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Markarian 421 is one the most extreme blazars characterized by a complex, unpredictable tim-

ing/spectral variability, strong X-ray outbursts in some epochs, very broad, nonthermal spectral

energy distribution (SED) extending over 16–18 orders of frequency and showing a typical two-

"hump" structure. The lower-energy component, ranging from the radio to X-rays, is widely

accepted to be synchrotron radiation emitted by ultra-relativistic electrons, while the origin of

the higher-energy emission (the MeV–TeV range) still remains controversial (synchrotron self-

Compton, external Compton, hadronic etc.). All these radiative mechanisms need the presence of

highly-relativistic particles in the jet, to be initially accelerated via the Blandford-Znajek mech-

anism and magneto-hydrodynamic processes in the vicinity of the central super-massive black

hole. However, particles lose the energy, required for the emission of the KeV photons, very

quickly and the source can maintain its flaring state on the daily-weekly timescales if some ad-

ditional acceleration mechanisms are continuously at work in the jet. According to the different

studies and simulations, particles can gain a tremendous energy due to the propagation of rel-

ativistic shocks through the jet: by means of first-order Fermi mechanism at the shock front,

or by an efficient stochastic (second-order Fermi) acceleration close to the shock, in the turbu-

lent jet medium. Our intensive X-ray spectral study of Mrk 421 has revealed the dominance of

these processes in different epochs: in some periods, the spectral curvature and the photon index

showed a positive cross-correlation (expected in the framework of energy-dependent acceleration

probability scenario: a particular case of first-order Fermi mechanism), and the source generally

demonstrated the a spectral behaviour compatible with the stochastic (second-order Fermi) accel-

eration (low spectral curvature; anti-correlation between the spectral curvature and the position of

the synchrotron SED peak). For our target, relativistic magnetic reconnection seems to be more

important during the radio-optical flares. A jet-star interaction process could be the case during

2016 April–August when the source showed a soft gamma-ray excess.
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1. Introduction

Active galactic nuclei represent one of the most interesting and mysterious space phenomena,
that produce the bulk of their high-energy (X-ray, gamma-ray) emission in the central compact
region whose size can be comparable to that of the Solar system. According to the observational
features, active galactic nuclei are divided into different classes and that of BL Lacertae objects
(BL Lacs) represent one of the most extreme sites in the universe. Namely, they show a plasma
bulk ejection with an apparent superluminal speed due to the movement with a relativistic speed
along our line-of-sight. According to the widely-accepted scenario, a super-massive black hole
(SMBH, of hundreds millions to a few billion Solar masses) resides in the center of each BL Lac
object [1]. Owing to the tremendous gravity, the SMBH is "tugging" the adjacent galactic masses
(stars and interstellar matter), which are spiraling towards the event horizon and form a vortex-like
structure around it (so-called accretion disc, AD), before being "swallowed" by the central object.
The energy stored in the rapidly spinning SMBH extracted and channeled into Poynting flux (so-
called Blandford-Znajek mechanism [2]). According to the alternative scenario, AD is threaded by
a magnetic field, which is torqued by its rotation and, consequently, can produce a relativistic jet
[3]. The jet power, originally carried by magnetically-dominated beam, is progressively used to
accelerate matter via the conversion from magnetic into kinetic energy, until a substantial equipar-
tition between the magnetic and kinetic energy fluxes is established [4]. One of the BL Lac jets
should be nearly pointed to the observer, its non-thermal emission (with no spectral lines) outshine
the thermal emission of other components of the active nucleus [1]. Therefore, the spectral lines of
BL Lacs are not detected in the various energy ranges.

However, the aforementioned model of the BL Lac physical nature still is hypothetic, since
the active nucleus in encompassed in a very tiny area, and it is impossible to resolve the innermost
structure on sub-parsec spatial scales with modern astronomical instruments. Although Markarian
421 (Mrk 421, located atα=11h04m25.6s, δ=+38°12′4′′) is one the most nearby BL Lac objects
with the redshiftz=0.03, it is still impossible to resolve the vicinity of the central black hole (see
[5] for the observations with the highest spatial resolution reported for this source to date) and
study the extreme processes, operating in this region. Therefore, we have to resort to some indirect
methods for drawing conclusions about the innermost BL Lac regions.

Some important “landmarks” of the multiwavelength (MWL) study of Mrk 421:
• The source originally was detected as an elliptical galaxy with the UV continuum [6].
• The radio counterpart was detected within Second Bologna Survey of radio sources at 408 GHz,

denoting it as B2 1101+38 [7].
• Faint absorption lines in the host’s optical spectrum were detected and the redshift was deter-

mined; a nonthermal nature of the compact central region (featureless spectrum and polarized
optical emission), typical for the BL Lac sources, was noticed [8].

• Miller [9] detected a large-amplitude, rapid optical variability with a total range of&4.7 mag.
• Mrk 421 was the first BL Lac source detected in X-rays with the satelliteAriel V [10].
• 1991 May 7–10: the source was detected by the EGRET instrument onboardCompton

Gamma-Ray ObservatoryatE >100 MeV [11].
• 1992 March–June: The Whipple 10-m Cherenkov-type telescope detected Mrk 421 in the

VHE gamma-rays above 500 GeV [12] and this was the first extragalactic detection in this
energy range, which was followed by numerous MWL campaigns.
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• Mrk 421 underwent an extreme TeV flare with flux-doubling time of∼15 minutes [13].
• Buckley et al. [14] reported the first evidence of a correlated X-ray/TeV variability among

BL Lacs, supporting the one-zone synchrotron self-Compton model.
• 2013 April 10–17: unprecedented strong X-ray outburst recorded withSwift-XRT, NuSTAR

andINTEGRAL([15]–[16]).

Similar to other BL Lacs, the broadband spectral energy distribution (SED) of Mrk 421 shows
the presence of two hump-like components which are spread from the radio to X-ray frequen-
cies and in the MeV–TeV energy ranges, respectively (see, e.g., [15]). According to the widely-
accepted scenario, the lower-energy one is related to the synchrotron emission from the jet ultra-
relativistic electrons (based on the observed radio-optical polarization properties of BL Lacs), while
the higher-energy component possibly is generated via the inverse Compton scattering of the low-
energy photons by the ultra-relativistic electrons or via hadronic processes [17]. For the generation
of X-ray emission via the synchrotron mechanism or via the up-scatter of the low-energy photons to
the GeV and TeV energies, it is necessary the presence of an electron population with extreme ener-
gies (TeV and higher). However, there are different observational features demonstrating the need
of the particle re-acceleration inside the jet over relatively large distances from the central engine
after the initial collimation (via the Blandford-Znajek or the magneto-hydrodynamical processes in
the inner accretion disc; see below).

Due to the proximity and high X-ray brightness, Mr 421 provides us with an excellent space
laboratory for testing different hypothetic mechanisms, responsible for the particle acceleration up
to ultra-relativistic energies inside the jet. In this paper, we discuss these processes and summarize
their viability via our intensive spectral and cross-correlation study.

2. Plausible Particle Acceleration Processes

Similar to other BL Lacs, Mrk 421 shows some observational features, which are explained
via the presence of different instable processes inside the jet to be responsible for the particle
acceleration to extremely high energies. Namely,

• Electrons should lose the energies, required for the production of X-ray photons very quickly
(during a few hours for the magnetic fields inferred from the broadband SED modelling of
BL Lacs; see [15]) at the distances of∼100 Schwarzschild radii. Therefore, the high keV–
GeV states, observed on daily–weekly and, sometimes, on monthly timescales, as well as
the origin of X-ray emission at significantly larger distances from SMBH (to avoid the anni-
hilation of the TeV photons via the pair production and a correlated X-ray–TeV variability
in Mrk 421, to be related to the same emission zone for X-ray and TeV photons) can not be
explained by the systematic acceleration via the Blandford-Znajek and/or Blandford-Payne
mechanisms.

• X-ray spectra of Mrk 421 mostly show a good fit with the logparabolic modelF(E) =
K(E/E1)−(a+b log(E/E1)) with the reference energyE1 fixed to 1 keV;a, the photon index
at the energyE1; b, the curvature parameter;K, the normalization factor and the position
of the synchrotron SED peak calculated asEp=10(2−a)/2b [17]. Such spectra are generated
by an electron population with a lognormal energy distribution, which can not be produced
during the systematic acceleration at the jet innermost region.
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Figure 1: Distribution of parameterb in different periods (adopted from [15], [26]–[29]).

• Rapid TeV and X-ray variability with timescales of a few minutes - shorter, by at least an
order of magnitude, than the light-crossing time of the central SMBH with a typical BL Lac
mass. Consequently, such extremely variable emission should be produced in small area of
the highly relativistic jet rather than in the central region.

The most plausible "in-situ" acceleration mechanisms in the BL Lac jets considered so far are
as follows:

• Diffusive shock acceleration (DSA, first-order Fermi mechanism; [19]) at the front of rela-
tivistic shocks. A charged particle, when crossing the shock front, is "trapped" between the
"mirrors" of magnetic inhomogeneities moving towards each other and the particle will move
back and forth between them due to the reflection from the inhomogeneities. Consequently,
it may cross the shock front multiple times and gain energy during each crossing. When
electrons are confined by the magnetic field with a confinement efficiency that decreases
with the increasing gyro-radius (i.e., with energy), the further acceleration probability of the
particle will decline with energy, and the electron energy spectrum can be parametrized by a
log-parabolic functional shape. The photons emitted by these particles will be distributed as
a function of the energy according to the same law (so-called energy dependent acceleration
probability scenario, EDAP [18]).

• Stochastic (second-order Fermi) acceleration - developed at the turbulent structures which
are generated or strongly enhanced in the shocked jet area [20]. In this case, the scatter
centers (e. g., Alfven waves) should move towards each other with some speedV and the
particle gains the energy proportional to the square of this speed during each scattering [21].
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Figure 2: The anti-correlationEp− b in different periods (adopted from [15], [26]–[29]). Dashed lines
represent linear fits to the scatter plots.

The stochastic mechanism does not depend on the bulk velocity of the jet plasma, and the
acceleration of charged particles to ultra-relativistic energies even at relatively large distances
from the shock front. That is, the stochastic process can accelerate particles during longer
times than the first-order Fermi mechanism [22].

• Relativistic magnetic reconnection - driven mostly by kink instabilities, which is an efficient
convertor of magnetic energy into bulk motion and particle’s energy; expected to operate
effectively in highly-magnetized plasmas [23].

• Shear acceleration - a Fermi-type mechanism without shocks, wherever scattering centers
flow at different speeds, even if the flows are parallel (e.g., longitudinal shear across the jet
radius): particles are intercepted by the difference between the fast core of the jet and the
slower exterior [24].

• Jet-star interaction - stellar winds (e.g., bubbles from red giants), interacting with AGN jets,
can produce a double bow-shocks structure in which particles can be accelerated to relativis-
tic energies, possibly contributing to the jet’s total non-thermal emission [25].

3. Results

Our intensive X-ray spectral study ([15], [26]–[29]) has shown that Mrk 421 mostly exhibits
a log-parabolic spectral energy distribution, expected in the framework of the efficient first- and
second-order Fermi accelerations of electrons (as discussed in the previous section).

According to Massaro et al. [30], the electrons in the jets of the TeV-emitting BL Lacs should
undergo a considerably more efficient stochastic acceleration and show wider synchrotron SED
(with the curvature parameter b∼0.3 or lower) than the objects, not detected at the TeV frequencies.
Moreover, it is expected the presence of theEp− b anti-correlation in the case of the efficient
stochastic correlation [20]. Within our intensive X-ay spectral study, we also have proved the
liability of these two hypotheses and, consequently, the importance of the second-order Fermi
mechanism is checked.
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Figure 3: TheSp–Ep relation in different periods (adopted from [27] and [29]).

40

60

80
2015 January − February

20

30

40
2014 April − May

ct
s 

s
−1

20

40

60

2015 February−March

55 65 75
10

15

20

MJD−57000 [d]
760 770 780

10

14

18

22

26

MJD−56000 [d] 

m
Jy

25 35 45

15

20

25

MJD−57000 [d]

UVW2−5

UVW1

UVW2

0.3−10 keV 0.3−10 keV 0.3−10 keV

UVW2

Figure 4: X-ray and UV variability of Mrk 421 in different periods (adopted from [26]).

Figure 1 demonstrates the importance of the stochastic acceleration in the jet of of Mk 421.
Namely, each sub-figure provides the distribution of the values of the curvature parameterb in
different periods, obtained from the 0.3-10 keV observations performed with the X-ray Telescope
(XRT) onboard the Swift satellite during 2005-2018. They show that Mrk 421 generally is char-
acterized by a wide synchrotron SED with 99% of the spectra exhibiting b∼0.3 or even smaller
curvature (i.e. even wider synchrotron SED, inherent to the efficient stochastic acceleration). Our
result is in favour of the hypothesis presented by Massaro et al. [30], claiming the efficiency of the
stochastic acceleration in the TeV-detected HBL jets.

Moreover, theEp− b anti-correlation, expected in the case of the efficient stochastic accel-
eration, generally was detected within our X-ray spectral study of Mrk 421 in the epochs when
they showed low spectral curvatures, characteristic for the second-order Fermi process (see Fig-
ure 2), although it was mostly weak, hinting at the possibility that the acceleration of X-ray emit-
ting electrons to the ultra-relativistic energies occurred not only via the stochastic mechanism and
other physical processes also could be at work. Moreover, this anti-correlation is expected also
within EDAP, although this mechanism and stochastic acceleration are expected to produce dif-
ferent slopes in the planeEp− b, which will result in a significant scatter and weakening of the
correlation.

We have obtained another interesting result, indicating the importance of the stochastic ac-
celeration in the jet of Mrk 421. Namely, in the case of the log-parabolic spectra, the height of
the synchrotron SED peak can be related asSp ∝ Eα

p with α=0.6 when there is a change in the
turbulence spectrum (Figure 3): a transition from the Kraichnan spectrum of the turbulence with
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fits to the scatter plots.
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the exponentQ=3/2 into the “hard sphere”spectrum (Q=2). During the transition, the synchrotron
SED follows the expectation of a lower curvature for the harder turbulence spectra [20].

Note that the optical-UV band light curves of Mrk 421 sometimes show a brightness decline
when the source had undergone an X-ray flare (see Figure 4). Such anti-correlated variability was
explained via the hardening in the electron energy distribution, expected in the case of the stochas-
tic acceleration of electrons with a narrow initial energy distribution, having an average energy
significantly higher than the equilibrium energy [31].

The positivea-b correlation, also predicted in the framework of EDAP, was observed in the
periods 2005 October - 2006 March, 2006 April-July, 2011 October - 2012 May, 2015 May and
2018 December - 2018 April (see Figure 5). Plausibly, there was a "competition" between EDAP
and other acceleration mechanisms not involving this relation ("classical" first-order Fermi process
yielding a power-law energy spectrum, stochastic acceleration etc.), resulting in a weakness of the
anti-correlationa-b, or even its absence in some periods.

Our study revealed a frequent occurrence of soft gamma-ray excess at the energies below
2 GeV during the Fermi-LAT observations of Mrk 421 during 2016 April–November (Figure 6),
which could be a contribution from the synchrotron photons produced by ultra-relativistic leptons
accelerated in the process of the jet-star interaction [as predicted by Torres-Alba & Bosch-Ramon
[25]).

4. Summary

• Mrk 421 shows the need for the particle acceleration processes being at work inside the jet
after the initial acceleration and collimation via the Blandford-Znajek and Blandford-Payne
mechanisms.
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• Our intensive X-ray spectral study revealed the features predicted by the efficient first and
second-order Fermi mechanisms (low spectral curvature, the correlationsa–b andEp− b)
related to the propagation of relativistic shocks and turbulent structures in the jets. The
weakness of these correlations hint at the "competition" with other types of acceleration and
cooling processes, which are not characterized by such spectral behaviour.

• We observed the correlationSp ∝ E0.6
p in some periods, implying a change in the turbulence

spectrum in the jet area producing X-ray emission. The source frequently showed an Optical–
UV decline along with X-ray flares, explained by stochastic acceleration of electrons with
a narrow initial energy distribution, having the average energy significantly higher than the
equilibrium energy.

• We revealed a possible contribution from the jet-star interaction to the to the soft gamma-ray
emission in the period 2016 April–August.
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