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L. Bellizzi,10 E. Bernardini ,11,12 M. Bernardos,13 A. Berti ,14 J. Besenrieder,15 W. Bhattacharyya ,11

C. Bigongiari ,4 O. Blanch ,16 G. Bonnoli ,10 Ž. Bošnjak ,5 G. Busetto ,12 R. Carosi ,17

G. Ceribella,15 M. Cerruti ,18 Y. Chai ,15 A. Chilingarian ,19 S. Cikota,5 S. M. Colak ,16

E. Colombo ,1 J. L. Contreras ,7 J. Cortina ,13 S. Covino ,4 G. D’Amico ,15 V. D’Elia ,4

P. Da Vela,17† F. Dazzi ,4 A. De Angelis ,12 B. De Lotto ,2 M. Delfino ,16 J. Delgado ,16‡
C. Delgado Mendez ,13 D. Depaoli ,14 T. Di Girolamo ,14 F. Di Pierro ,14 L. Di Venere ,14
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Moroni ,17 E. Prandini ,12 C. Priyadarshi ,16 I. Puljak ,5 W. Rhode ,21 M. Ribó ,18 J. Rico ,16
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Mrk 421 during low activity in 2015—20161433

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.

Observation 3NN 4NN Moon filter
conditions Low-Moon Moderate-Moon High-Moon Low-Moon

Low-zenith (5◦–35◦) ∼30.0 h ∼10.0 h ∼6.0 h ∼7.0 h
Medium-zenith (35◦–50◦) ∼4.0 h ∼1.0 h ∼1.0 h ∼2.0 h ∼3.0 h
High-zenith (50◦–62◦) 1.0 h 2.0 h

3.1 Identification of notable characteristics

The multi-instrument LC from Fig. 2 shows several unusual charac-
teristics, which are indicated with red vertical line and are discussed
in the paragraphs below.

Intra-night variability on 2015 January 27 and March 12
(MJD 57049 and 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 X-ray flux in the 2–10 keV (0.3–2 keV) energy band during
the 2015–2016 campaign. The contemporaneous VHE γ -ray data
from FACT showed a high flux state.

Low X-ray flux on 2015 June 22 and 2015 December 8 (MJD
57195 and 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 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, ob-
served 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 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-m 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
2012 September 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 d 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
Section 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 and 37 GHz. There
are, however, data at 5 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 University
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 d 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 centred 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 LC from the Fermi-LAT and X-ray LC from
the Swift-BAT 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 d before the radio flare. During this
time, there were no optical or VHE observations because of the Sun.

MNRAS 504, 1427–1451 (2021)
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1434 V. A. Acciari et al.

Figure 3. MWL LCs 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, 8, 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.

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 of Cawthorne,
Jorstad & Marscher (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 per cent 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/� radians of the axis of the jet
(Marscher et al. 2002), where � is the bulk Lorentz factor of the
emitting plasma. In this case, the ratio of the observed polarization
measured in the image, ∼ 8 per cent, to the value for a uniform
magnetic field direction, ∼ 75 per cent,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, Zrake & Fiuza
2018). The polarization pattern then becomes complex, with the pos-
sibility that the polarization becomes very low at some point (Dong,

6The 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
to 1.5, the uniform-field linear polarization fraction ranges from 68 per cent
to 79 per cent.

Zhang & Giannios 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 VARI ABI LI TY 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 wavebands. It is defined as the
normalized excess variance of the flux (Vaughan et al. 2003)

Fvar =
�

S2− < σ 2
err >

< Fγ >2
, (1)

where S is the standard deviation of N flux measurements, < σ 2
err >

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, Zdziarski & Ibragimov
(2008)

	Fvar =
�

F 2
var + err(σ 2

NXS) − Fvar, (2)

MNRAS 504, 1427–1451 (2021)
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Mrk 421 during low activity in 2015—20161435

Figure 4. A sequence of total (contours) and polarized (colour scale)
intensity images of Mrk 421 at 43 GHz obtained with the VLBA. The image
is convolved with an 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 colour 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.

where

err
�
σ 2

NXS

� =

����
	


2

N
· 〈σ 2

err〉
〈Fγ 〉2

�2

+
	


〈σ 2
err〉

N
· 2Fvar

〈Fγ 〉

�2

. (3)

The Fvar computed from the multiband LCs 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 (flux-error/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

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 1σ 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.

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 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 h, 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 d). 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-yr 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 predom-
inantly higher fluxes within the 2-yr 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 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 com-
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1436 V. A. Acciari et al.

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).

pleteness, Fig. 6 also reports the Fvar when the four excluded measure-
ments 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 d, 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. Secondly, 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

HRTeV = F>1 TeV

F0.2−1 TeV
; HRkeV = F2−10 keV

F0.3−2 keV
,

where FE is the integrated flux in the energy band E.

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 observations,7 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 versus flux trend. This
distortion is particularly important for the HRTeV versus soft-band
VHE flux (left-hand panel), where one can see a flattening in the HR
beyond 20 × 10−11 ph cm−2 s−1.

Fig. 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 versus flux relation.

Overall, the HR versus flux plots in Figs 7 and 8 show a clear
hardening-when-brightening trend in both the X-ray and VHE γ -ray
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 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 versus 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 Figs 2
and 8). Fig. 9 shows the fluxes in the optical (Rband), UV (W1, M2,
W2), soft X-rays (0.3–10 keV) and hard X-rays (15–50 keV) for 5 d

7The 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 versus
Flux relation.
8Owing 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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Mrk 421 during low activity in 2015—20161437

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.

(out of 7-d interval) and the related 5-d 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 converted 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-d 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-d
combined optical to soft X-ray spectra (solid blue markers in Fig. 9)
with a logparabola 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-d weighted average of the flux values (typically of the order
of ∼1 per cent), 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 per cent
in quadrature to the actual flux error resulting from the weighted
average procedure. The resulting spectral fit, performed in the νFν

versus 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) ×
10−10erg cm−2 s−1, (9.11 ± 0.39) × 10−2, and (1.77 ± 0.06) × 10−1,

respectively. Therefore, the logparabola function provides a good
representation of the synchrotron emission averaged over 5 d, from
eV to 10 keV energies. The weighted average of the 1-d 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
logparabola function to the 15–50 keV band goes well below the
BAT 5-d 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 power-law function with index
∼2.5), the BAT energy flux would be only 10 per cent 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

9This number is derived from the 5-d 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).
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1438 V. A. Acciari et al.

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.

synchrotron emission of the main emitting region. See Section 7 for
further discussion about it.

5 C O R R E L AT I O N ST U DY

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 1σ error and correlation signifi-
cance (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
correlations, 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 3σ contours can be
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Mrk 421 during low activity in 2015—20161439

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-d time interval are reported with open markers, while the 5-d weighted-averaged fluxes are reported
with blue-filled markers. The blue solid line depicts the resulting fit with a logparabola function in the energy range from 1 eV to 10 keV, and the dashed line
shows the extrapolation of this logparabola function to the hard X-ray energy range. See Section 4.3 for details.

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 d),10 and can be quantified on
time lags of 1 d. We note that, as shown in the VHE and X-ray LCs
from Fig. 2, there are substantial flux variations on time-scales of
1–2 d, and hence it is important to be able to perform the correlation
study for time lags of 1 d so that the study takes into account
these relatively fast flux variations. However, when quantifying the
correlation between the VHE emission measured with MAGIC and
FACT and the HE emission measured with Fermi-LAT, the study
is limited by the 3-d time bins from the Fermi-LAT LCs. The LAT
analysis could be performed using time intervals of 1 d (instead of
3 d), 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 time-
scales for the flux variations (see Fig. 2), in comparison to the keV

10In a few cases, there were more than one Swift-XRT short observations
within the 0.3 d of the MAGIC or FACT observation. In these situations, we
selected the X-ray observation that is closest in time to the VHE observation.

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 analysed (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 time-scales 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 d, 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 d instead
of 1 d.

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 d, examined in steps of 1 d, is reported
in the panels (a)–(f) of Fig. 10. All of the panels report the DCF
versus the time lag and the significance of the Pearson correlation
versus the time lag. The panels (a)–(d) show the correlation for the
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1440 V. A. Acciari et al.

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 5.

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 obtained
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 3σ 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
flux–flux pairs for τ = 0 is 45, while the number drops to 14 for
τ = −1 d (X-ray LC shifted 1 d earlier) and 20 for τ = +1 d
(X-ray LC shifted 1 d 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) d, 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 1σ

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).

MNRAS 504, 1427–1451 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/1/1427/6027705 by U
niversità degli Studi di Firenze user on 21 M

arch 2022



Mrk 421 during low activity in 2015—20161441

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 1σ 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.

LC 1 LC 2 DCF Pearson Corr. Coeff. (σ ) Normalized slope of fit
Unbinned Binned

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

MAGIC; >1.0 TeV XRT; 0.3−2 keV 0.64 ± 0.12 0.62 +0.1
−0.11 (4.5) 0.96 ± 0.05 1.15 ± 0.38

MAGIC; >1.0 TeV XRT; 2−10 keV 0.67 ± 0.12 0.65+0.08
−0.10 (4.8) 0.73 ± 0.04 0.82 ± 0.25

FACT; Eth ∼ 0.7 TeV XRT; 0.3−2 keV 0.76 ± 0.22 0.72+0.05
−0.06 (7.4) 1.00 ± 0.05 1.20 ± 0.53

FACT; Eth ∼ 0.7 TeV XRT; 2−10 keV 0.80 ± 0.26 0.74+0.05
−0.06 (7.9) 0.72 ± 0.04 0.80 ± 0.30

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-d 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 temporal
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 yr (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
VHE−HE data pairs (with SNR > 2) is 140 and 118 for the LAT
bands 0.2−2 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 d in 3-d 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-d bins, we
performed the study with data from the end of 2012 to mid 2016
in time bins of 3 d. 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 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 d in steps
of 15 d, with the HE and R-band fluxes computed in 15-d temporal
bins. The plot shows a correlation peak of about 60 d FWHM, and
centred at τ = 0. As reported in Table 4, the Pearson correlation
coefficient is 0.72 ± 0.04, with a correlation significance of about
11σ , and the DCF is 0.74 ± 0.17. Because of the 15-d fluxes and
15-d 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 d (see the supplementary online
material in Appendix D for 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).
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1442 V. A. Acciari et al.

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.

LC 1 LC 2 DCF Pearson Corr. Coeff. (σ ) Normalized slope of fit
Unbinned Binned

MAGIC; 0.2−1 TeV LAT; 0.2−2 GeV 0.57 ± 0.21 0.37+0.11
−0.12 (2.9) 3.28 ± 0.74 0.67 ± 0.59

MAGIC; 0.2−1 TeV LAT; 2−300 GeV 0.86 ± 0.35 0.41+0.13
−0.15 (2.5) 2.84 ± 1.03 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 −0.01+0.18
−0.18 (0.1) – –

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

FACT; Eth ∼ 0.7 TeV; 2013–2016 LAT; 0.2−2 GeV; 2013–2016 0.26 ± 0.15 0.22+0.08
−0.08 (2.6) 5.67 ± 0.92 0.84 ± 0.40

FACT; Eth ∼ 0.7 TeV; 2013–2016 LAT; 2−300 GeV; 2013–2016 0.61 ± 0.24 0.41+0.07
−0.08 (4.7) 3.69 ± 0.62 0.65 ± 0.48

Figure 11. Correlation between VHE γ -rays and HE γ -rays using fluxes for 3-d time intervals from 2012 December to 2016 June. See caption of Fig. 10 for
further explanations about the panel contents.

A positive correlation between the multi-year Fermi-LAT γ -ray
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 d, shows a broad peak of many tens of days around τ = 0,
with the highest DCF value being around 0.4, for the multiyear 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 (>3σ ) correlation. We also
show that the Fermi-LAT γ -ray flux and optical R-band emissions are
positively correlated with a DCF of about 0.8, and with a very high
significance (>12σ ), 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 Fermi-
LAT, and the 37 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, centred at τ ∼ 45 d.

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
41+10

−11 d, while for the 15 GHz radio flux it is 47+5
−9 d. The panels (b)

and (c) of Fig. C3 show that, for a time shift of 45 d, 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 d, the
Pearson correlation coefficient is about 0.5–0.7, with a correlation
significance of 7σ for Metsähovi and 11σ 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. Ackermann
et al. 2011; León-Tavares 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 d. However, the correlation
reported in that paper was only at the level of 2.6 σ (p-value of
0.0104), quantified with a dedicated MC simulation, and strongly
affected by the large γ -ray and radio flares from 2012 July and
September, 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 d, 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 11σ . Moreover, because
of a data set twice as large as the data used in Hovatta et al. (2015), it
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Mrk 421 during low activity in 2015—20161443

Figure 12. Correlation between the HE γ -rays, optical (R band) and two radio bands using fluxes for 15-d time intervals from 2007 to 2016. See caption of
Fig. 10 for further explanations about the panel contents.

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 LC 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.

LC 1 LC 2 Time-shift (d) DCF Pearson Corr. Coeff. (σ ) 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

HE γ -ray (LAT; 0.3−300 GeV) Radio (OVRO; 15 GHz) 45 0.75 ± 0.17 0.72+0.04
−0.04 (11.1) 1.53 ± 0.06 1.32 ± 0.41

Optical (R band) Radio (Metsähovi; 37 GHz) 45 0.56 ± 0.18 0.50+0.06
−0.07 (6.2) 2.93 ± 0.17 0.83 ± 0.33

Optical (R band) Radio (OVRO; 15 GHz) 45 0.85 ± 0.16 0.84+0.02
−0.03 (14.3) 2.82 ± 0.02 2.0 ± 0.35
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1444 V. A. Acciari et al.

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
9σ , with a peak that extends over a range of about 60 d, centred
at τ ∼ 45 d. 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 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 d, and it is characterized by a wide peak that resembles the
one obtained for the GeV versus 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 d. 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 d for the Rband and the 37 GHz radio flux, and τ = 39+6
−2

d for the Rband and the 15 GHz radio flux. The panels (d) and (e) of
Fig. C3 show that, for a time shift of 45 d, 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 d, the Pearson correlation
coefficient is 0.5 and 0.8, with a correlation significance of 6σ and
14σ 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 D E T E R M I NAT I O N O F TH E M W L FL U X
DISTR IBU TION S USING THE FLUX PROFILE
M E T H O D

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 (G) distribution of fluxes.
However, a lognormal (LN) distribution was found to be preferred
(over a G one) in the long-term X-ray LC 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, LN 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 disc (Lyubarskii 1997; Uttley, McHardy & Vaughan 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 G and a LN 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.

Here, we report on a detailed study of the flux distributions
observed in different wavebands, 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, 2015c; Ahnen et al. 2016; Baloković
et al. 2016), published multiyear 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 multiyear
LCs used for this study are 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. 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 G or LN. The data used here relate to time
intervals when Mrk 421 showed typical or low activity (e.g. during
years 2007, 2009, 2015, and 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 yr 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 G 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 G
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, σ G) = NG

σG

√
2π

e
− (x−μG )2

2σ2
G , and (2) lognormal:

LN(x; μLN, σ LN) = NLN
xσLN

√
2π

e
− (log(x)−μLN)2

2σ2
LN , where NG and NLN are

the normalization constants for the G and LN profiles, respectively,
and μi and σ i are the mean and standard deviation of the fitted
profiles (i = G and LN for G and LN, respectively). We used
the LMFIT11 method to estimate the best fit and the goodness of

11https://lmfit.github.io/lmfit-py/fitting.html
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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 RG

LN. A LN profile for
the flux distribution is preferred if RG

LN > 1. The chance probability
(p), based on toy Monte Carlo, indicates the probability of wrongly
reconstructing a LN (G) distribution as a G (LN). 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 G and LN functions, are shown in Fig. 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 G and LN function. Our findings suggest that
the LN is preferred over G 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 LN 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 G, while the flux profile for the X-rays in
the 0.3–2 and 2–10 keV show a marginal preference for the G. The
peak-position of the function (G/LN) with which a flux profile is
better fitted (depending on the value of the RG

LN) 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 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 the emergence of
an additional component at the high-flux end. A similar distribution
has been reported in Sinha et al. (2016) and 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 G and LN
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 (G or
LN) 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 LN function
being the most suitable shape for most of the energy bands probed.

7 D I SCUSSI ON AND C ONCLUSI ONS

This paper reports a detailed study of the broad-band 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 Swift-
BAT) and GeV γ -rays (with Fermi-LAT). The sensitivity of the
instruments used, and the large number of observations performed,
enabled the detailed characterization of the MWL variability and
correlations during this period. A distinctive characteristic of this
multiyear 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
time-scales. We consider that the X-ray and VHE observations are
simultaneous if taken within 0.3 d (i.e. the same night), although
most of the observations were performed within 2 h. 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 Sections 4 and 5 of this paper, show large variability and
a large degree of correlated behaviour on time-scales shorter than a
day.

7.1 Multiband 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 Figs 7 and 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 HRversus flux trend for the largest X-ray and VHE
γ -ray activity. The flattening in the HR versus 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 struc-
ture reported in previous studies of the broad-band (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.
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