < 1.7×10−12 ph cm−2 s−1 ) and in the 2-10 keV (X-ray) band
(F2−10 keV <3.6×10−11 erg cm−2 s−1 ), during which the Swift-BAT data suggests an additional
spectral component beyond the regular synchrotron emission.The highest flux variability occurs in X-rays and very-high-energy (E>0.1 TeV) γ-rays, which, despite the low activity, show
a significant positive correlation with no time lag. The HRkeV and HRTeV show the harderwhen-brighter trend observed in many blazars, but the trend flattens at the highest fluxes,
which suggests a change in the processes dominating the blazar variability. Enlarging our data
set with data from years 2007 to 2014, we measured a positive correlation between the optical
and the GeV emission over a range of about 60 days centered at time lag zero, and a positive
correlation between the optical/GeV and the radio emission over a range of about 60 days
centered at a time lag of 43+9
−6 days.This observation is consistent with the radio-bright zone
being located about 0.2 parsec downstream from the optical/GeV emission regions of the jet.
The flux distributions are better described with a LogNormal function in most of the energy
bands probed, indicating that the variability in Mrk 421 is likely produced by a multiplicative
process.
Key words: galaxies: active – BL Lacertae objects: individual: Mrk 421 – methods: data
analysis – methods: observational – radiation mechanisms: non-thermal
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INTRODUCTION

Markarian 421 (Mrk 421), located at a redshift z = 0.031 (Ulrich et al. 1975), is an extensively studied TeV source. It was
first detected as a TeV emitter by the Whipple telescope in 1992
(Punch et al. 1992). Mrk 421 is a BL Lac type object whose broadband spectrum is characterized by a double-peak structure, where
the first peak originates from the synchrotron radiation by leptons inside the jet. The origin of the second peak is believed to
be synchrotron self Compton (SSC) emission (Bloom & Marscher
1996; van den Berg et al. 2019), although hadronic scenarios (e.g.
Mannheim 1993; Mücke et al. 2003) have also been used to explain the high-energy emission of Mrk 421 (e.g. Abdo et al. 2011;
Petropoulou et al. 2016).
The light curve (LC) of Mrk 421 is highly variable, and it
has gone into outburst several times in all bands (radio to TeV)
in which it is observed. During an outburst, the TeV emission can
vary on sub-hour timescales (Gaidos et al. 1996; Abeysekara et al.
2020). Many attempts have been made to trace the ongoing physical processes inside the jet. The majority of the simultaneous multiwavelength (MWL) observations were performed during flaring
activity, when the VHE γ-ray flux of Mrk 421 exceeded the flux
of the Crab Nebula1 (there after 1 Crab) by 2–3 times, which is
the standard candle for ground-based γ-ray instruments (Macomb
et al. 1995a; McEnery et al. 1997; Zweerink et al. 1997; Krennrich
et al. 2002; Acciari et al. 2011a; Aleksić et al. 2015c). Only a handful of attempts have been made to study the broad-band emission
of Mrk 421 during non-flaring episodes. For instance, Horan et al.
(2009) report a very detailed study using MWL observations of
Mrk 421 that were not triggered by flaring episodes. But the VHE
γ-ray activity of Mrk 421 during this observing campaign (mostly
?

Corresponding authors: Biswajit Banerjee, Pratik Majumdar,
David Paneque, and Tomislav Terzić (e-mail:contact.magic@mpp.mpg.de)
1 The flux of the Crab Nebula, used in this work for reference purposes, is
retrieved from Aleksić et al. (2015a)

in 2006) was twice the typical VHE γ-ray activity of Mrk 421,
which, according to Acciari et al. (2014), is half the flux of the
Crab Nebula. Moreover, the data from Horan et al. (2009) actually
contained two flaring episodes, when the flux from Mrk 421 was
higher than double that of the Crab Nebula for several days. On the
other hand, Aleksić et al. (2015b) performed a study with the data
from a MWL campaign in 2009, when Mrk 421 was at its typical
VHE γ-ray flux level, and Baloković et al. (2016) reported an extensive study with data from 2013 January-March, when Mrk 421
showed very low-flux at X-ray and VHE.
One of the key aspects that has been investigated in several
past MWL campaigns on Mrk 421 is the correlation between Xrays and VHE γ-rays. A direct correlation between these two wavebands has been reported in several articles (e.g. Macomb et al.
1995b; Buckley et al. 1996; Albert et al. 2007; Fossati et al. 2008;
Donnarumma et al. 2009; Abdo et al. 2011; Acciari et al. 2011b;
Cao & Wang 2013; Aleksić et al. 2015c; Bartoli et al. 2016). However, almost all of these studies were carried out during flaring
activity. There are only two cases which report such a correlation during low activity without flares: Aleksić et al. (2015b) measured the VHE/X-ray correlation with a marginal significance of
3 σ, and Baloković et al. (2016), report the VHE/X-ray correlation
with high significance despite the low-flux in X-ray and VHE γrays thanks to the very high sensitivity NuSTAR and stereoscopic
data from MAGIC and VERITAS. The emission among the other
energy bands appears to be less correlated than that for the X-ray
and VHE bands, and Macomb et al. (1995b), Albert et al. (2007),
Cao & Wang (2013) and Baloković et al. (2016) reported no correlation between the optical/UV and X-rays and the optical/UV and
TeV bands during low states of the source.
Using data taken in 2009, Aleksić et al. (2015b) found a negative correlation between the optical/UV and the X-ray emission.
The cause of this correlation was the long-term trend in the optical/UV and in X-ray activity; while the former increased during
the entire observing campaign, the latter systematically decreased.
MNRAS 000, 1–43 (2020)
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This correlation was statistically significant when considering only
the 2009 data set but, using data from 2007 to 2015, Carnerero et al.
(2017) did not measure any overall correlation between the optical
and the X-ray emission. On the other hand, Carnerero et al. (2017)
did find a correlation between the GeV and the optical emission.
This correlation study used the discrete correlation function (DCF,
Edelson & Krolik 1988) and identified a peak with a DCF value of
about 0.4, centered at zero time lag (τ) but extending over many
tens of days to positive and negative values. However, the statistical significance of this correlation was not reported. As for the
radio bands, the 5 GHz radio outburst lasting a few days in 2001
February/March, and occurring at approximately the same time as
an X-ray and VHE flare, was reported by Katarzyński et al. (2003)
as evidence of correlation without any time lag between the radio and X-ray/VHE emission in Mrk 421. But the statistical significance of this positive correlation was not reported. As there were
many similar few-day X-ray and VHE flares throughout 2001, but
only a single radio flare, the claimed correlation may simply be
chance coincidence. Using the low activity data taken over almost
the whole year 2011, Lico et al. (2014) reported a marginally significant (≤ 3σ) correlation between radio very long baseline interferometry (VLBI) and GeV γ-rays for a range of about ±30 days
centered at τ=0. Max-Moerbeck et al. (2014), however, reported a
positive correlation between the GeV and radio emission at τ ∼ 40
days. However, the correlation reported there was only at 2.6 σ significance , and was strongly affected by the large γ-ray and radio
flares from July and September 2012, respectively (Max-Moerbeck
et al. 2014).
Overall, the broadband emission of Mrk 421 is complex, and a
dedicated correlation analysis over many years will be necessary in
order to properly characterize it. It is relevant to evaluate whether
the various trends or peculiar behaviours, sometimes reported in
the literature with only marginal significance, are repeated over
time, and also to distinguish the typical behaviour from the sporadic
events. For the latter, it is important to collect multi-instrument data
that are not triggered or motivated by flaring episodes. A better understanding of the low-flux state will not only provide meaningful
constraints on the model parameters related to the dynamics of the
particles inside the jet, but also will provide a baseline for explaining the high-state activity of the source.
The study presented in this paper focuses on the extensive
MWL data set collected during the campaigns in the years 2015
and 2016, when Mrk 421 showed low activity in both X-rays and
VHE γ-rays, and no prominent flaring activity (>2 Crabs for several days) was measured. We characterize the variability using the
normalized excess variance of the flux (Vaughan et al. 2003) for
the X-ray and TeV bands split into two hard bands (2 − 10 keV
and >1 TeV) and two soft bands (0.3 − 2 keV and 0.2 − 1 TeV).
We use these bands to compute HRkeV and HRT eV to evaluate the
harder-when-brighter behaviour of the source. Using this data set,
we present a detailed correlation study for different combinations
of wave-bands. In order to better evaluate the correlations among
the energy bands with lower amplitude variability and longer variability timescales, we complemented the 2015–2016 data set with
data from previous years (from 2007 to 2014). A fraction of these
data had already been published (Aleksić et al. 2012, 2015c; Ahnen
et al. 2016; Baloković et al. 2016), and the rest were specifically
collected and analyzed for the study presented here.
This paper is arranged in the following way: in Section 2 we
describe the instruments that participated in this campaign, the data
analysis methods used for each energy band, and and a summary of
the observed MWL data. In Section 3, we discuss the main characMNRAS 000, 1–43 (2020)
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teristics of the MWL light curves from the 2015–2016 campaign.
In Section 4 and 5, we discuss the different aspects of the MWL
variability and correlation study that we carried out. In Section 6
we characterize the flux distributions in the different wave-bands,
and in Section 7 we discuss and summarize the main observational
results from our work.

2

OBSERVATIONS AND DATA ANALYSIS

The temporal and energy coverage provided by the MWL observations from the two-year period reported in this paper, i.e., from
2014 November to 2016 June, is depicted in Fig. 1. We note that
there is a period of about 6 months (approximately from 2015 June
to 2015 December) when the Sun is too close to Mrk 421, which
prevents observations at optical and VHE γ-rays (e.g. with MAGIC
and FACT), and even observations at soft X-rays with Swift. During
this half year period, Mrk 421 can only be observed at radio, hard
X-rays and HE γ-rays, as shown in Fig. 1. In the subsections below,
we discuss the instrumentation and data analyses used to characterize the emission of Mrk 421 across the electromagnetic spectrum,
from radio to VHE γ-rays.

2.1

Radio

The study presented here makes use of radio observations from the
single-dish radio telescopes at the Metsähovi Radio Observatory,
which operates at 37 GHz, at the Owens Valley Radio Observatory
(OVRO, at 15 GHz), and the Medicina radio telescope, which provides multi-frequency data at 5 GHz, 8 GHz, and 24 GHz. The data
from OVRO were retrieved directly from the web page of the instrument team2 , while the data from Metsähovi and Medicina were
provided to us directly by the instrument team. Mrk 421 is a point
source for all of these instruments, and hence the measurements
represent an integration of the full source extension, which has a
larger size than the emission that dominates the highly variable Xray and γ-ray emission, and possibly also the optical emission. Details of the observation and data analysis strategies from OVRO
and Medicina are reported in Richards et al. (2011) and Giroletti &
Righini (2020), respectively. As for Metsähovi, the detection limit
of the telescope at 37 GHz is in the order of 0.2 Jy under optimal
conditions. The flux density scale is set by observations of DR 21,
and the sources NGC 7027, 3C 274, and 3C 84 are used as secondary calibrators. The error estimate on the Metsähovi flux density includes the contributions from the rms measurement and the
uncertainty in the absolute calibration. A detailed description of
the data reduction and analysis is given in Teraesranta et al. (1998).
In this particular analysis, as is done in most analyses, the measurements that do not survive a quality control (usually due to unfavourable weather) are discarded semi-automatically. In the final
data reduction, the measurements are checked manually, which includes ruling out bad weather conditions or other environmental
effects such as, e.g., a rare but distinct flux density increase caused
by aircraft in the telescope beam. Additionally, the Metsähovi team
also checked that the general flux levels are consistent for adjacent
measurements (i.e. other sources observed before and after the target source).
The study also uses the Very Long Baseline Array (VLBA)

2

http://www.astro.caltech.edu/ovroblazars/index.php?
page=home
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Observation
conditions

Low-Moon

Low-zenith (5◦ − 35◦ )
Medium-zenith (35◦ − 50◦ )
High-zenith (50◦ − 62◦ )

∼30.0 hrs
∼4.0 hrs
1.0 hrs

3NN
Moderate-Moon
∼10.0 hrs
∼1.0 hrs

High-Moon
∼6.0 hrs
∼1.0 hrs
2.0 hrs

4NN
Low-Moon
∼7.0 hrs
∼2.0 hrs

Moon filter

∼3.0 hrs

Table 1. Observation conditions at VHE γ-rays with the MAGIC telescopes during the 2015–2016 campaign. Apart from the standard data (3NN), a subset
was taken without a coincidence trigger and a 4NN single-telescope trigger logic. See Section 2.5 for details.
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Figure 1. Multi-instrument temporal coverage of Mrk 421 during the 2015–2016 observation campaign.

total and polarized intensity images of Mrk 421 at 43 GHz obtained
within the VLBA-BU-BLAZAR program of ∼monthly monitoring
of a sample of γ-ray blazars3 . The source was observed in a shortscan mode along with ∼30 other blazars over 24 hrs, with ∼45 min
on the source. A detailed description of the observations and data
reduction can be found in Jorstad et al. (2017). The analysis of the
polarization properties was based on Stokes Q and U parameter
images obtained in the same manner as described in Jorstad et al.
(2007).

2.2

Optical

In this paper, we use only R-band photometry. These optical data
were obtained with the KVA telescope (at the Roque de los Muchachos), ROVOR, West Mountain Observatory, and the iTelescopes
network. The stars reported in Villata et al. (1998) were used for
calibration, and the coefficients given in Schlafly & Finkbeiner
(2011) were used to correct for the Galactic extinction. The contribution from the host galaxy in the R band, which is about 1/3 of
the measured flux, was determined using Nilsson et al. (2007), and
subtracted from the values reported in Fig. 2. Additionally, a pointwise fluctuation of 2 per cent 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.

3

2.3

Neil Gehrels Swift Observatory

This study uses the following instruments on board the Neil Gehrels
Swift Observatory (Gehrels et al. 2004):
2.3.1

UVOT

The Swift UV/Optical Telescope (UVOT; Roming et al. 2005) was
used to perform observations in the UV range (with the filters W1,
M2, and W2). For all of the observations, data were analyzed using
aperture photometry for all filters using the standard UVOT software distributed within the HEAsoft package (version 6.16), and
the calibration files from CALDB version 20130118. The counts
were extracted from an aperture of 5 arcsec radius, and converted
to fluxes using the standard zero points from Breeveld et al. (2011).
Afterwards, the fluxes were dereddened using E(B − V) = 0.012
(Schlafly & Finkbeiner 2011) with Aλ /E(B−V) ratios calculated using the mean Galactic interstellar extinction curve reported in Fitzpatrick (1999). Mrk 421 is on the “ghost wings” (Li et al. 2006) of
the nearby star 51 UMa in many of the observations, and hence the
background had to be estimated from two circular apertures of 16
arcsec radius off the source, symmetrically with respect to Mrk 421,
excluding stray light and shadows from the support structure.

http://www.bu.edu/blazars/VLBAproject.html
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Figure 2. From top to bottom: light curves of MAGIC, FACT, Fermi-LAT, Swift-BAT, -XRT, and -UVOT, optical R-band telescopes (KVA telescope at the Roque de los Muchachos, ROVOR, Brigham, New Mexico
Skies and the iTelescopes), Metsähovi, OVRO, and Medicina from 2014 November to 2016 June. A 3-day temporal bin has been used for the HE γ-ray fluxes from Fermi-LAT and hard X-ray fluxes from Swift-BAT.
For all of the other energy bands, individual single night observations are depicted. The vertical dashed red lines represent interesting flux variations discussed in Section 3. The LCs from FACT and R-band are scaled
by a factor of 0.5 for better visibility. In the top panel, horizontal blue and red lines represent the flux of the Crab Nebula above 1 TeV and above 0.7 TeV energy (the latter one scaled by a factor of 0.5), respectively.
The horizontal line in the second panel from the top represents the the flux of the Crab Nebula in the 0.2 − 1 TeV energy band. The open markers in the MAGIC (>1 TeV), FACT, LAT, BAT, and Metsähovi light
curves are used to display flux measurements with a relative error larger than 0.5.

Mrk 421 during low activity in 2015–2016

8
Flux (x10 10)
Flux (x10 9) Flux (x10 3) Flux (x102 )1 Flux (x10 8) ph cm 2s 1 Flux (x10 11)
ph
cm
s
2
1
2
1
erg cm s cts cm 2s 1
ph cm s
ph cm 2s 1

5

2.5

Flux (mJy)

MNRAS 000, 1–43 (2020)

2014/12/01 2015/01/01 2015/02/01 2015/03/01 2015/04/01 2015/05/01 2015/06/01 2015/12/01
+
+
+
+
+
+
+
+

6
2.3.2

V. A. Acciari et al.
XRT

The Swift X-ray Telescope (XRT; Burrows et al. 2005) was used
to perform observations in the energy range from 0.3 keV to
10 keV. All of the Swift-XRT observations were taken in the Windowed Timing (WT) readout mode. The data were processed using the XRTDAS software package (v.3.2.0), which was developed by the ASI Space Science Data Center (SSDC) and released
by HEASARC in the HEASoft package (v.6.19). The event files
were calibrated and cleaned with standard filtering criteria with
the xrtpipeline task using the calibration files available from
the Swift/XRT CALDB (version 20160609). For each observation,
the X-ray spectrum was extracted from the summed cleaned event
file. Events for the spectral analysis were selected within a circle
of 20-pixel ('46 arcsec) radius, which encloses about 90 per cent
of the point-spread function (PSF), centered at the source position.
The background was extracted from a nearby circular region of 40pixel 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.
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. The spectra were modeled in XSPEC using power-law and logparabola models that include a photoelectric absorption by a fixed
column density estimated to be NH = 1.92 × 1020 cm−2 (Kalberla
et al. 2005). The log-parabola model typically fits the data better than the power-law model (though statistical improvement is
marginal in many cases), and was therefore used to compute the
X-ray fluxes in the energy bands 0.3 − 2 keV and 2 − 10 keV, which
are reported in Fig. 2.
2.3.3

BAT

A daily average flux in the energy range 15 − 50 keV measured
by the Swift-BAT instrument was obtained from the BAT website4 . The detailed analysis procedure can be found in Krimm et al.
(2013). The BAT fluxes related to time intervals of multiple days
reported in this paper were obtained by performing a standard
weighted average of the BAT daily fluxes, which is exactly the same
procedure used by the BAT team to obtain the daily fluxes from the
orbit-wise fluxes.
2.4 Fermi-LAT
The GeV γ-ray fluxes related to the 2015–2016 observing campaigns were obtained with the Large Area Telescope (LAT, Atwood
et al. 2009) onboard the Fermi Gamma-ray Space Telescope. The
Fermi-LAT data presented in this paper were analyzed using the
standard Fermi analysis software tools (version v11r07p00), and
the P8R3_SOURCE_V2 response function. We used events from
0.2 − 300 GeV selected within a 10◦ region of interest (ROI) centered on Mrk 421 and having a zenith distance below 100◦ to avoid
contamination from the Earth’s limb. The diffuse Galactic and
isotropic components were modelled with the files gll_iem_v06.fits
and iso_P8R3_SOURCE_V2.txt respectively5 . All point sources in
the third Fermi-LAT source catalog (3FGL Acero et al. 2015) located in the 10◦ ROI and an additional surrounding 5◦ -wide annulus were included in the model. In the unbinned likelihood fit, the
4

http://heasarc.nasa.gov/docs/swift/results/transients/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html
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spectral shape parameters were fixed to their 3FGL values, while
the normalizations of the eight sources within the ROI identified
as variable were allowed to vary, as were the normalisations of the
diffuse components and the spectral parameters related of Mrk 421.
Owing to the moderate sensitivity of Fermi-LAT to detect
Mrk 421 on daily timescales (especially when the source is not
flaring), we performed the unbinned likelihood analysis on 3-day
time intervals to determine the light curves in the two energy bands
0.2 − 2 GeV and 2 − 300 GeV reported in Fig. 2. The flux values
were computed using a power-law function with the index fixed to
1.8, which is the spectral shape that describes Mrk 421 during the
two years considered in this study, as well as the power-law index
reported in the 3FGL and 4FGL (Acero et al. 2015; Abdollahi et al.
2020). The analysis results are not expected to change when using
the 4FGL (Abdollahi et al. 2020) (instead of the 3FGL) for creating the XML file. This is due to the 3-day time intervals considered
here, which are very short for regular LAT analyses, implying that
only bright sources (i.e. already present in the 3FGL) can significantly contribute to the photon background in the Mrk 421 RoI. We
repeated the same procedure fixing the photon indices to 1.5 and
2.0, and found no significant change in the flux values, indicating
that the results are not sensitive to the selected photon index used
in the differential energy analysis. For the multi-year (2007-2016)
correlation study reported in Section 5, where the GeV flux is compared to the radio and optical fluxes, we applied the same analysis
described above, but this time for all events above 0.3 GeV in the
time interval MJD 54683–57561.
2.5

MAGIC

The MAGIC telescope system (Aleksić et al. 2016) consists of
two Cherenkov telescopes of 17 m diameter situated on the Canary island of La Palma (28.7◦ N, 17.9◦ W) at 2200 m a.s.l. The
MAGIC telescopes are sensitive to γ-rays of energies from 50 GeV
to 50 TeV using the standard trigger when observing at low zenith
distances under dark conditions.
Here, we report on the Mrk 421 data gathered by the MAGIC
telescope during the 2015–2016 (MJD 57037–57535) MWL campaign. The observations with the MAGIC telescope system were
performed under varying observational conditions which are shown
in Table 1. During this MWL campaign, Mrk 421 was observed in
the zenith distance range from 5◦ to 62◦ . The data were separated
in the following sub-samples: a) Low zenith distance range (5◦ to
35◦ ), b) Medium zenith distance range (35◦ to 50◦ ), and c) High
zenith distance range (50◦ to 62◦ ). Depending on the influence of
the night sky background light, the data were separated in the following sub-samples: i) dark condition, ii) low-moon condition and
iii) high-moon condition, as defined in Ahnen et al. (2017). For
analysing data in different background light conditions, the prescriptions from Ahnen et al. (2017) were followed.
Most of the data in this campaign were taken in stereoscopic
mode with the standard trigger settings, including a coincidence
trigger between telescopes and a 3NN single-telescope trigger
logic (event registered when three next-neighbor pixels are triggered; Aleksić et al. 2016). A minor subset was taken in the socalled mono mode (without coincidence trigger) and a 4NN singletelescope trigger logic. The data taken with the latter settings were
analysed following the standard analysis procedure with a fixed size
cut of 150 photo-electrons (phe) instead of 50 phe (used in standard
data analysis). This size cut has been optimised by crosschecking
the spectrum of the Crab Nebula observed in the same mode.
Since the analysis energy threshold increases with the backMNRAS 000, 1–43 (2020)
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ground light and larger zenith distance observations, we set a
uniform minimum energy of 200 GeV for the entire data sample. The data (in all observation conditions) were analysed using
the MAGIC Analysis and Reconstruction Software (MARS; Zanin
et al. 2013).

2.6

FACT

The First G-APD Cherenkov Telescope (FACT) is an imaging atmospheric Cherenkov telescope with a mirror area of 9.5 m2 . It
is located next to the two MAGIC telescopes at the Observatorio
del Roque de los Muchachos (Anderhub et al. 2013). Operational
since 2011 October, FACT observes γ-rays in an energy range from
a few hundreds of GeV up to about 10 TeV. The observations are
performed in a fully remote and automatic way allowing for longterm monitoring of bright TeV sources at low cost.
Owing to a camera using silicon-based photosensors (SiPM,
aka Geiger-mode Avalanche Photo Diodes or G-APDs) and a feedback system, to keep the gain of the photosensors stable, FACT
achieves a good and stable performance (Biland et al. 2014). The
possibility of performing observations during bright ambient light
along with almost robotic operation allows for a high instrument
duty cycle, minimizing the observational gaps in the light curves
(Dorner et al. 2017). Complemented by an unbiased observing
strategy, this renders FACT an ideal instrument for long-term monitoring.
Between 2014 November 10 and 2016 June 17 (MJD 56972
to 57556), FACT collected 884.6 hours of data on Mrk 421. The
data were analysed using the Modular Analysis and Reconstruction Software (MARS; Bretz & Dorner 2010) with the analysis as
described in Beck et al. (2019).
To select data with good observing conditions, a data quality
selection cut based on the cosmic-ray rate was applied (Hildebrand
et al. 2017). For this, the artificial trigger rate R750 was calculated,
adopting a threshold of 750 DAC-counts, since above this value no
effect from the ambient light is found. The dependence of R750 on
the zenith distance was determined as described in Mahlke et al.
(2017) and Bretz (2019) providing a corrected rate R750cor . To account for cosmic ray rate variations due to seasonal atmoshpheric
changes, a reference value R750ref was determined for each moon
period. Data with good quality were selected using a cut of 0.93 <
R750cor /R750ref < 1.3. Furthermore, nights with less than 20 minutes of good-quality data were rejected.
This results in a total data sample of 637.3 hours of Mrk 421
from 239 nights after data quality selection. We further discard
nights where Mrk 421 was not significantly (2 σ) detected, resulting in 513.6 hours of data from 180 nights.
Based on the γ-ray rate measured from the Crab Nebula, the
dependence of the γ-ray rate on zenith distance and trigger threshold was determined and the data were corrected accordingly. For
the conversion to flux, the energy threshold was determined using
simulated data. The light curve as measured by FACT is shown in
the top panel of Fig. 2.

3

OVERALL MWL ACTIVITY

During the observation periods November 2014 to June 2015
(MJD 57037 − 57195) and December 2015 to June 2016 (MJD
57364 − 57525), Mrk 421 showed mostly low activity in the X-ray
and VHE γ-ray bands. Fig. 2 shows the MWL LCs from radio to
MNRAS 000, 1–43 (2020)
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TeV energies observed within this period. In these two MWL campaigns, no large VHE flares (VHE flux > 4 Crabs) or extended VHE
flaring activities (VHE flux > 2 Crabs for several consecutive days)
were seen. A slower flux variation in the optical and UV emissions
along with stable radio emission have also been seen. In this section, we first report on interesting features of the fluxes measured
in different wave-bands during the 2015–2016 campaign, and then
discuss a peculiar radio flare.
3.1

Identification of notable characteristics

The multi-instrument LC from Fig. 2 shows several unusual characteristics, which are indicated with red vertical line and are discussed
in the paragraphs below.
Intra-night variability on 2015 January 27 & March 12
(MJD 57049 & 57093): The VHE γ-ray data set was checked
for intra-night variability (INV). From the 61 observations with
MAGIC and 180 observations with FACT reported here, INV was
observed in only two nights, 2015 January 27 (MJD 57049), found
in the MAGIC data, and 2015 March 12 (MJD 57093), found in
the FACT data. The LCs and details of the INV study are reported
in the supplementary online material (Appendix A). In the first
case, the VHE flux from Mrk 421 dropped from ∼1.3 Crab down
to ∼0.8 Crab, while in the second one, where the statistical uncertainties are larger, it decreased from ∼2 Crab down to ∼1 Crab. As
depicted in Fig. 2, both nights show enhanced X-ray flux, but no
particularly high flux in the GeV, optical or radio bands.
Spectral hard state on 2015 February 12 (MJD 57065):
This is the only night in the 2015-2016 campaign in which the
2 − 10 keV flux was higher than the 0.3 − 2 keV flux. The respective flux values are F2−10 keV =(9.12 ± 0.12) × 10−10 erg cm−2 s−1 and
F0.3−2 keV =(8.61 ± 0.05) × 10−10 erg cm−2 s−1 . This state is associated
with a high hard X-ray flux observed with Swift-BAT and a low
state in optical R- and UV-bands.
Highest X-ray flux during 2015–2016 on 2015 March 31
(MJD 57112): On this day, the highest flux in the X-ray band
during this 2015-2016 campaign was observed. The corresponding fluxes are F0.3−2 keV =(1.68 ± 0.06) × 10−9 erg cm−2 s−1 and
F2−10 keV =(1.35 ± 0.01) × 10−9 erg cm−2 s−1 . This means that the flux
increased by a factor of about five (two) compared to the average Xray flux in the 2-10 keV (0.3-2 keV) energy band during the 20152016 campaign. The contemporaneous VHE γ-ray data from FACT
showed a high flux state.
Low X-ray flux on 2015 June 22 & 2015 December 8
(MJD 57195 & 57364): The lowest flux in the 2015–2016 campaign in the X-ray band was observed on 2015 December 8
(MJD 57364), with the integrated flux in the 0.3 − 2 keV and
2 − 10 keV bands being (1.67 ± 0.03) × 10−10 erg cm−2 s−1 and
(2.41 ± 0.15) × 10−11 erg cm−2 s−1 , respectively. This is the lowest flux ever reported in the 2 − 10 keV band. Previously, to the
best of our knowledge, the lowest flux in the 2 − 10 keV band was
(3.5 ± 0.2) × 10−11 erg cm−2 s−1 , observed on 2013 January 20 (6th
orbit) and reported in Baloković et al. (2016).
On 2015 June 22 (MJD 57195), the source showed similar
low-flux levels in the 2 − 10 keV and 0.2 − 1 TeV bands to MJD
57364, with measured fluxes of (4.95 ± 0.23) × 10−11 erg cm−2 s−1
and (0.7 ± 0.1) × 10−10 ph cm−2 s−1 , respectively.
Low flux states during 2016 February 4–March 27 (MJD
57422–57474): On MJD 57422, the source evolved into a state
where the flux remained very low in the X-ray and VHE γ-ray
bands, as measured with Swift-XRT and MAGIC. MAGIC observed the lowest flux state in the 0.2 − 1 TeV energy band with
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Figure 3. MWL light curves around 2015 September, when Metsähovi measured a large flux density increase at 37 GHz. (From the top to the bottom
panels) the Fermi-LAT γ-ray flux in two energy bands, the Swift-BAT X-ray flux, the single-dish Metsähovi 37 GHz, OVRO 15 GHz and the Medicina 5 GHz,
8 GHz and 24 GHz flux densities, and the interferometric VLBI core fluxes at 43 GHz for the three measurements performed on August 1, September 22, and
December 5. The linear polarization fraction for three VLBA measurements is also reported in the bottom panel with an upper limit on August 1, marked by
an inverted triangle in green. See Section 3.2 for details.

a flux value of (3.56 ± 0.91) × 10−11 ph cm−2 s−1 . However, there are
a few days (e.g., MJD 57422–57429) with high flux at hard X-ray
(15 − 50 keV), as measured with the Swift-BAT instrument. This
will be further discussed in Section 4.3.
3.2

Peculiar radio flaring activity in 2015 September

On 2015 September 11 (MJD 57276), the 13.7-meter diameter
Metsähovi radio telescope measured a 37 GHz flux from Mrk 421
of 1.13 ± 0.07 Jy, one of the highest fluxes ever observed at this
wavelength and about twice that of any other observation from
this campaign, as shown in Fig. 3. Only during the flaring episode
from September 2012 was a similar high flux state observed in the
15 GHz radio bands, along with a flare in the HE γ-rays and optical
R-band about 40 days before the radio flare (Hovatta et al. 2015).
There were several 37 GHz measurement attempts of Mrk 421
in late August, late September, and early October, but all of them
had to be discarded due to bad weather conditions (for details, see
2.1), leaving only the September 11 data point, and making it stand
out as the only indication of a high state in that time period. However, a flux increase is also suggested by the OVRO 15 GHz data, in
which the flux density level is slightly elevated in late August and
September. There are no simultaneous data at 15 GHz and 37 GHz.
There are, however, data at 5 GHz and 24 GHz from the Medicina
radio telescope on the same date. The 5 GHz flux density is higher
than the average value at this frequency, while the 24 GHz does not
show any evidence of significant variability.
Within the regular monitoring program of the Boston Uni-

versity group, the VLBA performed three observations around the
2015 September 11 radio flare, namely on August 1 (MJD 57235),
September 22 (MJD 57287), and December 5 (MJD 57361). The
core VLBA fluxes and linear polarization fraction are displayed in
Fig. 3, while the images yielded by these observations are reported
in Fig. 4. Within the statistical uncertainties of the VLBA measurements, one does not see any change in the core VLBA radio
flux (even though one observation happened only 11 days after the
Metsähovi flare), yet there is a clear change in the polarization fraction, from less than 2 per cent for the observation from August 1,
to about 8 per cent for the observation from September 22. Additionally, in the image related to the observation from September 22,
there is a radial polarization pattern across the Southern half of the
core region. This suggests that the magnetic field B is roughly circular and centered on the brightness peak of the core, as one might
expect from a helical field when one views it down the axis. This
polarization pattern remained through 2016 March. The γ-ray light
curve from the Fermi-LAT and X-ray light curve from the SwiftBAT do not show any obvious flux enhancement during the time
of the radio flaring activity, although they show some activity (both
BAT and LAT) about 40 days before the radio flare. During this
time, there were no optical or VHE observations because of the
Sun.
The low polarization fraction at 43 GHz on 2015 August 1
implies that the magnetic field was very highly disordered in the
core at this epoch. A radial polarization pattern, as measured at
43 GHz on 2015 September 22, can result from turbulent plasma
flowing across a conical standing shock, as found in the simulations
MNRAS 000, 1–43 (2020)
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of the emitting plasma. In this case, the ratio of the observed polarization measured in the image, ∼ 8%, to the value for a uniform
magnetic field direction, ∼ 75%6 , implies that the helical field is superposed on a highly disordered field component that is ∼ 10 times
stronger. If the helical field becomes disrupted by a current-driven
kink instability, particle acceleration could cause a flare (Nalewajko 2017; Zhang et al. 2017; Alves et al. 2018). The polarization
pattern then becomes complex, with the possibility that the polarization becomes very low at some point (Dong et al. 2020). Such a
flare would be expected to start at X-ray and VHE γ-ray energies
upstream of the core, then propagate downstream so that it appears
later at radio frequencies (Nalewajko 2017). The disruption of the
helical field by the instability could lead to the disordered component inferred from the VLBA images.

4

VARIABILITY STUDY

Mrk 421 is known to exhibit significant flux variations from radio to
VHE γ-rays. In this work, we quantify different aspects of variability by computing the fractional variability (Fvar ) and the hardness
ratio (HR).
4.1

Fractional variability

We use fractional variability (Fvar ) as a tool to characterize the variability of the source in different wave-bands. It is defined as the
normalized excess variance of the flux (Vaughan et al. 2003):
s
S 2 − < σ2err >
Fvar =
,
(1)
< F γ >2
where
S is the standard deviation of N flux measurements, < σ2err > is
the mean squared error, < Fγ > is the average photon flux. The
uncertainty in the fractional variability (Fvar ) has been estimated
using the formalism described in Poutanen et al. (2008):
q
2 + err(σ2
∆Fvar = Fvar
(2)
NXS ) − F var ,
where


err σ2NXS =
Figure 4. A sequence of total (contours) and polarized (color scale) intensity images of Mrk 421 at 43 GHz obtained with the VLBA. The image is
convolved with a FWHM of 0.24×0.15 mas2 along PA=-10◦ . The global
total intensity peak is 329 mJy/beam, and the contours 0.35, 0.70, 1.4, etc.
up to 89.6 per cent of the global intensity peak. The color scale is the polarized intensity, and the black line segments within each image show the
direction of the polarization electric vector, with the length of the segment
being proportional to the polarized intensity values. The black vertical line
indicates the position of the core. See Section 3.2 for details.

of Cawthorne et al. (2013) and Marscher (2016). However, in such
a scenario the linear polarization pattern is always present, since it
is created by the partial ordering of the magnetic field by the shock
front. Periods of polarization < 2% across the entire core should
not be observed.
An alternative picture ascribes the radial polarization pattern
to the circular appearance of a magnetic field with a helical or
toroidal geometry that is viewed within ∼ 0.2/Γ radians of the axis
of the jet (Marscher et al. 2002), where Γ is the bulk Lorentz factor
MNRAS 000, 1–43 (2020)
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The Fvar computed from the multi-band light curves of Fig. 2
are shown in Fig. 5. In order to ensure the use of reliable flux
measurements, we only consider fluxes with relative errors (fluxerror/flux) smaller than 0.5, i.e. Signal-to-Noise-Ratio (SNR) larger
than 2. This is done to avoid dealing with systematic uncertainties
that could arise in very-low-significance measurements, when we
mostly deal with background that may not be well modelled. This
cut discards only a small fraction of the full data set (see open markers in Fig. 2). The only instrument that is substantially affected is
Swift-BAT, whose data are not used for the variability studies reported here.
The highest variability was measured with FACT and MAGIC
6

The linear polarization of synchrotron radiation is proportional to the
value for a uniform magnetic field, (1 + α)/(5/3 + α), where α is the spectral
index (see classical book by Pacholczyk 1970). For typical spectral indices
from 0.5 to1.5, the uniform-field linear polarization fraction ranges from
68% to 79%.
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Figure 5. Fractional variability as a function of energy for the MWL LCs
presented in Fig. 2. The horizontal error bars represent the energy bin and
the vertical error bars denote the 1 σ uncertainties on the calculated fractional variability (not visible for some of the data sets). For the X-ray and
VHE data, we show the results derived with all data from 2015–2016 campaigns, and also the results obtained with simultaneous X-ray (Swift) and
VHE data (MAGIC or FACT). See Section 4.1 for details.
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Figure 6. Fractional variability for X-rays and VHE γ-rays for two subsets
of data, the 2015 campaign (MJD range 56970–57200) and the 2016 campaign (MJD range 57350–57560). The open markers display the Fvar above
1 TeV for the two subsets when adding four flux measurements with SNR
below 2 (see text for details).

at energies above 1 TeV, with Fvar close to 0.7. The MAGIC data in
the energy range 0.2 − 1 TeV show variability at the level of 0.5.
These values are about a factor of two higher than that reported
during the 2009 campaign (Aleksić et al. 2015b).
In order to quantify the variability for different levels of emission, we further divide the X-ray and VHE γ-ray data (the two energy bands with the highest variability) into two data subsets, the
2015 campaign (MJD range 56970–57200) and the 2016 campaign

(MJD range 57350–57560). For this study, we only use simultaneous X-ray and VHE γ-ray observations. Most of the MAGIC and
Swift-XRT observations occurred within 2 hours, but owing to the
lack of intra-night variability for most of the nights, for this study
we consider simultaneous observations those taken within the same
night (within 0.3 day). This results in 21 pairs of XRT/MAGIC
observations for the 2015 campaign subset and 24 for the 2016
campaign subset. The average X-ray flux in the 2 − 10 keV energy range for the first data set is 4.1× 10−10 erg cm−2 s−1 , while it
is 2.1× 10−10 erg cm−2 s−1 , for the second one, while the 2-year average flux is 3.1× 10−10 erg cm−2 s−1 . Therefore, the 2016 data tell
us about the activity of Mrk 421 during the lowest fluxes, while the
2015 campaign tells us about predominantly higher fluxes within
the 2-year data set considered here. For each X-ray/VHE pair,
we have four flux measurements, two at X-rays (0.3 − 2 keV and
2 − 10 keV) and two at VHE (0.2-1 TeV and >1 TeV). The Fvar for
these two subsets is reported in Fig. 6. All flux measurements have
a SNR>2.0, apart from four VHE flux measurements above 1 TeV:
MJD 57195, MJD 57422, MJD 57430 and MJD 57453. These four
flux values were excluded from the calculation of Fvar above 1 TeV.
The first day belongs to the 2015 campaign subset, while the other
three belong to the 2016 campaign subset. All of them are related to
time intervals with very low X-ray and VHE γ-ray flux (see Fig. 2).
Because of the low number of XRT/MAGIC pairs, for completeness, Fig. 6 also reports the Fvar when the four excluded measurements above 1 TeV with SNR<2 are included in the calculations.
Because of the addition of 1+3 flux points with very low-flux, the
Fvar increases slightly, compared to the Fvar computed using only
the measurements with SNR>2. We repeated the same exercise
using Swift-XRT and FACT observations taken within 0.3 days,
which yielded 37 and 34 XRT/FACT pairs of observations (with
flux measurements with SNR>2) for the 2015 and 2016 campaigns,
respectively. The calculated Fvar values for these data subsets are
also shown in Fig. 6. The Fvar calculated with the simultaneous
XRT/FACT data is, in general, somewhat lower than that calculated
with the XRT/MAGIC simultaneous data. The reason behind this
lower variability is the requirement for SNR> 2 in the VHE flux
measurements by FACT, which removes simultaneous XRT/FACT
pairs with X-ray fluxes that are well below the average flux for each
of the two campaigns (see Fig. 2), and hence decreases the overall
Fvar . On the other hand, the Fvar for the simultaneous XRT/FACT in
the 2 − 10 keV band is higher than that computed with the simultaneous XRT/MAGIC data in the same energy band. This is due to
the XRT/FACT data covering time intervals in 2015 December and
2016 June, which are not covered by the XRT/MAGIC data, where
the 2 − 10 keV flux in the X-rays was several times higher (up to
factor of ∼5) than the average 2-10 keV flux in the 2016 campaign.
Two conclusions can be derived from this exercise with this data
set. First, the Fvar is higher during the 2016 campaign (lower X-ray
and VHE fluxes) than during the 2015 campaign. Second, for the
2015 campaign, the variability is similar in keV and in TeV energies, while for the 2016 campaign, the variability in TeV is somewhat higher than in keV energies.

4.2

Hardness ratio

In X-rays and VHE γ-rays, we define the hardness ratio as the ratio
of the integral flux in the high-energy (hard) band to the integral
flux in the high-energy (soft) band:
F>1 TeV
F2−10 keV
HRTeV =
; HRkeV =
,
F0.2−1 TeV
F0.3−2 keV
where FE is the integrated flux in the energy band E.
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Figure 7. HR as a function of time (top panel) and flux (bottom panels) during 2015–2016 for two TeV energy bands, namely 0.2 − 1 TeV and above 1 TeV.
The blue markers report the average and standard deviation of the HRTeV data binned with 10 entries. See Section 4.2 for details.

The upper panel of Fig. 7 shows the variation of HRTeV
calculated from the 2015–2016 data. During the low-flux state
(MJD 57422 to 57474), the HRTeV is ≤0.03. The bottom two panels
show the variation of HRTeV with the integral flux in two energy
bands namely 0.2 − 1 TeV and above 1 TeV observed with MAGIC.
Additionally, the bottom panel of Fig. 7 also depicts the average and
the standard deviation of data subsets of 10 observations7 , binned
according to their flux. This is done for a better visualization of the
overall trend in the HRTeV -flux plot, as well as the dispersion of
the data points. In both plots, one can see a bending in the HR vs.
flux trend. This distortion is particularly important for the HRTeV
vs. soft-band VHE flux (left panel), where one can see a flattening
in the HR beyond 20×10−11 ph cm−2 s−1 .
Figure 8 shows the variation of HRkeV with time and flux. The
HRkeV ranges from 0.15 to 1.05 (∆ HR = 0.9). The HRkeV observed
on 2016 March 10 (MJD 57457) is the lowest reported HRkeV so far,
which is 0.14±0.01. The low-flux state mentioned in Fig. 2 from
MJD 57422 to 57474 can be identified in Fig. 8 with a sustained

HRkeV < 0.3, smaller than the lowest HRkeV previously reported
(HR=0.47, Kapanadze et al. 2017) where the source was claimed
to be in a historical low-flux state observed by NuSTAR (Baloković
et al. 2016). The lower panels of Fig. 8 show the variation of the
HRkeV with F0.3−2 keV and F2−10 keV . The hardest X-ray state can be
identified on MJD 57065 with HRkeV =1.05, which is the only occasion of HRkeV > 1, and consistent with the X-ray spectrum peaking around 10 keV, previously reported in Kapanadze et al. (2017).
Apart from the high flux observed at hard X-rays by Swift-BAT,
no exceptionally high flux is observed in any of the other energy
bands. As in the bottom panel of Fig. 7, we also depict here the
average and the standard deviation of the data binned in 20 observations8 according to their flux, which also show the flattening in
the HR vs. flux relation.
Overall, the HR vs. flux plots in Fig. 7 and Fig. 8 show a clear
hardening-when-brightening trend in both the X-ray and VHE γray energy ranges. However, for the highest activities, one can observe that the spectral hardening trend flattens, which is more evident when reporting the HR as a function of the flux in the lower

7

The exact number of measurements for grouping the data is not relevant.
For the MAGIC data we used 10 measurements, which provides sufficient
event statistics, and allows one to visualize different segments of the HR vs.
Flux relation.
MNRAS 000, 1–43 (2020)

8

Owing to the larger number of XRT observations, in comparison with
that of MAGIC observations, we decided to bin the XRT data in groups of
20, instead of the 10 used for the MAGIC data.
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Figure 8. HR as a function of time (top panel) and flux (bottom panels) in the X-rays in two energy bands, namely 0.3 − 2 keV and 2 − 10 keV observed with
Swift-XRT. The blue markers depict the the average and standard deviation of the HRkeV data binned with 20 entries. See Section 4.2 for details.

band from each of the two energy ranges, namely 0.3 − 2 keV and
0.2 − 1 TeV. Baloković et al. (2016) had already reported a saturation in the X-ray spectral shape variations of Mrk 421 for very-low
and very-high flux. The saturation at high fluxes appears to be consistent with what is reported here, i.e., a flattening in the X-ray spectral shape starting for 2−10 keV fluxes above 8×10−10 erg cm−2 s−1 .
On the other hand, the flattening in the HR vs. flux relation at VHE
γ-rays has not been reported previously.

4.3

Appearance of a new component at hard X-ray energies

In this section we report a characterization of the shape of the
low-energy SED bump (presumably the synchrotron bump) for the
time interval MJD 57422–57429 (2016 February 4–11), which is a
time interval with a very low X-ray flux and a very low HR (see
Fig. 2 and Fig. 8). Fig. 9 shows the fluxes in the optical (R-band),
UV (W1,M2,W2), soft X-rays (0.3 − 10 keV) and hard X-rays
(15 − 50 keV) for five days (out of 7-day interval) and the related
5-day combined fluxes obtained with a standard weighted average
procedure. The daily fluxes were obtained as described in Section 2.
The weighted-averaged BAT fluxes (daily and combined) are con-

verted into energy fluxes (in units of erg cm−2 s−1 ) using the prescription in Krimm et al. (2013). The hard X-ray BAT fluxes (both
the daily fluxes and the 5-day combined flux) appear to be inconsistent with the simple extrapolation from the soft X-ray XRT fluxes.
In order to evaluate this, we fit the 5-day combined optical to soft
X-ray spectra (solid blue markers in Fig. 9) with a log-parabola
function F(ν)=N0 (ν/ν0 )−α−βlog10 (ν/ν0 ) , where ν0 has been fixed to
3.0×1016 Hz and N0 , α, and β are the free parameters of the fit. Because of the very small uncertainties in the 5-day weighted average
of the flux values (typically in the order of ∼1%), a regular fit to the
data would be affected by the small spectral distortions (wiggles)
caused by small systematics in merging data sets from different
instruments and with somewhat different spectral shapes. We find
that we can smooth out these small spectral distortions by adding
a relative flux error of 3% in quadrature to the actual flux error
resulting from the weighted average procedure. The resulting spectral fit, performed in the νFν vs. ν representation, yields a χ2 of 11.6
for 9 degrees of freedom, with the following parameter values: N0 ,
α, and β as (2.91±0.07)×10−10 erg cm−2 s−1 , (9.11±0.39)×10−2 , and
(1.77±0.06)×10−1 respectively. Therefore, the log-parabola function provides a good representation of the synchrotron emission avMNRAS 000, 1–43 (2020)
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Figure 9. Characterization of the low-energy SED bump of Mrk 421 during the time interval MJD 57422–57429 (2016 February 4–11). The five available
daily observations (from optical to hard X-rays) during this 7-day time interval are reported with open markers, while the 5-day weighted-averaged fluxes are
reported with blue-filled markers. The blue solid line depicts the resulting fit with a log-parabola function in the energy range from 1 eV to 10 keV, and the
dashed line shows the extrapolation of this log-parabola function to the hard X-ray energy range. See Section 4.3 for details.

eraged over 5-day, from eV to 10 keV energies. The weighted average of the 1-day BAT fluxes over these 5 days with XRT/UVOT observations is (1.84±0.34) × 10−10 erg cm−2 s−1 9 . As shown in Fig. 9,
the extrapolation of this log-parabola function to the 15 − 50 keV
band goes well below the BAT 5-day weighted-averaged flux point
(5 times the error bar). If instead of using the prescription of Krimm
et al. (2013) to convert the BAT count rate to energy flux, which
employs the spectral shape of the Crab Nebula in the energy range
15-50 keV (i.e., a power-law shape with index 2.15), we employ the
spectral shape given by the above-mentioned log-parabola function
(which in the 15-50 keV band could be approximated with powerlaw function with index ∼2.5 ), the BAT energy flux would be only
10% lower than the one reported above (and displayed in Fig. 9),
and hence it would not change the overall picture in any significant way. This observation suggests the presence of an additional
component, beyond that of the synchrotron emission of the main
emitting region. See Section 7 for further discussion about it.

5

CORRELATION STUDY

In this section, we discuss the potential correlations between the
different LCs presented in Fig. 2. The correlation between two energy bands (two LCs) is quantified using two methods: the Pearson correlation coefficient with its related 1 σ error and correlation

9

This number is derived from the 5-day weighted average of the BAT count
rate, (3.21±0.59)× 10−3 cts cm−2 s−1 , and the counts-to-energy conversion
stated in Krimm et al. (2013).
MNRAS 000, 1–43 (2020)

significance (calculated from Press et al. 2002), and the discrete
correlation function (DCF, Edelson & Krolik 1988). The Pearson
correlation is widely used in the community, but the DCF has the
advantage over the Pearson correlation that it also uses the uncertainties in the individual flux measurements, which also contribute
to the dispersion of the flux values, and hence affect the actual correlation between the two LCs. The DCF and Pearson correlation
between two energy bands is computed with one LC and with a
second shifted in time by zero or more time lags. We only consider the time lags where we have more than 10 simultaneous observations. As in Section 4.1, we only consider fluxes with SNR>2
(i.e. filled markers in Fig. 2) for the characterization of the correlations. This ensures the usage of reliable flux measurements, and
minimizes unwanted effects related to non-accounted (systematic)
errors.
The calculated significance of the Pearson correlation and the
uncertainties of the DCF do not necessarily relate to the actual significance of the correlation, because the correlation can be affected
by the way the emission in the two bands has been sampled. A LC
may have many data points in some time interval with some specific
features (either real or due to fluctuations), and this may artificially
boost the significance of the correlation. In order to better assess
the reliability of the significance of the correlated behaviour computed with the measured LCs, we performed the same calculations
using Monte Carlo simulated LCs. Each simulated LC is produced
from the actual measured LC by randomly shuffling the temporal
information of the flux data points, which ensures the resemblance
to the actual measured LC in terms of flux values and flux uncertainties. For each correlation we want to study, we generate 10000
Monte Carlo simulated LCs, compute the DCF and Pearson cor-
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Figure 10. Correlation between VHE γ-rays and X-rays during 2015–2016 from Mrk 421 using the DCF and the Pearson correlation functions. The top and
bottom blocks of each panel show the DCF and related errors, and the significance of the Pearson correlation, respectively. A positive time lag indicates a
lag in the emission of the second (lower) energy band with respect to the first (higher) energy band. The blue- and red-lines indicate the 95 and 99.7 per cent
confidence intervals estimated from the Monte Carlo simulations described in Section Section 5.

relations, and derive the 95 per cent (2 σ) and 99.7 per cent (3 σ)
confidence intervals by searching for the correlation values within
which 9500 and 9970 cases are confined, respectively. The simulated LCs are not correlated, by construction, and hence the DCF
and Pearson correlation values that lie outside the 3 σ contours can
be considered as statistically significant (i.e. not produced by random fluctuations).
Despite the low flux in the X-ray and VHE γ-ray bands in the
2015–2016 campaign, the related flux measurement uncertainties
are relatively small, and the variability amplitudes in these bands
are large, which allows relatively good accuracy in quantifying the
correlation. These correlations are computed using simultaneous

observations (performed within 0.3 days)10 , and can be quantified
on time lags of 1 day. We note that, as shown in the VHE and X-ray
LCs from Fig 2, there are substantial flux variations on timescales
of 1–2 days, and hence it is important to be able to perform the
correlation study for time lags of 1 day so that the study takes into
account these relatively fast flux variations. However, when quantifying the correlation between the VHE emission measured with

10

In a few cases, there were more than one Swift-XRT short observations
within the 0.3 days of the MAGIC or FACT observation. In these situations, we selected the X-ray observation that is closest in time to the VHE
observation.
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Figure 11. Correlation between VHE γ-rays and HE γ-rays using fluxes for 3-day time intervals from 2012 December to 2016 June. See caption of Fig. 10 for
further explanations about the panel contents.

MAGIC and FACT and the HE emission measured with FermiLAT, the study is limited by the 3-day time bins from the FermiLAT light curves. The LAT analysis could be performed using time
intervals of 1 day (instead of 3 days), but the limited sensitivity
of LAT to measure Mrk 421 during non-flaring activity would lead
to large flux uncertainties, as well as many time intervals without
significant measurements (we used SNR>2 for this study), which
would affect the correlation study.
The radio, optical and the GeV emission of Mrk 421 show a
substantially lower amplitude variability (see Fig. 5) and longer
timescales for the flux variations (see Fig. 2), in comparison to
the keV and TeV bands. Because of that, the 2015–2016 data set
is not large enough to evaluate reliably the possible correlations
among these energy bands. In order to better quantify the correlations among these bands, we complemented the 2015–2016 data
set with data from previous years (from 2007 to 2014). Some of
these data have already been reported in previous papers (Aleksić
et al. 2012, 2015c; Ahnen et al. 2016; Baloković et al. 2016), while
other data were specifically analyzed (or collected) for this study.
A description of these complementary data sets is provided in the
supplementary online material (see Fig. B1 in Appendix B). Differently to what occurs for the X-ray and VHE fluxes, the lower variability and longer variability timescales in the radio/optical/GeV
emissions allow us to use the observations that are not strictly simultaneous, but only contemporaneous within a few days. For this
study, we quantified the observations in temporal bins of 15 days,
as done in Carnerero et al. (2017). The study is performed in the
same fashion as for the simultaneous X-ray/VHE fluxes, but with
time-bins of 15 days instead of 1 day.
The following subsections report the results obtained from this
correlation study, and in Section 7, we provide some discussion and
interpretation of these results.

5.1

VHE γ-rays and X-rays

The quantification of the correlations between the VHE γ-rays and
X-rays for a range of ±30 days, examined in steps of 1 day, is reported in the panels (a)–(f) of Fig. 10. All of the panels report the
DCF vs. the time lag and the significance of the Pearson correlation
vs. the time lag. The panels (a)–(d) show the correlation for the two
energy bands (0.2 − 1 TeV and >1 TeV) measured with MAGIC
and the two energy bands (0.3 − 2 keV and 2 − 10 keV) observed
with Swift-XRT, and the panels (e) and (f) show the correlations obMNRAS 000, 1–43 (2020)

tained using the VHE flux with Eth ∼0.7 TeV measured with FACT,
and the two energy bands from the Swift-XRT.
All the panels (all the energy bands probed) show a positive
correlation above 3 σ for τ=0, which drops quickly for negative
and positive lags. While the shape of the DCF peak is similar for
all the bands, the peak in the significance of the Pearson correlation is narrower when using MAGIC than when using FACT. This
is produced by the rapid drop in the number of available flux-flux
pairs when examining time lags different from zero (simultaneous
observations), which critically affects the significance with which a
correlation is measured. In the case of MAGIC , the number of fluxflux pairs for τ=0 is 45, while the number drops to 14 for τ= −1 day
(X-ray LC shifted 1 day earlier) and 20 for τ= +1 day (X-ray LC
shifted 1 day later). On the other hand, when using FACT, the number of flux-flux pairs for τ= 0 is 71, and the number is 71 (72) for
τ= -1 (+1) day, which ensures the same resolution to evaluate the
correlation for these different time lags. Table 2 reports the DCF
and the Pearson correlation, with their related 1 σ uncertainties,
and the significance of the Pearson correlation for τ= 0 (simultaneous observations). This table also reports the normalized slopes
that relates the VHE γ-ray and the X-ray fluxes in the various energy bands (see Fig. C1 in the supplementary online material Appendix C).

5.2

VHE γ-rays and HE γ-rays

In this study, the daily LCs from MAGIC and FACT were prepared to match the three-day cadence of the HE γ-ray LC from
Fermi-LAT. The DCF and Pearson correlation values for the various combinations of bands from MAGIC, FACT and Fermi-LAT
are reported in Table 3 for τ= 0. We do not find any significant
correlation between the MAGIC and the LAT energy bands. In this
case, the ability to see correlation is limited by the statistical uncertainties in the LAT fluxes (for 3-day time intervals) and by the low
number of VHE-HE pairs with fluxes that have a SNR>2, which
are 37 and 33 when comparing the MAGIC bands 0.2 − 1 TeV and
above 1 TeV with the LAT flux above 2 GeV, respectively.
Despite the larger flux uncertainties from FACT in comparison with those from MAGIC, the number of FACT-LAT data pairs
(with SNR>2) is about twice as large as MAGIC-LAT: 85 and 71
for the LAT bands 0.2−2 GeV and 2−300 GeV respectively. This is
due to the larger sampling and larger temporal coverage from FACT
with respect to that from MAGIC. This includes the additional tem-
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Pearson
Corr. Coeff. (σ)

Normalized slope of fit
unbinned
binned

Light curve 1

Light curve 2

DCF

MAGIC; 0.2 − 1 TeV

XRT; 0.3 − 2 keV

0.80±0.12

0.81+0.05
−0.06 (7.3)

0.86±0.02

0.96±0.30

MAGIC; 0.2 − 1 TeV

XRT; 2 − 10 keV

0.70±0.1

0.71+0.07
−0.08 (5.7)

0.56±0.02

0.60±0.21

+0.1
0.62−0.11
+0.08
0.65−0.10
0.72+0.05
−0.06
0.74+0.05
−0.06

(4.5)

0.96±0.05

1.15±0.38

(4.8)

0.73±0.04

0.82±0.25

(7.4)

1.00±0.05

1.20±0.53

(7.9)

0.72±0.04

0.80±0.30

MAGIC; > 1.0 TeV

XRT; 0.3 − 2 keV

0.64±0.12

MAGIC; > 1.0 TeV

XRT; 2 − 10 keV

0.67±0.12

FACT; Eth ∼ 0.7 TeV

XRT; 0.3 − 2 keV

0.76±0.22

FACT; Eth ∼ 0.7 TeV

XRT; 2 − 10 keV

0.80±0.26

Table 2. Correlation results for the X-rays and VHE γ-rays during 2015–2016 campaign. This table reports the correlation results for τ=0 (simultaneous
emission). The discrete correlation function (DCF) and the corresponding errors are calculated following Edelson & Krolik (1988). The 1 σ Pearson correlation
errors are calculated following Press et al. (2002). The slopes of fit for the unbinned (grey markers) and binned data (blue markers), presented in Fig. C1, are
normalized with the average flux of the bands under consideration. See Section 5.1 for details.

Normalized slope of fit
unbinned
binned

Light curve 1

Light curve 2

DCF

Pearson Corr. Coeff. (σ)

MAGIC; 0.2 − 1 TeV
MAGIC; 0.2 − 1 TeV

LAT; 0.2 − 2 GeV
LAT; 2 − 300 GeV

0.57±0.21
0.86±0.35

0.37+0.11
−0.12 (2.9)
0.41+0.13
−0.15 (2.5)

3.28±0.74
2.84±1.03

0.67±0.59
0.39±0.56

MAGIC; > 1 TeV

LAT; 0.2 − 2 GeV

0.42±0.24

0.26+0.14
−0.15 (1.7)

5.30±1.71

0.41±1.09

MAGIC; > 1 TeV

LAT; 2 − 300 GeV

-0.03±0.34

+0.18 (0.1)
−0.01−0.18

–

–

FACT; Eth ∼ 0.7 TeV

LAT; 0.2 − 2 GeV

0.48±0.17

0.32+0.09
−0.10 (3.0)

4.98±1.04

0.64±0.55

FACT; Eth ∼ 0.7 TeV

LAT; 2 − 300 GeV

0.88±0.35

0.53+0.08
−0.09 (4.9)

3.29±0.75

0.71±0.52

0.22+0.08
−0.08
0.41+0.07
−0.08

(2.6)

5.67±0.92

0.84±0.40

(4.7)

3.69±0.62

0.65±0.48

FACT; Eth ∼ 0.7 TeV; 2013–2016

LAT; 0.2 − 2 GeV; 2013–2016

0.26±0.15

FACT; Eth ∼ 0.7 TeV; 2013–2016

LAT; 2 − 300 GeV; 2013–2016

0.61±0.24

Table 3. Correlation results for HE and VHE γ-rays for τ=0 (simultaneous emission) for 2015–2016 campaign, except for the last two rows, where the
correlation results are computed using the data from 2012 December to 2016 June (2013–2016). See Section 5.2 for details.

poral coverage provided by FACT in 2014 November-December
and 2016 June, when Mrk 421 showed an enhanced VHE flux,
which appears to have a counterpart in the GeV range (see Fig.
2). Because of the low fractional variability in the GeV range, the
additional temporal coverage provided by FACT proved beneficial for accumulating valid information for the understanding of
this correlated behaviour. We find that the Pearson correlation between the FACT VHE flux (Eth ∼ 0.7 TeV) and the LAT HE flux
above 2 GeV is about 0.5 with a significance of almost 5σ (with
a DCF=0.88 ± 0.35). The correlation, however, is not significant
when using the LAT band 0.2 − 2 GeV, which yields only a Pearson correlation coefficient of 0.3 with a significance of 3σ (with
a DCF=0.48 ± 0.17). In order to better evaluate the correlation
between the VHE FACT fluxes and LAT, we decided to complement the FACT data set with the fluxes obtained during the previous years, altogether enlarging the data set to cover the period
from 2012 December to 2016 June (see the supplementary online
material in Appendix B). The results obtained for this data set of
relatively continuous coverage during 3.5 years (apart from bad
weather and periods of no visibility due to the Sun) are reported
in the last two rows of Table 3. In this case, the number of VHEHE data pairs (with SNR>2) is 140 and 118 for the LAT bands
0.2 − 2 GeV and 2 − 300 GeV, respectively. The results are similar
to those obtained for the time period from 2014 November to 2016
June. The correlation is not significant for the band 0.2 − 2 GeV,
which yields a Pearson correlation coefficient value of 0.2 with a
significance of 2.6σ (DCF=0.26 ± 0.15), while it is marginally significant for the fluxes above 2 GeV, which a Pearson correlation

coefficient of 0.4 with a significance of 4.7σ (DCF=0.61 ± 0.24).
We also studied the magnitude of the correlation for different time
lags, for a range of ±30 days in three-day steps, including a toy
MC to evaluate the 2σ and 3σ confidence intervals. The results
are shown in Fig. 11, leading to the conclusion that the correlation is only (marginally) significant for the fluxes above 2 GeV and
for τ= 0. The flux-flux correlation plots for the FACT VHE fluxes
(Eth ∼ 0.7 TeV) and the two Fermi-LAT energy bands are shown in
the supplementary online material (Fig. C2 in Appendix C).
A similar correlation had been previously reported in Bartoli
et al. (2016) for VHE γ-rays measured with the ARGO-YBJ at
TeV energies and the HE γ-rays measured with Fermi-LAT above
0.3 GeV. They quantified the correlation with the DCF analysis, obtaining a correlation for τ= 0 with DCF=0.61 ± 0.22. The main
differences with respect to the result presented here are the somewhat different energy bands involved, and the very different temporal scales used for these two correlation studies. While Bartoli
et al. (2016) used data from mid 2008 to 2013 in 30-day bins, we
performed the study with data from the end of 2012 to mid 2016 in
time bins of 3 days. Additionally, in this paper, we also quantify the
correlation using the Pearson correlation function and Monte Carlo
simulations to better evaluate the reliability of the significance of
the correlation.

5.3

HE γ-rays and optical band

The panel (a) of Fig. 12 shows the quantification of the correlation between the HE fluxes in the 0.3 − 300 GeV energy band
MNRAS 000, 1–43 (2020)
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Figure 12. Correlation between the HE γ-rays, optical (R-band) and two radio bands using fluxes for 15-day time intervals from 2007 to 2016. See caption of
Fig. 10 for further explanations about the panel contents.

measured with Fermi-LAT and the optical fluxes in the R-band, as
measured by a large number of instruments over a time range spanning from 2007 to 2016 (see the supplementary online material in
Appendix B). The correlation is computed for a time lag range of
±200 days in steps of 15 days, with the HE and R-band fluxes computed in 15-day temporal bins. The plot shows a correlation peak
of about 60 days FWHM, and centered at τ= 0. As reported in
Table 4, the Pearson correlation coefficient is 0.72 ± 0.04, with a
correlation significance of about 11 σ, and the DCF is 0.74 ± 0.17.
Because of the 15-day fluxes and 15-day time steps, the resolution
with which we can estimate the time lag with the highest correlation is somewhat limited. Following the prescription from Peterson
et al. (1998), we estimate the time lag with the highest correlation is
3+5
−9 days (see the supplementary online material in Appendix D for
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details), which is perfectly consistent with no time lag, suggesting
that the emission in these two energy bands is simultaneous. Panel
(a) of Fig. C3 shows that the relation between the GeV and R-band
fluxes can be approximated by a linear function with a normalized
slope of 0.6–0.7 (see Table 4).
A positive correlation between the multi-year Fermi-LAT γray flux and the optical R-band flux had been first reported in
Fig. 25 of Carnerero et al. (2017). The DCF from that study, also
performed in steps of 15 days, shows a broad peak of many tens of
days around τ= 0, with the highest DCF value being around 0.4,
for the multi-year data set. However, the significance of the correlation was not quantified in Carnerero et al. (2017). In this paper,
we show that a DCF of 0.4 is not necessarily related to a significant (>3 σ) correlation. We also show that the Fermi-LAT γ-ray
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flux and optical R-band emissions are positively correlated with a
DCF of about 0.8, and with a very high significance (>12 σ), hence
confirming and further strengthening the claims made in Carnerero
et al. (2017).

5.4

HE γ-rays and radio band

Panels (b) and (c) of Fig. 12 show the correlation between the HE
γ-rays in the 0.3 − 300 GeV energy band, measured with FermiLAT, and the 37 GHz and 15 GHz radio flux densities, as measured
with Metsähovi and OVRO over a time range spanning from 2007
to 2016 (see the supplementary online material, Fig. B1 in Appendix B). In both cases, one finds a positive correlation characterized by a wide peak, of about 60 days, centered at τ ∼ 45 days.
The supplementary online material (Appendix D) reports an
estimation of the time lag between these energy bands, obtained
with the prescriptions from Peterson et al. (1998). We estimate that
the time lag between the HE γ-rays and the 37 GHz radio flux is
+5
41+10
−11 days, while for the 15 GHz radio flux it is 47−9 days. The
panels (b) and (c) of Fig. C3 show that, for a time shift of 45 days,
the relation between the GeV and the radio fluxes can be approximated by a linear function. As reported in Table 4, for a time shift of
45 days, the Pearson correlation coefficient is about 0.5–0.7, with a
correlation significance of 7 σ for Metsähovi and 11 σ for OVRO,
and the DCF is 0.6 ± 0.2 and 0.7 ± 0.2, respectively for Metsähovi
and OVRO. Therefore, the correlation between these bands is robustly measured.
The radio emission of blazars has been found to be correlated
to the γ-ray emission using EGRET data (e.g. Jorstad et al. 2001;
Lähteenmäki & Valtaoja 2003) and Fermi-LAT data (e.g. LeónTavares et al. 2011; Ackermann et al. 2011), very often with the
radio emission delayed with respect to the γ-ray emission by tens
and hundreds of days (e.g. Ramakrishnan et al. 2015). As for the
specific case of Mrk 421, Max-Moerbeck et al. (2014) had first reported a positive correlation between γ-rays from Fermi-LAT and
radio from OVRO for a time lag that, using the recipe from Peterson et al. (1998), was estimated to be 40±9 days. However, the
correlation reported in that paper was only at the level of 2.6 σ (pvalue of 0.0104), quantified with a dedicated MC simulation, and
strongly affected by the large γ-ray and radio flares from July and
September 2012, respectively (Max-Moerbeck et al. 2014). Hovatta
et al. (2015), which considered also data from another (smaller)
radio flare in 2013, reported a positive correlation for a range of
τ of about 40–70 days, but did not assign any significance to this
measurement. In the study reported upon here our dedicated MC
simulations show that the significance of the correlation between
Fermi-LAT and OVRO is well above the 3σ contour, and, when
using the prescription from Press et al. (2002) to quantify it, we
obtained 11 σ. Moreover, because of a data set twice as large as the
data used in Hovatta et al. (2015), it is not dominated by the large
γ-ray and radio flares in 2012. In order to better understand this
correlation, we removed this large γ-ray and radio flare from 2012
by generously excluding the time interval MJD 56138–56273 from
both the γ-ray and radio LCs, and repeated the test. We obtained a
positive correlation with a significance of 9 σ, with a peak that extends over a range of about 60 days, centered at τ ∼ 45 days. Therefore, we confirm and further strengthen the correlation reported in
Max-Moerbeck et al. (2014), stating with reliability that this is an
intrinsic characteristic in the multi-year emission of Mrk 421, and
not a particularity of a rare flaring activity.

5.5

Optical band and radio band

Panels (d) and (e) of Fig. 12 show the correlation between the
flux in the optical R-band from GASP-WEBT and the 37 GHz and
15 GHz radio flux densities measured with Metsähovi and OVRO,
respectively. In the case of OVRO, one finds that the highest correlation occurs for τ ∼ 45 days, and it is characterized by a wide
peak that resembles the one obtained for the GeV vs. 15 GHz band,
as depicted in the panel (c) of Fig. 12. In the case of Metsähovi,
the DCF shows much wider structure, without any clear peak, but
with high DCF values also around τ ∼ 45 days. As done above, we
followed the prescriptions of Peterson et al. (1998) to estimate the
time lag between these bands (see the supplementary online material in Appendix D). We obtained τ= 33+19
−11 days for the R-band
and the 37 GHz radio flux, and τ= 39+6
days
for the R-band and
−2
the 15 GHz radio flux. The panels (d) and (e) of Fig. C3 show that,
for a time shift of 45 days, the relation between the R-band and the
radio fluxes can be approximated by a linear function. As reported
in Table 4, for a time shift of 45 days, the Pearson correlation coefficient is 0.5 and 0.8, with a correlation significance of 6 σ and
14 σ for Metsähovi and for OVRO, respectively. The DCF is about
0.6 and 0.9 for them, hence indicating a very clear and significant
correlated behaviour for these two bands.

6

DETERMINATION OF THE MWL FLUX
DISTRIBUTIONS USING THE FLUX PROFILE
METHOD

The emission mechanisms in accreting sources like active Galactic nuclei and X-ray binaries have been found to be consistent with
stochastic processes (McHardy et al. 2006; Chatterjee et al. 2012;
Nakagawa & Mori 2013; Sobolewska et al. 2014). For a linear
stochastic process, one expects a Gaussian distribution of fluxes.
However, a LogNormal distribution was found to be preferred (over
a Gaussian one) in the long-term X-ray light curve of the blazar
BL Lac where the average amplitude variability was found to be
proportional to the flux (Giebels & Degrange 2009). The Galactic X-ray binary Cygnus X-1 also showed such features in X-rays
(Uttley & McHardy 2001). Since then, LogNormal behaviour has
been observed in several blazars primarily in optical/near IR, X-ray
and γ-ray wavelengths (Sinha et al. 2016, 2017; Romoli et al. 2018;
Valverde et al. 2020). The presence of LogNormality indicates an
underlying multiplicative process in blazars contrary to the additive
physical process. It has been suggested that such multiplicative processes originate in the accretion disk (Lyubarskii 1997; Uttley et al.
2005; McHardy 2010), however, Narayan & Piran (2012) strongly
argue the variability to originate within the jet. In case of Mrk 421,
using data from 1991 to 2008, mostly from the old generation of
VHE ground-based γ-ray instruments, the flux distribution above
1 TeV was found to be consistent with a combination of a Gaussian
and a LogNormal distribution (Tluczykont et al. 2010). The improvement of the sensitivity of the present day telescopes over last
few years now provides us with the opportunity to study the flux
states with a much better accuracy, and a minimum energy as low
as 0.2 TeV, where the minimum energy is always above the analysis
energy threshold.
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Light curve 1

Light curve 2

Time-shift [days]

DCF

Pearson Corr. Coeff. (σ)
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Normalized slope of fit
unbinned
binned

HE γ-ray (LAT; 0.3 − 300 GeV)

Optical (R-band)

0

0.74±0.14

0.72+0.04
−0.04 (11.2)

0.66 ± 0.03

0.63 ± 0.21

HE γ-ray (LAT; 0.3 − 300 GeV)

Radio (Metsähovi; 37 GHz)

45

0.60±0.18

0.53+0.06
−0.06 (6.9)

2.63±0.17

0.79±0.33

0.72+0.04
−0.04 (11.1)
0.50+0.06
−0.07 (6.2)
0.84+0.02
−0.03 (14.3)

1.53±0.06

1.32±0.41

2.93 ± 0.17

0.83 ± 0.33

2.82 ± 0.02

2.0 ± 0.35

HE γ-ray (LAT; 0.3 − 300 GeV)

Radio (OVRO; 15 GHz)

45

0.75±0.17

Optical (R-band)

Radio (Metsähovi; 37 GHz)

45

0.56±0.18

Optical (R-band)

Radio (OVRO; 15 GHz)

45

0.85±0.16

Table 4. Correlation results between the low-variability radiation components of Mrk 421. The long-term (2007–2016) data have been used for the correlation
results of the radio, optical, and HE γ-rays. The column time-shift reports the temporal shift applied to the second light curve with respect to the first one. This
time shift corresponds to the time lag with the highest DCF in Fig. 12. The various columns report the same quantities as in Table 2. The slopes of fit for the
unbinned (grey markers) and binned data (blue markers), presented in Fig. C3, are normalized with the average flux in the corresponding bands. See Section
5 for details.
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Figure 13. Flux distributions of Mrk 421 in the 2007–2016 period in different energy bands, except for FACT, where only data from 2013–2016 period were
used (see the supplementary online material in Appendix B), where we used the flux profile method (see the supplementary online material in Appendix E).

Here, we report on a detailed study of the flux distributions
observed in different wave-bands, from radio to VHE γ-rays, using the data from the 2015–2016 campaigns, together with previously published MWL data from the 2007, 2008, 2009, 2010 and
2013 campaigns (Aleksić et al. 2012; Ahnen et al. 2016; Aleksić
et al. 2015c; Baloković et al. 2016), published multi-year optical
R-band data (Carnerero et al. 2017), and unpublished data at radio (OVRO, Metasahovi), hard X-ray (Swift-BAT) and GeV γ-rays
(Fermi-LAT). The multi-year light curves used for this study are
MNRAS 000, 1–43 (2020)

reported in the supplementary online material (Appendix B). The
two large VHE γ-ray flaring episodes of Mrk 421 in 2010 February
(Abeysekara et al. 2020) and 2013 April (Acciari et al. 2020) have
been excluded to avoid large biases in the distributions. During
these two time intervals of about 1 week, Mrk 421 showed a VHE
activity larger than 20 times its typical flux and, because of the exceptional activity, the number of X-ray and VHE observations were
also increased by more than one order of magnitude with respect to
the typical temporal coverage during the regular MWL campaigns.
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G

LN

Energy-bands

µg

σg

µLN

σLN

MPS (Avg. flux)

VHE γ-rays (MAGIC; > 0.2 TeV)
VHE γ-rays (FACT; Eth ∼ 0.7 TeV)
HE γ-rays (LAT; 0.3 − 300 GeV)
X-ray (BAT; 15 − 50 keV)
X-ray (2 − 10 keV)
X-ray (0.3 − 2 keV)
Optical (R-band)
Radio (Metsähovi; 37 GHz)

0.70
0.41
0.84
0.62
0.68
0.90
0.82
0.96

0.65
0.75
0.44
0.54
0.55
0.50
0.38
0.32

-0.11
-0.20
-0.08
-0.22
-0.10
0.02
-0.12
-0.01

0.68
0.74
0.50
0.62
0.77
0.54
0.41
0.34

0.56 (2.09×10−10 ph cm−2 s−1 )
0.47 (2.73×10−11 ph cm−2 s−1 )
0.72 (9.45×10−8 ph cm−2 s−1 )
0.54 (0.27×10−2 counts cm−2 s−1 )
0.68 (3.67×10−10 erg cm−2 s−1 )
0.90 (6.82×10−10 erg cm−2 s−1 )
0.75 (24.37 mJy)
0.90 (0.50 Jy)

G

redchi
LN

72.6
18.3
16.7
33.1
88.3
218.6
103.5
4.7

28.0
7.8
8.0
2.5
111.0
240.0
68.0
21.3

RG
LN (p)
2.6 ( 4.4×10−2 )
2.4 (2.7×10−1 )
2.1 (8.1×10−2 )
13.4 (1.6×10−1 )
0.80 (2.4×10−2 )
0.91 (1.7×10−2 )
1.52 (1.0×10−3 )
0.22 (<1.0×10−4 )

Table 5. The model parameters for the flux profiles in different energy bands fitted with Gaussian (G) and LogNormal (LN) distributions. The most probable
states (MPS) are retrieved from the function preferred by the flux profile, and presented as fractions of the mean flux (given in the parentheses). The parameter
G
RG
LN is the ratio of redchi for LN to the redchi for G (see main text) and is used to estimate the goodness of fit. RLN > 1 means the profile is likely to be
fitted better with a LN. The chance probability (p), given in the parentheses in the last column indicates the probability of wrongly reconstructing a LogNormal
(Gaussian) distribution as a Gaussian (LogNormal). See Section 6 and the supplementary online material (Appendix E) for details. The results for the 15 GHz
band have not been included here as the distribution is bimodal. See the main text and the supplementary online material (Appendix F) for details.

The inclusion of these two periods would create a large structure in
the X-ray and VHE γ-ray distributions at fluxes of about ten times
the typical ones, and would hamper any fit with a smooth function,
like Gaussian or LogNormal. The data used here relate to time intervals when Mrk 421 showed typical or low activity (e.g. during
years 2007, 2009, 2015, 2016) or somewhat enhanced activity, as it
happened during year 2008 and 2 weeks in 2010 March. Because
of the high activity in 2008, some of the X-ray and VHE observations came from dedicated ToOs, which increased somewhat the
number of observations that would not have been performed in the
absence of high activity. The accurate identification of the "extra
observations" is complicated because the dynamic scheduling that
was being used at the time, and the fact that these observations occurred 12 years ago. We note that the inclusion of the 2008 data
introduces a bias towards high fluxes in the X-ray and VHE flux
distributions (because of the additional observations during a period of high activity). However, in the supplementary online material (Appendix B), we show that the results about the shape of the
distribution do not change in a substantial way, even when removing completely the data related to the entire year 2008.

In order to study the general shape of the flux-distribution
and estimate the most-probable flux state, we developed a method
largely inspired by the kernel density estimation (KDE), dubbed
"flux profile construction". We treat each flux measurement, in a
given energy band, as a Gaussian with the flux values as the mean
and the flux uncertainty as the standard deviation. The amplitude
is inversely proportional to the standard deviation, so that the area
under each individual Gaussian is unity. A “flux profile” for a
certain energy band is constructed by adding all individual flux
measurements in that band. In order to determine the preferred
shape of a flux profile, we fit the flux profile staring from the
minimum flux with the following functions:
1) Gaussian: G(x; µG , σG ) =

NG
√

σG

−

e
2π

2) LogNormal: LN(x; µLN , σLN ) =

(x−µG )2
2σ2
G

, and

−
NLN
√ e
xσLN 2π

(log(x)−µLN )2
2σ2
LN

,

where NG and NLN are the normalization constants for the
Gaussian and LogNormal profiles, respectively, and µi and σi
are the mean and standard deviation of the fitted profiles (i=G
and LN for Gaussian and LogNormal, respectively). We used

the lmfit11 method to estimate the best fit and the goodness of
fit. Here, the goodness of fit is given by the parameter redchi,
which is calculated from the ratio of the sum of the residuals to
the degrees of freedom. A better fit is chosen based on the ratio of
the corresponding redchi parameters named RGLN . A LogNormal
profile for the flux distribution is preferred if RGLN > 1. The chance
probability (p), based on toy Monte Carlo, indicates the probability
of wrongly reconstructing a LogNormal (Gaussian) distribution
as a Gaussian (LogNormal). The details and justification of
this method can be found in the supplementary online material
(Appendix E).
The flux profiles from radio to VHE γ-rays, along with the
fits with the Gaussian and LogNormal functions, are shown in Figure 13. The fluxes were scaled with the average flux in the respective energy bands. The fit parameters are presented in Table 5. The
flux profiles for X-ray observations in the 0.3−2 keV and 2−10 keV
energy bands show spikes. This is due to the very high SNR (average SNR above 60), which makes the available number of flux
measurements insufficient to produce a smooth convolved distribution. Despite this caveat, our simulations show that the number of
measurements is sufficient to characterize the shape of the distribution, as well as to marginally distinguish between a Gaussian and
LogNormal function. Our findings suggest that the LogNormal is
preferred over Gaussian for emissions in the VHE and HE γ-rays,
hard X-rays in the 15 − 50 keV and optical band. The hard X-rays
in the 15 − 50 keV shows a preference for a LogNormal profile, but
with a chance probability (p) of only 0.16 (due to the large flux uncertainties), these results are not conclusive. The 37 GHz radio band
shows a clear preference for the Gaussian, while the flux profile for
the X-rays in the 0.3 − 2 keV and 2 − 10 keV show a marginal preference for the Gaussian. The peak-position of the function (Gaussian/LogNormal) with which a flux profile is better fitted (depending on the value of the RGLN ) is considered as the most probable state
(MPS). The MPS for the energy bands above the synchrotron and
IC peaks (such as X-rays, 2 − 10 keV and 15 − 50 keV, and VHE
γ-rays) are found to be in the range of 0.4 − 0.7 times the average
flux. On the other hand, the energy bands below the synchrotron
and IC peaks (such as HE γ-rays, soft X-rays 0.3 − 2 keV, UV, optical, and radio emissions) lie in the range of 0.7 − 1.0 times the
average flux. The radio observations with OVRO at 15 GHz show

11

https://lmfit.github.io/lmfit-py/fitting.html
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the emergence of an additional component at the high-flux end. A
similar distribution has been reported in Sinha et al. (2016) & Liodakis et al. (2017). In our data set, the second peak in the high flux
in the flux distribution with OVRO is due to the high flux state of the
source during 2012–2013. Since the distribution is bimodal, we do
not consider Gaussian and LogNormal distributions suitable for describing the flux distribution in this band. Therefore, the flux profile
for OVRO data was not constructed. This is shown in the supplementary online material (Fig. F2 in Appendix F). The predictions of
the flux profile method in different energy bands are backed by two
additional methods: the (binned) Chi-square fit and the (unbinned)
log-likelihood fit. While the results of the Chi-square fit depend on
the histogram binning, and do not take into account the flux measurement errors, the latter method does not depend on how the data
are binned, and it considers the uncertainties of the fluxes. The detailed description of the methods and the results derived with them
are reported in the supplementary online material (Appendix G).
Similarly to the log-likelihood fit, the flux profile method is also
unbinned, and considers the flux uncertainties; but it has the advantage over that it is easier to apply, and it leads to the shape of
the distribution, regardless of any a-priori knowledge of the underlying shape (which is required for the log-likelihood fit). The Table G1 reports the function preferred by the three methods (Gaussian or LogNormal) for all the bands probed. Despite the different
characteristics (and caveats) from these three methods, there is a
very good agreement in the preferred shape for the flux distributions, with the LogNormal function being the most suitable shape
for most of the energy bands probed.

7

DISCUSSION AND CONCLUSIONS

This paper reports a detailed study of the broadband emission of
Mrk 421 during two observing campaigns, 2014 November to 2015
June, and 2015 December to 2016 June. For simplicity, we dubbed
them as the 2015 and 2016 observing campaigns. The MWL data
set used for this study was collected with 15 instruments, covering the emission of Mrk 421 from radio (with OVRO, Metsähovi,
Medicina, and VLBA) to VHE γ-rays (with FACT and MAGIC),
and including various instruments covering the optical and UV
bands (KVA, ROVOR, West Mountain Observatory, iTelescopes
network, and Swift-UVOT), X-ray bands (Swift-XRT and SwiftBAT) and GeV γ-rays (with Fermi-LAT). The sensitivity of the instruments used, and the large number of observations performed,
enabled the detailed characterisation of the MWL variability and
correlations during this period. A distinctive characteristic of this
multi-year campaign is the large degree of simultaneity in the X-ray
and VHE γ-ray observations, which are two energy ranges where
the variability is typically the highest and can occur on the shortest timescales. We consider that the X-ray and VHE observations
are simultaneous if taken within 0.3 days (i.e., the same night), although most of the observations were performed within 2 hours.
The large degree of simultaneity in the observations ensure reliability in the results reported, in contrast to other published works that
use multiwavelengh data that are contemporaneous (taken within
one or a few days), but not simultaneous. This simultaneity is
particularly important for the X-ray and VHE γ-ray observations
which, as we report in 4 and Section 5 of this paper, show large
variability and a large degree of correlated behaviour on timescales
shorter than a day.
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21

Multi-band flux variability and correlations

During the 2015 and 2016 observing campaigns, Mrk 421 showed
a very low activity in the X-ray and VHE γ-rays (see Section 3
and Fig. 2), which are the energy bands where the emitted power
is the largest. The spectral shape, quantified here with the HRkeV
and HRTeV , also showed periods of extreme softness (very low
HRkeV and HRTeV values), like the one during the time interval of
about MJD 57422 to MJD 57474, where the HRTeV is ≤0.03, and
the HRkeV is ≤0.25 (see Fig. 7 and Fig. 8). We found the typical
harder-when-brighter trend in the X-ray and VHE γ-ray emission;
although we also found a deviation in the HR vs. flux trend for the
largest X-ray and VHE γ-ray activity. The flattening in the HR vs.
flux trend for high (and low) X-ray fluxes had already been reported
in Baloković et al. (2016), but here we report, for the first time, a
similar behaviour in the VHE γ-ray band.
The fractional variability showed the typical double-bump
structure reported in previous studies of the broadband (radio to
VHE) emission of Mrk 421 during low (non-flaring) activity (e.g.
Aleksić et al. 2015b; Baloković et al. 2016), and high (flaring) activity (e.g. Aleksić et al. 2015c; Abeysekara et al. 2020; Acciari
et al. 2020). The highest variability is always observed in the highest X-ray and VHE γ-ray energies at a similar level (see Fig. 5).
We also searched for correlated behaviour among the emission
from the various energy bands probed with these observations. We
quantified these correlations (using Pearson and DCF) and evaluated the significance with Monte Carlo simulations. We detected a
significant correlation between the emissions in the X-ray and VHE
γ-ray bands. The positive correlation between these bands has been
reported with a high confidence level whenever the source showed
a flaring activity (e.g. Aleksić et al. 2015c; Acciari et al. 2020),
but it is more elusive during typical or low flux (e.g. Aleksić et al.
2015b; Baloković et al. 2016). Despite the strength of the correlation being similar for the various combinations of X-ray and VHE
γ-ray energies probed, we report that the slope in the VHE vs. Xray flux plots changes with the specific energy band being used. In
all cases, we found a slope lower than 1, with the largest slope obtained for the highest energies (VHE γ-ray band; >1 TeV) versus
the lowest X-ray band (0.3-2 keV). These results (see Fig. C1 and
Table 2) are somewhat similar to those reported in Acciari et al.
(2020) during an extreme high activity in 2013 April. The results
reported in this paper further support that the X-ray and VHE emissions are closely related without any time delay, for all the energy
bands probed, during high and during low activity. This indicates
the presence of somewhat similar processes governing the emission of the source during a large range of activity, but showing also
complexity in these processes, as is deduced from the diversity in
the VHE vs. X-ray flux slopes when moving across nearby energy
bands.
The strongly correlated zero-lag behaviour between the VHE
and X-ray emissions, persistent during the 2015–2016 observing
campaigns, indicates that the X-ray and VHE γ-ray emissions
are dominated by leptonic scenarios (presumably SSC), where the
same population of high-energy electrons radiate simultaneously
at X-ray and VHE. The higher variability for the highest energies
and the harder-when-brighter behaviour may be interpreted as an
indication of injection of high-energy particles dominating the flux
variations over a large range of activity. But above a given flux, the
spectral shape no longer changes substantially with the flux, which
suggests that the flux variations may be dominated by a different
process yielding a variability that does not have a strong dependence with energy. One possibility could be a small change in the

22

V. A. Acciari et al.

viewing angle, that would increase the Doppler factor and, in first
order approximation, produce a flux change that is similar in all energies12 . In order to produce flux changes of about a factor of two,
one would need to change δ by about 20%, which, for Γ=10 and a
viewing angle of 5◦ , could be achieved by a change in the viewing
angle of about 1◦ . Such change in δ would also produce an energydependent flux change through the displacement of the broadband
SED, but it would be a relatively small effect (e.g., 2.0 keV would
become 2.4 keV).
We did not find a correlated behaviour between the optical and
the X-ray bands, and did not find a correlation between the γ-ray
emission below 2 GeV and the one above 200 GeV, hence indicating that the rising and falling segments of the two SED bumps may
actually be produced by different particle populations, and even located at different regions. However, as reported in Section 5.2, we
did observe, for the first time, a significant (> 3 σ) correlated behaviour, between the >2GeV emission measured with Fermi-LAT
and the VHE fluxes measured with FACT (Eth ∼0.7 TeV). The correlation, quantified in time steps of ±3 days, occurs only for τ=0,
indicating that the emission in these two energy bands is simultaneous within the resolution of the study. This observation suggests that the multi-GeV emission is produced (at least partially) by
the same particle population that dominates the VHE emission, but
such relation does not exist for the sub-GeV emission. A correlation
between GeV and TeV energies for Mrk 421 had also been claimed
by Bartoli et al. (2016), using Fermi-LAT and ARGO-YBJ. Apart
from technical details in the quantification of the correlation, and
the somewhat different energy bands considered in that study (median energy of 1.1 TeV for ARGO-YBJ and energies above 0.3 GeV
for Fermi LAT), the main practical difference is the temporal scale
involved in these two studies, with Bartoli et al. (2016) reporting a
positive correlation with τ=0 within ±30 days, while we can ensure
simultaneous emission within ±3 days.
Owing to the substantially lower fractional variability and the
longer variability timescales observed for the emission from the
rising segments of the two SED bumps (namely radio, optical and
GeV emission), the 2015–2016 data set was complemented with
data from years 2007–2014 (see the supplementary online material in Appendix B) to enlarge the data set and better evaluate the
correlations among these bands (see Section 5). This correlation
study, performed in the same fashion as done for the simultaneous
X-ray/VHE fluxes, but with time-bins of 15 days instead of 1 day,
yielded a number of interesting results, as reported in Section 5.3,
5.4, and 5.5.
We found a positive correlation between the >0.3 GeV emission (from Fermi-LAT) and optical (R-band) emission for a range
of about 60 days centered at τ=0 (see Section 5.3), which confirms
and further strengthens the claim made by Carnerero et al. (2017).
Overall, this observation indicates that these two bands, belonging
to the rising segments of the two SED bumps (and located somewhat close to the peak of the bumps) may indeed be produced (at
least partially) by the same particle population and in the same region (or regions). The wide time interval with positive correlation
may be due to a large size R of the region dominating the optical
and γ-ray emission. For instance, a variability timescale of about
30 days can be used to set an upper limit to the size R of about
8×1017 cm for a Doppler factor of 10. And, if the optical/GeV emitting region could be related to the radio emitting region, whose

The flux change would depend approximately on δ3.5 while the dependence in energy would relate to the energy shift that is proportional to δ.
12

Doppler factor has often been estimated to be lower than 2 (see e.g.
Piner et al. 2010), the upper limit to the size R would be 2×1017 cm.
Additionally, we found a positive correlation between the
>0.3 GeV emission (from Fermi-LAT) and the radio emission at
15 GHz and 37 GHz (from OVRO and Metsähovi) for a range of
about 60 days centered at τ ∼ 45 days (see Section 5.4), meaning that the radio emission occurs about 45 days after the GeV
emission. The same correlation with the same time lag occurs also
for the optical and the radio emissions (see Section 5.5), which is
expected given the correlation between γ-rays and optical emission mentioned above. Combining the time lags for the correlations among the GeV, R-band and the 15 GHz fluxes, one obtains
an overall time lag between optical/GeV and radio of 43+9
−6 days.
If instead one uses the 37 GHz from Metsähovi, where the DCF
plots have less pronounced peak, the overall time lag between optical/GeV and radio is 37+15
−12 days (see the supplementary online
material in Appendix D for details).
A positive correlation between the Fermi-LAT and OVRO
fluxes for a time lag of about 40 days had been first claimed by
Max-Moerbeck et al. (2014). The claim was only at 2.6 σ (pvalue of 0.0104), and strongly affected by the large γ-ray and radio flares from July and September 2012, respectively. In this paper, we report a correlation with a significance at the level of 11 σ
when considering the entire data set, and, if we exclude the large
flares, the significance is 9 σ. Therefore, we can confirm and further
strengthen the correlation reported in Max-Moerbeck et al. (2014),
stating with reliability that this is an intrinsic characteristic in the
multi-year emission of Mrk 421, and not a particularity of a rare
flaring activity.
Within the scenario of the emission being produced by plasma
moving along the jet of Mrk 421, the delay of the radio emission
with respect to the γ-ray emission can be considered as an indication that the plasma (or jet disturbance) first crosses the surface
of unit γ-ray opacity making the γ-ray emission visible, and then,
about 0.2 pc down the jet (assuming a common δ of 4 and Γ of 2, see
Max-Moerbeck et al. 2014, for details of the calculation), the radio
emission is produced when the plasma (or disturbance) crosses the
surface of unit radio opacity.
There are three distinct natures of correlation emerging from
this study, a) correlation between X-ray and VHE γ-ray LCs at τ=0,
b) correlation between optical and HE γ-rays at τ=0, and c) correlation between radio and HE (and optical) LCs at τ ∼ 45 days.
The correlation in cases (b) and (c) have broader peaks compared
to the case (a). The broader peaks for the radio, optical and GeV
emission may be due to the lower variability and longer variability timescales related to the energy bands in consideration (because
the emission involves lower energy particles), or it may related to
the existence of two (or more) different radiation zones responsible
for the production of the corresponding radiation components (see
Aleksić et al. 2015c, for description of the broadband SED variability of Mrk 421 with these two theoretical scenarios).
7.2

Multi-band flux distributions

Using the historical MWL data (from 2007 to 2016), we also quantified the flux variations with a methodology that allows us to estimate the flux distributions even for flux measurements with relatively large errors (see the supplementary online material in Appendix E for details). Using this methodology, we determined the
most probable flux values and the dispersion in the flux values for
all the bands probed (see Fig. 13 and Table 5). Among other things,
we found that the most probable flux is close to the average flux for
MNRAS 000, 1–43 (2020)
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the energy bands below the synchrotron and inverse-Compton SED
peaks (i.e. radio, optical and soft X-rays), while it substantially differs from it for the energy bands above the two SED peaks (i.e.,
hard X-rays and VHE γ-rays). The flux distributions in radio and
soft X-rays are better described with a Gaussian function, while the
flux distributions in the optical, hard X-rays, HE and VHE γ-rays
are preferably described with a LogNormal function. A LogNormal
distribution of flux implies that the emission is being powered by a
multiplicative process rather than an additive one. Suggestions have
been put forward by several authors that LogNormality is a result
of fluctuations in the accretion disk (Uttley et al. 2005; McHardy
2010). If the same behaviour is found in blazars, this may lead to
the conclusion that the source of variations in blazars lie outside the
jet, i.e., in the accretion disks which then modulate the jet emission.

7.3

Radio flare at 37 GHz

On 2015 September 11, the Metsähovi telescope observed an increase by a factor of two in the 37 GHz radio flux, from about 0.5 Jy
to about 1.1 Jy (see Fig. 3 and Section 3.2). It is the first time that
such a large flux change, with a temporal timescale shorter than
3 weeks, is observed in the 37 GHz radio emission of Mrk 421.
But the quasi-simultaneous flux density measurements at 5 GHz
and 24 GHz from the Medicina radio telescope, performed also
on September 11, show an enhanced flux density at 5 GHz only,
while the 24 GHz flux density is in line with the usual values for
the source. As the data are not strictly simultaneous, it is possible
that some very short term fluctuation affected the measurement during only some of the observations. This would argue for externally
induced short-term variability (scintillation, or instrumental) rather
than an episode of flaring from the source, although the current data
remain insufficient to make any strong claims on this episode. The
VLBA observations show an increase in the polarization fraction on
September 22, while it returns to normal values on December 5 (see
Fig. 3). The flare could then be explained via a kink instability that
momentarily disrupts the ordering of the field and accelerates particles to cause an increase in flux and a decrease in polarization. The
disturbance propagates down the jet, causing first a high-energy
flare, followed by a millimeter-wave flare, as observed. After the
flare, the polarization returns to its normal radial pattern. Other simultaneous observations are those from Fermi-LAT, and Swift-BAT
where there is no substantial enhancement in the γ-ray or X-ray flux
activity around the time of the radio flare. There is, however, some
structure in the GeV and keV light curves about 40 days before
the radio flare, which is similar to the time lags reported in Fig. 12
between multi-year GeV and radio emission.

7.4

Hard X-ray component

During the 7-day time interval MJD 57422–57429 (2016 February 4–11) where Mrk 421 showed a very low X-ray flux and low
HRkeV (i.e. soft X-ray spectra), we noted a 15 − 50 keV flux (from
Swift-BAT) that is well above the emission that one would expect
if the optical to X-ray emission (from 1 eV to 10 keV), characterized with a log-parabola function, is extrapolated to the hard X-ray
range above 15 keV (see Fig. 9). This is the first time that BAT
measures a flux significantly above the one expected from the simple extrapolation of the XRT spectral data. But an excess in the hard
X-ray with respect to the expected flux from the synchrotron component has already been reported by Kataoka & Stawarz (2016) for
Mrk 421, using NuSTAR data during a period of very low X-ray and
MNRAS 000, 1–43 (2020)
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VHE activity in 2013, and considered to be the onset of the SSC
component. Such hard X-ray excesses, considered to be the beginning of the SSC component, have also been observed in another
blazar, PKS 2155–304, also using NuSTAR observations during a
period of very low X-ray flux (Madejski et al. 2016; H. E. S. S.
et al. 2019). On the other hand, the hard X-ray NuSTAR excess in
the Mrk 421 data from 2013 was also interpreted within the scenario of the spine/layer jet structure, and considered to be an indication of inverse-Compton emission produced by high-energy electrons from the spine region up-scattering the synchrotron photons
from the layer, as was proposed by Chen (2017). Another possible origin of the hard X-ray excess could be a Bethe-Heitler cascade, which is expected to occur in many of the hadronic scenarios,
such as the ones that were used to explain the broadband emission
of TXS 0506+056 contemporaneous to a high-energy astrophysical neutrino detected by IceCube in 2017 September (e.g. Ansoldi
et al. 2018). Moreover, the BAT excess reported here may also be
related to the presence of an additional (and narrow) spectral component that appears occasionally, as has been recently reported for
Mrk 501 at multi-TeV energies (MAGIC Collaboration et al. 2020),
and interpreted as a indication for pile-up in the electron energy
distribution, or an indication for electrons accelerated in the vacuum gaps close to the super-massive black hole that is powering
the source. The probability of occurrence of hard-X-ray excesses,
the theoretical interpretation of the broadband SED of Mrk 421 for
the time period of very low X-ray and VHE fluxes, as well as for the
time intervals before and after this time period, will be discussed in
a forthcoming paper.

7.5

Outlook

Overall, the data set presented in this paper, which focuses on the
two observing campaigns in 2015–2016, when Mrk 421 showed
very low flux at keV and TeV energies, and without any prominent
flare, allowed us to derive a good number of new observational
results. The continuation of these multi-instrument observations
in the upcoming years, with at least the same depth in temporal
and energy coverage, will be important to determine whether these
novel features that we report in this paper are rare, or whether they
repeat over time.
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This section reports the single-night LCs at VHE γ-rays that show
intra-night variability (INV), considered to occur when the fit with
a constant value to the available intra-night flux measurements
(time bins of 20 minute for FACT and 15 min for MAGIC) yield
a pvalue below 0.003 (i.e. more than 3σ significance). In case of
FACT, the 20-minute binned light curves of all nights with a minimum observation time of 1 hour (196 nights) were checked for
INV. From all the observations performed, INV was observed on
only two nights, 2015 January 27 (MJD 57049) and 2015 March
12 (MJD 57093). In the first night, there were observations with
both MAGIC (above 0.2 TeV) and FACT (Eth ∼0.7 TeV). The INV
is statistically significant only in the LC from MAGIC. In the case
of FACT, the flux variations are not significant (less than 2 σ) because of the larger flux uncertainties and the different temporal coverage. It seems that the flux of Mrk 421 dropped by 50% sometime
between MJD 57049.20 and MJD 57049.25. In the second night,
there are only FACT observations. Mrk 421 shows a decrease in the
VHE flux by about a factor of 3 in the 3.5 hours that the observation
spans.

27
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Figure A1. Single night VHE γ-ray LCs that show statistically significant intra-night variability. The first two panels show the MAGIC
(above 0.2 TeV) and the FACT (Eth ∼0.7 TeV) LCs for 2015 January 27
(MJD 57049). The lower panel shows the FACT (Eth ∼0.7 TeV) LC for
2015 March 12 (MJD 57093). The blue horizontal lines depict the Crab
Nebula flux in the respective energy band, and the red horizontal line represents a constant fit to the VHE γ-ray flux, with the resulting fit parameters
and goodness of the fit reported in the panels.
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APPENDIX B: MULTI-YEAR LIGHT CURVES
The studies reported in this paper are derived mostly with the extensive MWL data set collected during the campaigns in the years
2015 and 2016, when Mrk 421 showed very low flux at X-ray and
VHE γ-rays. This 2-year data set is described in Section 2. However, for the correlation studies reported in Sections 5.2, 5.3, 5.4,
and 5.5, and the characterization of the flux distributions reported
in Section 6, the 2015–2016 data set is complemented with data
from the years 2007–2014. This appendix provides a description of
this additional (complementary) 2007–2014 data set.
The 2007–2016 data set, used for the above-mentioned correlation and flux-profile studies, is depicted in Fig. B1. The MAGIC
VHE γ-ray and the Swift-XRT X-ray LCs are retrieved from various published works (Aleksić et al. 2012, 2015c; Ahnen et al.
2016; Baloković et al. 2016). The FACT fluxes from 2012 December to 2016 June were produced with the analysis described
in Section 2.6. The Fermi-LAT fluxes in the band 0.3 − 300 GeV
were analyzed as described in Section 2.4. The Swift-BAT fluxes
were retrieved from the BAT website13 , and treated as explained
in Section 2.3.3. The optical data in the R-band were retrieved
from Carnerero et al. (2017). The 37 GHz radio fluxes from Metsähovi were provided by the instrument team, and the 15 GHz radio
fluxes from OVRO were retrieved from the website of the instrument team14 . As done in Section 4.1, we only consider fluxes with
the relative errors (flux-error/flux) smaller than 0.5 (i.e. SNR>2).
In this way, we ensure the usage of reliable flux measurements, and
minimize unwanted effects related to unaccounted (systematic) errors.
There are seven MAGIC VHE fluxes from the year 2007, from
the time interval MJD 54166–54438, and five VHE fluxes from the
year 2009, from the time interval MJD 54800–54835, that relate to
energies above 0.4 TeV (published in Ahnen et al. 2016), and all the
MAGIC VHE fluxes from the 4.5-months long MWL campaign in
year 2009, from the time interval MJD 54851–54977, relate to energies above 0.3 TeV. (published in Aleksić et al. 2015c). The reason for the higher minimum energy in these two publications with
respect to other publications that relate to observations performed
after year 2010 (where the light curves are produced with energies
above 0.2 TeV) is the operation of MAGIC in mono mode (with a
single-telescope). The MAGIC observations of Mrk 421 in stereo
mode, which started in the MWL campaign from year 2010, provide additional sensitivity and a lower analysis energy threshold,
which allows one to reliably produce light curves with a minimum
energy of 0.2 TeV. During the year 2008, Mrk 421 showed high
VHE flux and, despite MAGIC operating with a single-telescope,
the large VHE γ-ray fluxes and the longer exposures, permitted
the reliable reconstruction of the VHE fluxes above 0.2 TeV, as reported in Aleksić et al. (2012). In order to properly compare the
published VHE fluxes from the years 2007 and 2009 with those
from 2008 and from 2010 onwards, we scaled VHE fluxes above
0.4 TeV and 0.3 TeV (and their related errors) by a factor of 2.83
and 1.84, respectively. These scaling factors were calculated by
considering that the VHE spectral shape of Mrk 421 around the
energy of 0.3 TeV can be well described with a power-law function with index 2.5, when Mrk 421 is in its typical (non-flaring)
state (Abdo et al. 2011). They can then be used to convert the VHE
fluxes above 0.4 TeV and 0.3 TeV to that above 0.2 TeV. The spec-

tral shape of the VHE emission of Mrk 421 does vary over time,
and it is known to be related to the flux (e.g. harder-when-brighter
behaviour). However, owing to the relatively small energy range
over which one needs to extrapolate, and the relatively low VHE
flux and low variability from years 2007 and 2009, including these
spectral variations would vary the reported VHE fluxes by less than
±10% in most cases. These additional flux variations are typically
smaller than the statistical uncertainties of the flux measurements
during these low-flux periods, and hence they do not affect the reported study in any significant manner.
Figure B2 shows the 3-day binned light curves during 2012
December to 2016 June used in the correlation studies presented
in Section 5.2. The VHE fluxes from FACT were derived with the
analysis described in Section 2.6, but this time in 3-day time intervals. The data from Fermi-LAT were analyzed as described in
Section 2.4.

13

http://heasarc.nasa.gov/docs/swift/results/transients/
http://www.astro.caltech.edu/ovroblazars/index.php?
page=home
14
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Figure B1. Multi-year data set (with flux measurements with SNR>2) used in the study reported in Sections 5.3, 5.4, 5.5, and 6. In the top panel, the horizontal blue line represents 1 Crab flux in above 0.2 TeV.
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Figure B2. The 3-day binned LCs (with flux measurements with SNR>2) measured with FACT and Fermi-LAT in the energy bands Eth ∼0.7 TeV (top panel),
2 − 300 GeV (middle panel), and 0.2 − 2 GeV (bottom panel), that were used in the study reported in Section 5.2.
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APPENDIX C: MULTI-BAND FLUX-FLUX RELATIONS
This section reports the multi-band flux-flux plots related to the
correlations discussed in Section 5.
Panels (a)–(d) in Fig. C1 show the integral VHE γ-ray flux
from the two energy bands measured with MAGIC (reported in
Fig 2, namely 0.2 − 1 TeV and above 1 TeV), plotted against the
X-ray flux in the two energy bands from Swift-XRT (reported in
Fig 2). The panels (e)-(f) of Fig. C1 show the VHE vs. X-ray flux
relations when using the VHE fluxes with Eth ∼0.7 TeV measured
with FACT. Only simultaneous observations are used in these figures. Besides the display of all the flux measurements (roughly
equivalent to unbinned data), the panels also show the average and
the standard deviation computed with data subsets of 10 observations, binned according to their flux (binned data). The binned data
allow us to better visualize the main trend, as well as the dispersion in the single-day flux measurements. Both the unbinned and
binned data are fitted with a linear function to quantify the slope in
the VHE vs. X-ray flux relation. These slopes are reported in Table 2. Despite the large dispersion in the VHE vs. X-ray flux values,
there is a roughly linear trend for all the bands, with the slope of the
trend increasing for increasing VHE energy band, or for decreasing
X-ray energy band.
The panels in Fig. C2 show the VHE γ-ray flux from FACT
(Eth ∼0.7 TeV) during the period from 2012 December to 2016 June
(see Fig. B2), plotted against the HE flux from Fermi-LAT in two
energy bands, 0.2 − 2 GeV and 2 − 300 GeV (see Fig. B2). As with
the panels in Fig. C1, besides showing all of the 3-day flux measurements (unbinned data), the panels also show the average and
the standard deviation computed with data subsets of 10 observations, binned according to their flux (binned data). Both the unbinned and binned data are fitted with a linear function to quantify
the slope in the VHE vs. HE flux relation. These slopes are reported
in Table 3. In contrast to what happens in the panels of Fig. C1,
there is a large difference between the slopes in the linear functions
fitted to the unbinned and binned data. The difference is ascribed to
VHE vs. HE flux pairs which are well outside the main trend (outliers), which have a large impact on the fit to the unbinned data, but
not to the binned data. The difference is also partly due to the weak
(if not absent) correlation between these energy bands (see Section
5.2 for further details).
Figure C3 shows the HE vs. optical flux correlation plots for
the HE γ-rays vs. optical for τ=0, the HE γ-rays vs. radio for a
time shift of 45 days, and the optical vs. radio for a time shift of 45
days. The time shift of 45 days is the time for which the correlation
between these two bands is the highest (see Section 5.4 and 5.5).
The panels (b) and (c) of Fig. C3 show that, for a time shift of
45 days, the relation between the GeV and the radio fluxes can be
approximated by a linear function. As with Fig. C1, the panels also
show the average and the standard deviation computed with data
subsets of 10 observations, binned according to their flux (binned
data). In the case of LAT vs. Metsähovi, there is a large difference
between the slopes from the linear functions fitted to the unbinned
and binned data. This is produced by a few HE vs. optical flux
pairs which are well outside the main trend; they have a substantial
impact on the fit to the unbinned data, while they do not affect the
binned data.
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Figure C1. VHE vs. X-ray flux correlation plots during 2015–2016 campaign. The grey markers denote the individual flux measurements and related errors
(unbinned data), while the blue markers show the average and the standard deviation computed with data subsets of 10 observations, binned according to their
flux (binned data). The grey and blue lines depict the best linear fit to the unbinned and binned data, with the slopes reported in Table 2. Only simultaneous
VHE-X-ray data (taken within 0.3 days) were used. See Section 5.1 for details.
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Figure C2. VHE vs. HE flux correlation plots during the period from 2012 December to 2016 June. For the description of the grey and blue markers, see the
caption of Fig.C1. The grey and blue lines depict the best linear fit to the unbinned (grey) and binned (blue) data, with the slopes reported in Table 3. The flux
values relate to 3-day time intervals. See Section 5.2 for details.
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Figure C3. Flux-flux plots for several energy bands. The grey and blue markers as in Fig.C1. The grey and blue lines depict the best linear fit to the unbinned
(grey) and binned (blue) data, with the slopes reported in Table 4. Panel (a) shows the flux-flux cross-correlation between the HE γ-rays (LAT; >0.3 GeV) and
optical (R-band) fluxes, computed for 15-day time intervals at a zero timelag. The panels (b)-(e) report fluxes computed for 15-day time intervals, where the
radio (15 GHz and 37 GHz) have been shifted 45 days earlier in order to match the time lag observed in the correlation plots from Fig. 12. See Section 5.3, 5.4,
and 5.5, for details.
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300
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In this section, we report an estimate of the most representative
time lag and its related uncertainty for the multi-band fluxes used
in the correlation studies reported in Sections 5.3, 5.4, and 5.5. We
use the model-independent Monte Carlo flux randomization (FR)
and random subset selection (RSS) method described in Peterson
et al. (1998) and Peterson et al. (2004), which is the methodology
used by Max-Moerbeck et al. (2014) to estimate the time lag of
40±9 days between the Fermi-LAT and OVRO fluxes. Briefly, the
method employed in this study is as follows: we perform RSS of
the first LC and select the simultaneous observations between the
first and second LC. Then, we perform FR according to the flux
uncertainties of both LCs. In this way, through this process of RSS
and FR, we generate a set of 1000 Monte Carlo simulated LC pairs.
Then we perform the DCF study for these 1000 simulated pairs. As
in Peterson et al. (1998), a cross-correlation is considered successful if the maximum correlation coefficient is large enough such that
the correlation between the LC pairs is significant above 95% confidence level. Instead of using the peak of the DCF (DCFmax ), following the prescriptions from Peterson et al. (2004), we used the centroid of the DCF (DCFcen ), computed with the DCF values above
0.8×DCFmax , which is expected to provide better results when the
DCF has a broad peak. The distributions of DCFcen are then obtained. The most representative value of the time lag is estimated
by considering the mean of the distribution, and the uncertainties
are computed using the 68% containment, that would correspond
to 1 σ error for a normal distribution.
Figure D1 shows the distribution of DCFcen for the 1000 simulated LCs for the HE and optical R-band. The average and the 68%
containment (depicted with the black and red lines in Fig. D1) is
2+5
−9, which can be considered as good estimate of the time lag and
related uncertainty between the fluxes for these two energy bands.
This is perfectly consistent with no time lag, and hence simultaneous emission in these two energy bands.
The panels in Fig. D2 show the distributions of DCFcen for
the 1000 simulated LCs for the HE and R band vs. the two radio
bands observed with Metsähovi and OVRO. Since the time lags
shown in Fig D2 are statistically compatible, we decided to combine the GeV and R-band with the 37 GHz and with the 15 GHz
cases, in order to estimate combined time lags for the GeV/optical
and 37 GHz, and the GeV/optical and 15 GHz. The combined distributions of DCFcen , derived with the 2000 simulated LCs, are shown
in Fig. D3, leading to the estimation of combined time lags of 37+15
−11
days and 43+8
−5 days, respectively.
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Figure D1. Distribution of DCFcen derived with 1000 Monte Carlo FR/RSS
simulations to estimate the time lag between the HE γ-ray and optical Rband LCs that were used to compute the DCF reported in panel a of Fig. 12.
The average and the 68% containment are depicted with the black and red
lines, respectively, and are used as the estimate of the time lag between these
two bands. See text in Appendix D for further details.
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(bottom-left) and d) R vs. OVRO (bottom-right). The average and the 68% containment are depicted with the black and red lines, respectively, and are used as
the estimate of the time lag between the bands. See text in Appendix D for further details.
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(right) from Fig. D2. See text in Appendix D for further details.
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ported in Fig. B1 (e.g. at VHE the fluxes and errors are scaled with
2.09×10−10 ph cm−2 s−1 which is the long-term average flux). From
the overall flux profile, we determine the most probable state to be
around 60 per cent of the average flux.
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Figure E1. Examples of contributions to the VHE γ-ray flux profiles from
three selected flux measurements with the MAGIC telescopes.

APPENDIX E: FLUX PROFILE
The shape of flux distribution of a source is a useful tool to study the
nature of the underlying variability processes in the source. Almost
all the studies done so far in this respect involve construction of
Chi-square fit to the flux histograms (Tluczykont et al. 2010; Abeysekara et al. 2017; Sinha et al. 2016; Dorner et al. 2019). However,
generating flux distributions from histograms has certain inaccuracies and biases related to the selection of the bin-width and the
flux measurement errors, which are not considered when making
a simple flux distribution. In order to address this issue, we have
developed a new method, in which, we construct "flux profiles" instead of histograms.

E1

37

Flux profile from a light curve:

We create the flux profile by adding contributions from individual flux measurements. We assume that for individual observations, flux errors are normally distributed around the mean. At VHE
γ-rays (> 0.2 TeV) during 2015–2016, the lowest number of excess events was found to be around 40, supporting this assumption.
Therefore, for each individual measurement we create a Gaussian
profile G(x : µ, σ), where µ and σ are the flux and flux error,
√ respectively. The amplitude of the profile is normalised to 1/(σ 2π),
so that the area under each individual flux profile is unity. Therefore, a high uncertainty measurement will result in a smaller amplitude, but will contribute to a wider range of flux values. Finally, the
overall flux profile for the whole observation period is obtained by
adding contributions from individual flux profiles. A few examples
of such individual flux profiles are presented in Fig. E1.
In order to create the flux profile in the VHE band for
the 2007–2016 period, we have selected only flux points for
which the detection significance (flux-error/flux) is less than 0.5.
The highest flux in this data set, (86.1±3.2)×10−11 ph cm−2 s−1 ,
was observed on MJD 54555.9, while the lowest flux state of
(3.2±0.6)×10−11 ph cm−2 s−1 was observed on MJD 57422. The
corresponding flux profiles are presented in Fig. E1. Also, the flux
profile for MJD 54562 is also shown which has a rather large flux
uncertainty (78.4 ±8.1)×10−11 ph cm−2 s−1 . In addition, we construct the flux profiles using the individual fluxes and flux errors
scaled with the average flux of the entire observation period reMNRAS 000, 1–43 (2020)

Validation of the flux profile method using VHE γ-ray
data:

In this section, we present the validation of the flux profile method
by assuming the flux distribution of the source as i) Gaussian and
ii) LogNormal. We explain the procedure for this exercise for the
Gaussian case and for the VHE γ-ray data set, but the same procedure also applies to LogNormal case, as well as for all the energy
bands. The steps are as follows:
Step 1: We create a histogram of the fluxes in the VHE band
using the long-term (2007–2016) data set, as shown in Fig. E2 (top
left panel), and fit it with a Gaussian using Chi-square minimization.
Step 2: We assume that the fluxes from our source are distributed according to the fitted distribution from Step 1. We simulate 226 flux values as present in the real VHE LC.
Step 3: We then use real measurements to create a 2-D histogram of the flux vs. SNR, with 10 bins in flux and 5 bins in SNR
(top right panel of Fig. E2). The SNR bins are not the same for
each flux bin, rather, in each flux bin, we take the range between
minimum and maximum values of the SNR and divide it in 5 bins.
Finally, we take the number of points in each SNR bin and divide
it with the total number of points in the whole flux bin to estimate
the distribution of SNR in each flux bin.
Step 4: Using fractions of SNR in each flux bin (obtained in
Step 3), we generate flux errors for each of the 226 fluxes generated
in Step 2. Some high flux bins in the real data histogram are empty
(see top left panel of Fig. E2). In such cases, we take the SNR to be
the average SNR of the first lower flux bin.
Step 5: The 226 generated flux and flux-error pairs are now
used to create a simulated flux profile.
Step 6: Steps 2–5 are repeated 1000 times in order to create
1000 generated flux profiles.
Step 7: Every generated flux profile is fitted with both the
Gaussian and LogNormal functions. The fit parameters are µGi and
σGi (µiLN and σiLN ) for fitting with Gaussian (LogNormal), where i is
the flux profile index. In addition, a parameter redchi is calculated
(see Section 6 for details) for each flux profile and both the functions, as well as a ratio of redchi parameters RGLN (redchi(G)/
redchi(LN)).
Step 8: Using the fit parameters for individual flux profiles, we
calculate the average values of the fit parameters (µG and σG ) and
their standard deviations (∆µG and ∆σG ). A Gaussian function with
µG and σG as mean and standard deviation is plotted in Fig. E2 as
the reconstructed Gaussian distribution (green lines in middle left
and bottom left panels). The errors on mean and standard deviation
of the Gaussian are quoted as ∆µG and ∆σG in the same panels. The
same procedure is followed for LogNormal distribution (shown as
blue lines in Fig. E2).
Step 9: We make a distribution of the RGLN which quantifies the
goodness of fit.
First, we perform the described analysis by fitting the real data
fluxes with a Gaussian function (Step 1). The resulting fit parameters are (µG = 0.67, σG = 0.65), and the corresponding function is
shown in the top left plot of Fig. E2 with the red line. These parameters are used to generate 213 flux values (Step 2), and later
to generate 1000 flux profiles (Step 6). Fitting each flux profile
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Figure E2. Validation of flux profile-method using long-term VHE observed flux. The histogram of real data (fluxes) along with fits with the Gaussian (red line)
and LogNormal (green line) functions is shown in the top left plot. These functions are shown in red in the middle left (Gaussian) and bottom left (LogNormal)
plots. The top right plot shows the distribution of the flux/flux-error ratio (SNR) vs. flux. The colour scale indicates the number of flux measurements in each
flux bin. In the middle left and bottom left plots, the red lines represent fits to the true flux distribution with a Gaussian (middle) and LogNormal (bottom),
while the green and blue lines show fits to simulated flux profiles with Gaussian and LogNormal, respectively. In each of these two plots one example of the
1000 simulated Gaussian (LogNormal) flux profiles is presented with black line. The middle right and bottom right plots the distributions of the parameter
RG
LN for Gaussian and LogNormal distributions, respectively. The white, blue, and red vertical dashed lines represent the weighted average of the histograms
bins , the 1 σ and 2 σ confidence intervals.

with Gaussian and LogNormal (Step 7) and averaging over all flux
profiles (Step 8) results in the average fit parameters (µG = 0.68 ±
0.09, σG = 0.65 ± 0.08) and (µLN = −0.08 ± 0.06, σLN = 0.81 ± 0.14),
for Gaussian and LogNormal distributions, respectively. The results
are shown in the middle left plot of Fig. E2. The red line indicates

the fit of the real data set with the Gaussian distribution, while the
green and blue lines indicate the Gaussian and LogNormal functions, respectively. The average fit parameters for the Gaussian are
consistent with the fit parameters of the initial real data distribution
(the red and green lines overlapping). In addition, the ratio of the
MNRAS 000, 1–43 (2020)
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Figure E3. Validation of flux profile-method using long-term HE γ-ray (0.3-300 GeV) data

parameters redchi for Gaussian to the LogNormal for this case is
RGLN = 0.40+0.14
−0.07 , indicating that the Gaussian distribution is the preferred one, and thus proving that we correctly recovered the initial
distribution. The chance probability (p), based on toy Monte Carlo,
indicates the probability of wrongly reconstructing a LogNormal
(Gaussian) distribution as a Gaussian (LogNormal). We calculate
this by the distribution of the parameter RGLN . For an initial true
LogNormal (Gaussian) distribution, we calculate the survival func-

tion (sf 15 ) of RGLN below (above) 1 assuming the distribution to be
a skew-normal11 . This survival fraction indicates the chance probability of obtaining a Gaussian (LogNormal) flux distribution from
a true LogNormal (Gaussian) distribution. The chance probability
for the flux distribution in VHE γ-rays is 1.1×10−4 . The distribution of the RGLN for individual simulated flux profiles is shown in the
middle right plot. Next, we repeat the analysis, this time fitting the
real data fluxes with the LogNormal function (Step 1), resulting in

15

https://docs.scipy.org/doc/scipy/reference/generated/
scipy.stats.skewnorm.html
MNRAS 000, 1–43 (2020)

40

V. A. Acciari et al.
160

50

G: µG =0.89; σG =0.49
Significance of Obs (fux/flux-error)

Observations

40

140

500

χ2
G /ndf =23.8/19
LN: µLN =-0.01; σLN =0.52
χ2
LN /ndf =50.7/19

30

20

10

120

400

100

80

300

60

200
40

100

0

20

0

0

1

2

1

3

2
3
Flux (units of avg flux)

Flux/Fluxavg. (X-ray; 0.3 − 2 keV)
Test Dist.
Reconstructed Dist. LN

700

Reconstructed Dist. G
True Dist.

500

0
(µ0G = 0.91, σG
=0.48)

400

Fitted LN: µLN = -0.01±0.03; σLN =0.52±0.06

No. of observations

Flux profile (arbitrary units)

100

True Distribution Gaussian:

Fitted G: µG = 0.90±0.04; σG =0.48±0.04
RG
LN =

200

0.90+0.05
−0.04

80

60

40

20

100
0

5

120

600

300

4

1

2
3
Flux (units of avg. flux)

Test Dist.
Reconstructed Dist. LN

1000

4

0

5

Reconstructed Dist. G
True Dist.

0.80

0.85

0.90
0.95
RG
LN (redchiG /redchiLN )

1.00

1.05

140

800

No. of observations

Flux profile (arbitrary units)

120
True Distribution LogNormal:
0
(µ0LN = 0.00, σLN
=0.51)

600

Fitted LN: µLN = -0.00±0.04; σLN =0.51±0.03
Fitted G: µG = 0.91±0.04; σG =0.48±0.05

400

+0.05
RG
LN = 1.09−0.05

100
80
60
40

200
20
0

1

2
3
Flux (units of avg. flux)

4

5

0

0.95

1.00

1.05
1.10
1.15
RG
LN (redchiG /redchiLN )

1.20

1.25

Figure E4. Validation of flux profile-method using long-term X-ray (0.3 − 2 keV) data

parameters (µLN = -0.12, σLN = 0.66). The corresponding function
is shown in the top left plot of Fig. E2 with the green line. The final
results of the analysis are shown in the bottom plots of Fig. E2. In
the left plot, the red line indicates the fit of the real data set with
the LogNormal distribution, while the green and blue lines again
indicate the Gaussian and LogNormal functions, respectively. This
time, the simulated flux profiles were generated using parameters
of the initial LogNormal distribution. The average fit parameters
in this case are (µG = 0.72 ± 0.08, σG = 0.58 ± 0.11) and (µLN =
−0.10 ± 0.06, σLN = 0.66 ± 0.05), while RGLN = 1.84+0.71
−0.48 (chance
probability of having a Gaussian distribution is 4.4×10−2 ). We can

see that the average fit parameters for the LogNormal are consistent with the fit parameters of the initial real data distribution (the
red and blue lines overlapping), and that the LogNormal distribution is the preferred one. Therefore, we again correctly recovered
the initial distribution. The distribution of the RGLN for individual
simulated flux profiles is shown in the bottom right plot.
We inspected our method on flux profiles in HE and X-ray
bands. HE was chosen as an example of a band with larger relative flux uncertainties and lower variability, while the X-ray band
is an example of the opposite (smaller relative flux uncertainties
and higher variability). The procedure used in HE (X-ray) is exMNRAS 000, 1–43 (2020)
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actly the same as that of the VHE band, with the exception of using 955 (374) flux points in Step 2 and 15 (10) flux bins in the
2-D histogram in Step 3. The results are shown in Fig. E3 and
E4 for the HE and X-ray bands, respectively. In the HE band, the
parameters of the initial flux distributions are not recovered. This
is mainly because of the relatively large flux uncertainties. However, the chance probability of having LogNormal (Gaussian) from
a true Gaussian (LogNormal) is 0.0 (8.1×10−2 ) which indicates that
we do correctly reconstruct and distinguish between Gaussian and
LogNormal shapes of the initial distribution. In the X-ray band, the
chance probability of having LogNormal (Gaussian) from a true
Gaussian (LogNormal) is 1.7×10−2 (3.3×10−2 ). Therefore, in the
VHE and X-ray bands, we were able to recover the initial flux distributions (including the parameters), thus validating our method
for measurements with higher sensitivity.
We recognize the following types of biases that can affect our
results:
a) A cut on the relative error: In this study, we only use flux measurements with a SNR > 2.0. This will bias towards slightly higher
values of flux for some of the distributions (those with the largest
errors), e.g., FACT, Fermi and BAT. It affects only the rising part
of the flux distribution. For FACT, there will be some distortion in
the distribution because we remove 25% of the data. In any case,
it is the high fluxes what dominates the distinction between G and
LN, and those remained unaffected. For the flux distribution of data
from the Fermi-LAT, the impact is negligible (only 3% of data removed).
b) The bias for including the observations during alert (ToO)
for the high flux states: The MAGIC and Swift-XRT observations
triggered by the target of opportunity (ToO) programs during the
high flux of the source may bias the flux distribution. Ideally, the
unbiased observations should only be considered. The data set under consideration includes the following campaigns, 2008 (Aleksić
et al. 2012) and 2010 (Aleksić et al. 2015c; Abeysekara et al. 2020)
where the source showed high flux states. While the 2008 flaring
episode had many ToOs involved, the 2010 March flaring activity
observed consisted on observations that had been coordinated with
Swift and RXTE several weeks in advanced. We have performed a
study by removing all the high flux states observed during 2008
(Aleksić et al. 2012) to check for LogNormality. We have found
that even with this extreme condition, a LogNormal is preferred
over a Gaussian flux profile. This proves that the LogNormal distribution of the flux at VHE is a feature of the source and does not
depend on the ToOs. We also note that this bias is negligible for
MAGIC and Swift-XRT and has no effect on the observations with
the FACT, Fermi-LAT and Swift-BAT.
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Figure F1. The flux profile and flux histogram of Mrk 421 in radio (15 GHz)
band. See text for details.

APPENDIX F: YEAR-WISE VARIATION OF FLUX
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Figure F2. Year-wise variation of flux profiles of Mrk 421 in radio (15 GHz)
band. The bands for different colors indicate 1 σ confidence intervals for
different years. We have divided the multiyear radio LC into four different
periods of observations. See Appendix F for details.

The flux distribution of the 15 GHz radio band is shown in Fig. F1,
where the flux histogram and the flux profile are presented. This
suggests that the flux distribution for this band is a bimodal distribution, hence, the Gaussian and LogNormal functions are not suitable. The year-wise variation of the flux profiles for the 15 GHz
radio band, observed by OVRO, has been reported in Fig. F2. We
have divided the multiyear radio LC into four different periods:
a) 2006 September 22 to 2010 October 31 (MJD 54000–55500),
b) 2010 November 01 to 2012 March 14 (MJD 55501–56000),
c) 2012 March 15 to 2013 July 27 (MJD 56001–56500), and
d) 2013 July 28 to 2016 June 11 (MJD 56501–57550).
For each of the periods stated above, we shuffled the uncertainties
on the flux and added to the flux in order to construct a simulated
flux profile. We repeated this exercise for 1000 times for a single
period in order to estimate the standard deviation on the flux profiles. The bands in Fig. F2 represent the standard deviation on the
flux profile (68% confidence limit) estimated from the simulations
mentioned above. This study indicates that the most probable states
of the source in different years are not unique. The flux profile also
changes according to the flux states in different years. For example,
the flux profile for the period (c) shows an isolated peak at higher
flux. This is due to the huge radio flaring event in 2012. The variation in flux profiles in Fig. F2 indicates a shift form the low-flux
state in period (a) to a high flux state (c) via an intermediate state
(b). During period (c) the low/ typical state can also be identified.
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APPENDIX G: CHARACTERIZATION OF THE MWL
FLUX DISTRIBUTIONS USING A (BINNED) CHI-SQUARE
FIT AND A (UNBINNED) LOG-LIKELIHOOD FIT
This section reports the characterization of the flux distributions
using a binned Chi-square fit and an unbinned log-likelihood fit.
They are conventional ways of quantifying the shape of a distribution, and complement the results obtained with the flux profile
method reported in Section 6 and Appendix E. In both exercises,
we use fluxes and their errors scaled by the average flux for each of
the energy bands, and present them as F and ∆F.
In order to perform the Chi-square fit, we first bin the scaled
flux F. For each of the energy bands, the number of histogram bins
employed permits to show the overall shape of the distribution,
while keeping sufficient statistics (more than 10 entries) in most
of the bins. Afterwards, we performed a regular fit with a Gaussian
and LogNormal functions, starting from the minimum flux Fmin ,
and obtaining the function parameters mean (µ) and standard deviation (σ) for which the Chi-square is minimum. It must be noted
that the outcome of the Chi-square fit can depend on the histogram
binning, and does not consider the flux uncertainties. Figure G1
shows the results of the Chi-square fit for all the bands, except for
the VHE γ-ray with MAGIC, HE γ-ray with Fermi-LAT and X-ray
(0.3 − 2 keV) with Swift-XRT, which are presented in Fig. E2, E4,
and E3, respectively.
In the log-likelihood fit, the log-likelihood function used for
the Gaussian PDF, as a function of the parameters µ and σ, is given
as:
"
#
1X
(Fi − µ)2
Lg ( f (Fi , ∆Fi )|σ, µ) = −
log(2π(∆Fi2 + σ2 )) +
2
∆Fi2 + σ2
(G1)
In order to calculate the log-likelihood of the LogNormal distribution, we consider a grid with 3000 points (xi ), using a dynamic grid
resolution, ranging from log(Fmin )-5 to log(Fmax )+5, where Fmin and
Fmax are the minimum and maximum scaled fluxes in the corresponding energy bands. The exponential of the grid points (e xi ) are
then used for the defining the LogNormal PDF as a function of the
parameters µ and σ, in the form given below:
"
#
1
(xi − µ)2
1
i
exp
−
(G2)
LLN
( f (xi |σ, µ) = − √
2σ2
2π e xi σ
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response functions and physical models of emission into the PDFs,
which is out of the scope of this work.
Table G1 lists the preferred flux-distributions (Gaussian or
LogNormal) from the Chi-square fit, log-likelihood fit and the flux
profile methods. The flux distribution for the OVRO (15 GHz) is
not included in the table and in the figures because it has a bimodal
shape due to the strong flare in 2012 (see Appendix F). The entries
marked with "*" denote cases where the preference is not clear,
either because both options are roughly equally probable, or because the methods suffer from some caveats. In the case of the Chisquare fit, this happens for FACT (Eth ∼0.7 TeV), where the resulting Chi-square values show equally probable fits. In the case of the
log-likelihood fit, this occurs for FACT (Eth ∼0.7 TeV), Swift-BAT
(15 − 50 keV) and X-ray in the 0.3 − 2 keV band. In the first two
cases, the applicability of the PDF (Gaussian or LogNormal) suffers from the truncation of these two distributions at low flux values
(given the limited sensitivity to measure low fluxes)16 , and in the
latter case, the resulting log-likelihood values are equal (within one
unit) for both the functions. In the case of the flux profile method,
the preference is not clear for Swift-BAT (15 − 50 keV) because the
chance probability (p; see Section 6 and Appendix F for details) for
a Gaussian distribution when the true distribution is a LogNormal
is only 0.16. The table shows preference for the LogNormal distribution shape in all of the energy bands, apart from the X-rays in
the 0.3 − 2 keV, 2 − 10 keV and the 37 GHz radio band. The three
methods prefer the Gaussian shape for the 0.3 − 2 keV (although
the preference is not clear in the case of the log-likelihood method),
while for the other two bands, the Chi-square and log-likelihood fits
prefer a LogNormal shape, while the flux profile method prefers a
Gaussian shape.
This paper has been typeset from a TEX/LATEX file prepared by the author.

Next, we calculate the Gaussian probability Gij (F j , ∆F j ) for each
of the flux measurements with measured flux (F j ) and flux-error
(∆F j ) using the following equation (Eq. G3) at different grid-points
(xi ).


 (e xi − F j )2 
1
1
j
exp −
(G3)
Gi (F j , ∆F j ) = − √

2∆F 2j 
2π ∆F j
We obtain the log-likelihood by the convolution of these two terms
and integrating over the grid-range. Finally, we minimize the loglikelihood and obtain the optimal parameters for µ and σ. The results are presented in Fig. G2 where, for completeness, the flux
histograms used in Fig. G1 are also shown. By construction, the
log-likelihood fit considers the flux uncertainties, and does not require to bin the data, both representing big advantages over the Chisquare fit. However, we note that log-likelihood fit applied here is
very simple and generic because we are using the same PDF functions for all the energy bands. One could exploit the full potential of
the log-likelihood method by using dedicated PDFs for each energy
band, which would allow one to address the problem in a more efficient manner. However, that would require introducing instrument
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The Chi-square fit and the flux profile method are less sensitive to this
effect because the fits are performed above the minimum flux Fmin , and
hence do not need to apply the entire distribution shape to the available
data.
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Figure G1. Characterization of the MWL flux distributions with a Chi-square fit. The X-axis shows the scaled flux and the Y-axis presents the number of
observations. The green and red lines represent the best fit with the Gaussian and LogNormal functions for flux histograms (presented in blue). See text in
Appendix G for details.

Energy-bands

Chi-square fit

Log-likelihood fit

Flux profile

VHE γ-rays (> 0.2 TeV)
VHE γ-rays (FACT; Eth ∼ 0.7 TeV)
HE γ-rays (LAT; > 0.3 GeV)
X-ray (BAT; 15 − 50 keV)
X-ray (2 − 10 keV)
X-ray (0.3 − 2 keV)
Optical (R-band)
Radio (Metsähovi; 37 GHz)

LogNormal
LogNormal∗
LogNormal
LogNormal
LogNormal
Gaussian
LogNormal
LogNormal

LogNormal
LogNormal∗
LogNormal
LogNormal∗
LogNormal
Gaussian∗
LogNormal
LogNormal

LogNormal
LogNormal∗
LogNormal
LogNormal∗
Gaussian
Gaussian
LogNormal
Gaussian

Table G1. The preferred flux-distributions based on the three methods namely Chi-square fit, log-likelihood fit and the flux profile method. Entries in the
table that are marked with "∗ " do not have a clear preference for Gaussian or LogNormal and are discussed in Appendix G . The flux distribution for OVRO
(15 GHz) has a bimodal shape, hence, it is not included in this comparison table. See Section 6 and text in Appendix G for details.

MNRAS 000, 1–43 (2020)

Mrk 421 during low activity in 2015–2016

LL (LN)=162.6
0.8
0.6
0.4
0.2

0

LL (G)=291.2
LN: µLN =-0.26; σLN =0.64
LL (LN)=207.4

0.6

0.4

0.2

0

1

2

3
4
5
Flux/Fluxavg.

6

1.0

0.6
0.4
0.2
0.0

7

LN: µLN =-0.13; σLN =0.40
LL (LN)=502.4

0.8

0

1
2
3
4
Flux/Fluxavg. (HE; 0.3 − 300 GeV)

G: µG =0.97; σG =0.62

LL (LN)=259.4

0.8
0.6
0.4

G: µG =1.00; σG =0.77

0.8

LL (G)=516.7
LN: µLN =-0.27; σLN =0.77

0.6

LL (LN)=400.4

0.4

0.2

0.2

2
4
6
Flux/Fluxavg. (X-ray; 15 − 50 keV)

0

2
4
6
8
Flux/Fluxavg. (X-ray; 2 − 10 keV)

LL (G)=679.7
1.50

LN: µLN =-0.09; σLN =0.40
LL (LN)=504.1

1.25
1.00
0.75
0.50
0.25
0.00

1.0

LL (G)=264.5

0.8

LL (LN)=264.9

LN: µLN =-0.14; σLN =0.56

0.6
0.4
0.2
0.0

0

1
2
3
4
Flux/Fluxavg. (X-ray; 0.3 − 2 keV)

2.00

G: µG =1.00; σG =0.43

1.75

Probability Density/ Observations

0.0

Probability Density/ Observations

0

Probability Density/ Observations

LN: µLN =-0.23; σLN =0.57
1.0

5

G: µG =1.00; σG =0.49

LL (G)=362.9

1.2

0.0

G: µG =0.95; σG =0.37
LL (G)=605.6

1.2

1.4

Probability Density/ Observations

0.8

0.0

1
2
3
4
Flux/Fluxavg. (MAGIC; >0.2 TeV)

1.2

G: µG =0.97; σG =0.69

Probability Density/ Observations

LN: µLN =-0.18; σLN =0.61

Probability Density/ Observations

1.0

Probability Density/ Observations

Probability Density/ Observations

LL (G)=192.1

0.0

1.0

G: µG =1.00; σG =0.59

1.2

45

1.75

G: µG =0.99; σG =0.21

1.50

LL (G)=103.6
LN: µLN =-0.04; σLN =0.21

1.25

LL (LN)=93.4

1.00
0.75
0.50
0.25

0

1
2
Flux/Fluxavg. (R-band)

3

0.00

0

1
2
3
4
Flux/Fluxavg. (Metsähovi; 37 GHz)

Figure G2. Characterization of the MWL flux distributions with a log-likelihood fit. The X-axis shows the scaled flux and the Y-axis the probability density.
The green and red lines represent the Gaussian and LogNormal functions for which the log-likelihood is minimum. For completeness, the flux histograms used
in Fig. G1 are also shown in blue. See text in Appendix G for details.
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