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Abstract: BL Lacertae objects constitute a rare class of active galactic nuclei with extreme observational
features attributed to the Doppler-boosted emission from a relativistic jet, closely aligned to our
line-of-sight. Their spectral energy distribution, extending over 17–19 orders of frequency from radio
to the TeV energy range, is of non-thermal origin and shows a typical two-component structure.
The lower-energy component, ranging from the radio to X-rays in the high-energy peaked BL Lacertae
sources, is widely accepted to be a synchrotron radiation emitted by ultra-relativistic charged particles,
to be initially accelerated via the Blandford–Znajek mechanism or magneto-hydrodynamic processes
in the vicinity of the central super-massive black hole. However, the accelerated particles should
lose the energy, sufficient for the emission of the keV-GeV photons, very quickly and the source
can maintain its flaring state on the daily-weekly timescales only if some additional acceleration
mechanisms are continuously at work. According to different studies and simulations, the particles
can gain tremendous energies due to the propagation of relativistic shocks through the jet: By means
of first-order Fermi mechanism at the shock front, or they undergo an efficient stochastic (second-order
Fermi) acceleration close to the shock front, in the turbulent jet medium. Our intensive X-ray spectral
study of TeV-detected, bright BL Lacertae objects (Mrk 421, 1ES 1959+650, Mrk 501) often show the
signatures of the stochastic acceleration, while those related to the first-order Fermi process arefound
relatively rarely. The TeV-undetected sources (1H 1516+660, BZB J1341+3959, BZB J1237+6258) mostly
do not show the signatures of the efficient stochastic acceleration in their jets.

Keywords: BL Lacertae objects: general; galaxies: active

1. Introduction

The BL Lacertae objects constitute an extreme class of active galactic nuclei (AGNs) featuring
non-thermal continuum emission stretching from radio to TeV-band (17–19 orders of frequency),
absence of emission lines, strong flux variability in all spectral bands, compact and flat-spectrum
radio emission, apparent superluminal motion of some components, high and variable radio/optical
polarization, strong X-ray and γ-ray emissions [1]. These properties are explained by the presence of
a super-massive black hole (SMBH; with masses M~108–109 M⊙) in the center of the elliptical host
galaxy, along with the inherent accretion disc (AD) and relativistic jet closely aligned to the observer
(see Reference [2], and references therein).

One of the open problems consists in the nature of the physical mechanism of launching relativistic
jets and acceleration of charged particles, responsible for the non-thermal spectral energy distribution
(SED), to the tremendous energies. The SED of BL Lacertae objects is characterized by two broad peaks
in the log ν–log νFν representation. The lower-frequency SED component is explained via synchrotron
radiation emitted by relativistic electrons in the jet, while there is a variety of models for the origin of
the higher-energy bump, with the three most frequently considered scenarios: An inverse Compton (IC)

Galaxies 2018, 6, 125; doi:10.3390/galaxies6040125 www.mdpi.com/journal/galaxies

http://www.mdpi.com/journal/galaxies
http://www.mdpi.com
https://orcid.org/0000-0002-7146-6751
http://dx.doi.org/10.3390/galaxies6040125
http://www.mdpi.com/journal/galaxies
http://www.mdpi.com/2075-4434/6/4/125?type=check_update&version=5


Galaxies 2018, 6, 125 2 of 14

scattering of synchrotron photons by the their “parent” electrons (so-called synchrotron self-Compton
model, SSC; Reference [3]); ambient photons scattered by the jet ultra-relativistic electrons (external
Compton, EC; Reference [4]), hadronic processes (Reference [5], and references therein).

One of the open problems, related to the nature of BL Lac objects, consists in the very powerful
processes which are responsible for the jet launching and for the acceleration of the particles to
the tremendous energies within it (necessary for the generation of X-ray and γ-ray photons via
the synchrotron and IC mechanisms). The current paradigm of the launching and acceleration of
the relativistic jets attributes a key role to the magnetic fields, allowing extraction of the energy
stored in a rapidly spinning SMBH via the Blandford–Znajek (B-Z) mechanism [6]. Consequently,
the originally almost pure electromagnetic jet power is spent to accelerate the channeled matter, until
an equi-partition between the magnetic and kinetic energy fluxes is established [7]. However, the
electrons, accelerated to ultra-relativistic energies by the B-Z mechanism, lose their energy via the
emission of X-ray photons (plus the IC-scattering), very quickly: The radiative lifetimes are of the
order of one hour, corresponding to minutes in the observer’s frame (assuming the Doppler factor
δ~10; Reference [8]).

The flaring keV-GeV states, observed in BL Lac objects on daily-weekly timescales and X-ray
emission detected at the sub-parsec, parsec, kilo-parsec and sometimes even at the Mega-parsec
distances (Chandra observations; see, e.g., Reference [9]) demonstrates that some local acceleration
mechanisms should be continuously at work in BL Lac jets.

Moreover, rapid TeV variability observed in BL Lac objects (e.g., in PKS 2155-304 and Mrk 501;
see References [10,11], respectively) is characterized by timescales of a few minutes which are shorter,
by at least an order of magnitude, than the light-crossing time of the central SMBH with a typical mass.
Therefore, the ultra-fast TeV variability should be associated to the small jet regions rather than the
central region. With the observed variability timescale tvar and jet Lorentz factor Γ, the flare should
occur at a distance greater than ctvarΓ2 [12], yielding that the flaring region is situated at a distance in
excess of 100 Schwarzschild radii from the central engine, i.e., beyond the distance of the maximum
acceleration of the particles via the B-Z mechanism [6]. These results show that the particles are
accelerated close to the emission region.

The most plausible “additional” acceleration mechanisms for the particles responsible for the
generation of the non-thermal emission in BL Lac objects are as follows: (1) Diffusive shock acceleration
(DSA, or the first-order Fermi mechanism [13]), which operates at the front of relativistic shocks
propagating down the jet; (2) stochastic (second-order Fermi) acceleration by the magnetic turbulence
in the shocked jet area [14].

The viability of the first and second-order Fermi mechanisms is confirmed by the presence of
X-ray spectral curvature in high-energy-peaked BL Lac objects (HBLs, with the synchrotron SED
peak situated at the UV–X-ray frequencies; Reference [15]), i.e., their X-ray spectra are fitted with the
log-parabolic (LP) model (see Reference [8] and Figure 1 for the corresponding example):

F(E) = K(E/E1)−(a+blog(E/E1) ph/cm2/s, (1)

where E is the photon energy; E1: the reference energy, generally fixed to 1 keV; a: the photon index at
E1; b: the curvature parameter. Such spectra can be produced by the relativistic electron population
with the log-parabolic energy distribution, yielding the LP photon spectra more naturally than the
original interpretation of the spectral curvature in terms of radiation cooling of the high energy electron
population, injected with a power-law spectrum [8]. On the other hand, the generation of the LP
energy distribution of electrons is expected in the framework of the first and second-order Fermi
acceleration with the inherent observables, discussed in this paper.
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Figure 1. Upper panel: A simple power-law (left) fit to the 0.3–10 keV spectrum of Mrk 421 extracted
from the observation ObsID 00030352115 (24 March 2009) made by X-ray Telescope onboard the
satellite Swift, yielding the reduced Chi-squared (χ2

r ) value of 1.40 with 270 degrees-of-freedom (d.o.f.)
and a prominent trend in the residuals. In the lower panel, the same spectrum is fitted with the
log-parabolic model, yielding χ2

r = 1.09 with 269 d.o.f., and the distribution of the fit residuals show
that the model is acceptable for this spectrum. It shows a significant curvature with b = 0.30± 0.03.
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2. The Origin of X-ray Spectral Curvature

The first-order Fermi acceleration relies on the repeated scatter of charged particles by the magnetic
fluctuations: They gain energy whenever two subsequent scattering centers are moving towards each
other, leading to the “head-on” collision. The suitable conditions are provided around the shock wave,
where a relativistic particle, crossing the shock front, always “sees” the scattering centers on the other
side of the shock approaching [16].

During this process, a particle gains energy by multiple crossing the shock front and its energy
can be increased by a factor of Γ2 for the first cycle, and by a factor of ~2 thereafter [16]. The duration of
each cycle, as well as the probability for a particle to be injected into the acceleration zone, or re-cross
the shock front, depends on the details of the scattering of the particles in the turbulent plasma and
the geometry of the shock. Eventually, a particle escapes from the “acceleration zone” and undergoes
a cooling by the synchrotron radiation and IC-scattering in the magnetic field behind it (so-called
“emission zone”; Reference [13]).

Generally, first-order Fermi mechanism yields a power-law spectrum [8]:

N(> γ)= N0(γ/γ0)
−s+1, (2)

where N(> γ) is the number of the particles having the Lorentz factor higher than γ; s—the spectral
index given by

s = −(logp)/(log ε) + 1, (3)

with the probability p that a particle undergoes an acceleration step i, characterized by the energy gain
ε. A log-parabolic energy spectrum is expected when the parameter pis dependent on the energy:

pi = g/γl
i , (4)

where pi and γi are the probability and the particle’s energy at the acceleration step i; g and l are the positive
constants. Consequently, the probability of the particle’s subsequent acceleration is lower when its energy
increases. This situation may occur when particles are confined by a magnetic field with a confinement
efficiency decreasing for an increasing gyration radius [8]. This is so-called energy-dependent acceleration
scenario (EDAP), explains the origin of the log-parabolic particle and photon spectra.

An LP particle energy distribution can be also established via the stochastic (second-order Fermi)
mechanism operating in the turbulent jet area. It accelerates particles using the scattering centers
moving towards each other even without differences in the actual flow speed (see References [14,16]).
Note that the relativistic shocks in the jets of BL Lacertae objects can strongly amplify a turbulence
(References [17,18]). The Alfven waves in the turbulent structures, situated downstream to the
relativistic shock, can provide promising conditions for the efficient stochastic acceleration [19].
The stochastic mechanism is not tied to the plasma speed, and, therefore, it can continue to accelerate
particles far away from the shock front and during the significantly longer time interval than the
first-order Fermi process (when sufficient turbulence is present; Reference [16]).

According to References [20,21], the log-parabolic energy distribution represents a general
solution of the energy- and time-dependent Fokker–Planck equation that includes the systematic
(e.g., B-Z mechanism) and stochastic (momentum diffusion due to resonant interactions with turbulent
magneto-hydrodynamic modes) accelerations, along with the radiative and adiabatic cooling, particle
escape and injection terms.

3. Results

3.1. First-Order Fermi Acceleration

According to Reference [8], the EDAP scenario predicts a positive correlation between the
parameters a and b. These authors found a strong positive a-bcorrelation (with the correlation coefficient
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p = 0.94) from the 0.1–10 keV observations of the nearby, bright HBL source Mrk 421 (redshift z = 0.031)
performed with the satellite BeppoSAX.

We have performed an intensive search of the aforementioned correlation for the bright HBLs
in the 0.3–10 keV energy range, based on the rich archival material, obtained with X-ray Telescope
(XRT; Reference [22]) onboard Neil Gehrels Swift Observatory [23]. The unscreened event files were
reduced, calibrated and cleaned according to the standard procedures, using the latest versions of
the HEASOFT package and the Swift calibration database. We extracted the 0.3–10 keV spectra with
XSELECT. The ancillary response files (ARFs) were generated using the XRTMKARF task, with the
corrections applied to account for the different instrumental defects. The latest response matrix from
the XRT calibration files has been used. The instrumental channels were combined to include at least 20
photons per bin using the GRPPHA task. Using the XSPEC package, we performed the X-ray spectral
analysis by fixing the NH absorbing column density to the Galactic value for the particular source and
fitting the 0.3–10 keV spectrum with three different models, generally applicable for the spectra of BL
Lacertae objects: (1) The log-parabolic (LP) model (see Equation (1)). Determining the values of the
parameters from the spectral fit, the position of the syncrotron SED peak is given by [8]

Ep = E110(2−a)/2b keV; (5)

(2) simple power-law F(E) = KE−Γ, with Γ: the photon index throughout the observation band;
(3) broken power-law (see https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSmodelBknpower.
html for details). For each spectrum, the model validity was checked using the reduced chi-squared
(or the task GOODNESS when the Cash statistics was applied in the case of the poor spectra), the
distribution of the fit residuals, and the F-test. The original results are provided in References [24–33],
showing that the 0.3–10 keV spectra of HBLs generally are well-fit with the LP-model.

In contrast to Reference [8], we have revealed significantly weaker correlations with p =

0.21(0.07) − 0.56(0.12) between the curvature parameter and photon index for Mrk 421 from the
Swift-XRT observations performed in 2005–2008, 2009–2012, and February 2015 (see Figure 2a–c and
References [24,25,27]).
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Figure 2. The a-b correlation for Mrk 421 (a–c) and 1ES 1959+650 (d) observed with Swift-XRT in
different periods (reproduced from References [24,25,27,28]). In (a,b), the colored points correspond to
the different intervals of the periods 2005–2008 and 2009–2012 (see References [24,25] for details). Gray
dashed lines represent linear fits to scatter plots.
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Note that the source did not show a statistically significant correlation during January 2013 to
January 2015 (including the giant X-ray outburst in 2013 April; see Reference [26]) and in March
to June 2015 [28]. A similar situation was during some time intervals of the 2005–2012 period (see
Figure 2a,b and References [24,25]). Moreover, no positive a-b correlation was found from the Swift-XRT
observations of 1ES1959+650 during April 2005 to July 2016 (see References [29–31]), Mrk 501 in March
to October 2014 [32], PKS 2155-304 during 2005 to 2013 [33].

Note that EDAP involves a rapid injection of very energetic particles into the emission zone
rather than the gradual acceleration [34]. For example, in the Bohm limit, for an electron with γ~104,
magnetic field strength of 1 Gauss and relativistic shock (with the velocity vs → c ), the acceleration
timescale is as short as a few milliseconds and can be considered as instantaneous [16]. Consequently,
the source expected to show a clockwise (CW) spectral evolution in the hardness ratio (HR)-flux plane
(see Reference [34]; in our study, the hardness ratio is defined a ratio of the de-absorbed 2–10 keV to
0.3–2 keV fluxes). The corresponding example is presented in Figure 3, where the HR-flux plane is
constructed for the Swift-XRT observations of Mrk 421 performed during February 2015, i.e., in the
epoch of the positive a-bcorrelation presented in Figure 2c.
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Figure 3. The hardness ratio (HR)-flux planes for the Swift-XRT observations of Mrk 421 in February
2015, along with the normalized soft 0.3–2 keV (magenta points) and hard 2–10 keV (blue points) fluxes
plotted as a function of time (reproduced from Reference [27]). The light curves for hard fluxes are
shifted arbitrarily for a better resolution. In each panel, the start point is denoted by “1”. The acronym
“cgs” stands for erg cm−2 s−1.

For protons, however, the mass and acceleration timescale are 1000 times larger than that for
electrons. Consequently, no instantaneous injection is expected for the emission zone with significant
hadron contribution. A similar situation is for the electron-positron jet with the magnetic field strength
significantly lower than 1 Gauss [16]. The corresponding cases (counter-clockwise spectral evolutions
in the epochs of positive a-b correlation) also have been revealed in the framework of our study (see,
e.g., References [24,25,28]).
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3.2. Stochastic Acceleration

According to Reference [35], the electrons in the jets of TeV detected BL Lacertae objects (TBLs,
including X-ray bright HBLs) should undergo a more efficient stochastic acceleration, resulting in
broad synchrotron SEDs with b~0.3 compared to the TeV-undetected ones (UBLs) showing b~0.7. This
suggestion is fully confirmed by the Swift-XRT observations of Mrk 421 during 2005–2015: more than
90% of the b values are ~0.3 or smaller (see References [24–27] and Figure 4a–d).
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Mrk 501 (e) and 1ES 1959+650 (f–j) observed with Swift-XRT in different periods (reproduced from
References [24–32]).

Note that the Ep-b anti-correlation is also expected in the case of the efficient stochastic acceleration
(see, e.g., Reference [21]). In fact, this anti-correlation was detected for each of the cases presented in
Figure 4a–d, although it was weak or very weak (Figure 5a–d).

A similar situation is revealed in the case of the Swift-XRT observations of Mrk 501 performed in
March–October 2014 (see Figures 4 and 5). However, another TeV-detected, bright HBL source 1ES
1959+650, sometimes poses a challenge to the suggestion about the efficient stochastic acceleration
of the particles in the TBL jets [35]. Namely, mostly relatively large spectral curvature was observed
during January 2015 to January 2016: A total of 85% of the spectra showed b > 0.4 (a conventional
threshold between larger and smaller curvatures), and more than 50% of the spectra were characterized
by b > 0.5 (Figure 4g). Similarly, the weighted mean value of the curvature parameter <b> = 0.47% and
63% of the values larger than b = 0.4 was observed for the same source in August 2016 to February 2017
(Figure 4i). In contrast, 58% of the spectra of 1ES 1959+650 were characterized with the curvatures
below this threshold and <b> = 0.36 in May to November 2017. Moreover, a strong X-ray flaring
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activity of this HBL source during June to July 2016 yielded 95% of the 0.3–10 keV spectra with b ~0.3,
expected in the case of the efficient stochastic acceleration (Figure 4j,h).Galaxies 2018, 6, 125 8 of 14 
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Note also that the bright HBLs frequently exhibit declining optical-UV brightness in the epoch of
X-ray flare (see Figure 6 and References [24–30]). A similar behavior was reported in Reference [36]
from the multiwavelength observations of Mrk 421 during January to June 2009 and explained by
global long-term change in the efficiency of the acceleration mechanism, leading to the shift of the
entire synchrotron bump to higherenergies. Namely, this mechanism yields the spectral index of the
electron population to become harder, and, consequently, the emission at the rising segment of the
synchrotron SED (radio-UV) decrease, while that on the decreasing segment (X-rays) is increasing.
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the synchrotron SED peak towards higher energies with increasing X-ray flux [see References [24–30]).
The simulations performed within Reference [37] demonstrated that the hardening in the electron
energy distribution is expected during the stochastic acceleration when these particles have a narrow
initial energy distribution with the average energy, significantly higher than the equilibriumenergy.

The simulations also show that the stochastic acceleration is very slow for the jets with low
magnetic fields and high matter densities (see, e.g., Reference [16]). In that case, a gradual acceleration
of the particles is expected [19], yielding a counter-clockwise (CCW) spectral evolution of the source in
the hardness ratio–flux plane (see Reference [34] and Figure 7 for the corresponding example).
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4. Discussion and Conclusions

HBLs represent one of the most extreme particle accelerators in the universe: They generally
are bright sources in the X-ray energy range where the injection and radiative evolution of freshly
accelerated particles can be tracked (especially in the nearby bright sources Mrk 421, Mrk 501, 1ES
1959+650, PKS 2155-304). Note that these sources allow us to detect extreme flux and spectral variability
on timescales of a few hundred seconds, especially in the flaring states (see References [24–33]).

The B-Z mechanism, widely accepted to be responsible for the jet launching and acceleration of
the particles up to ultra-relativistic energies within the hundred Swarzschild radii, is not sufficient
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for explaining the X-ray and γ-ray emissions generated on sub-parsec, parsec, kilo-parsec distances
from the central engine, as well as the flaring behavior observed in the keV–TeV energy range.
Therefore, some additional, in-situ acceleration processes are necessary to reconcile the modeling and
observational results.

The most frequently considered, additional “mechanisms” are the first and second-order Fermi
accelerations, related to the propagation of relativistic shocks and turbulent structures in the jets
(corroborated by the observed log-parabolic X-ray and γ-ray spectra). The features of both acceleration
mechanisms are revealed via our intense X-ray spectral study of nearby bright HBLs. However,
those related to the stochastic (second-order Fermi) process are observed more frequently than the
observables expected in the case of EDAP (a variety of first-order Fermi mechanism).

Moreover, X-ray observations of bright HBLs show a change in the turbulence spectrum in some
epochs. According to the simulations performed by Reference [21], the source may show a relationship
between the synchrotron SED peak position Ep and the flux at the peak Sp as follows

Sp∞Eα
p,

with the value of the exponent α = 0.6: the parameters q(the exponent describing the turbulence
energy distribution W(k) in terms of the wave number k with a power-law W(k)~k−q) is variable during
the second-order Fermi acceleration process. Namely, there is a transition from the Kraichnan-type
(q = 3/2) into the “hard-sphere” (q = 2) spectrum. Figure 8 provides the Swift-XRTobservations of
Mrk 421, Mrk 501 and 1ES 1959+650 in some epochs, which demonstrate the Sp∞Eα

p relation with the
values of the exponent α close to 0.6, i.e., showing the change in the energy spectrum of the turbulence,
responsible for the stochastic acceleration in the jets of the aforementioned HBLs. Consequently, our
study shows as the importance of the stochastic acceleration in the jets of BL Lacertae objects, as well as
the presence of the variable turbulent conditions in these extreme AGN areas. On the other hand, the
aforementioned change hints at the presence of the cooling-dominated X-ray flares with the electron
energy distribution approaching to equilibrium as predicted by the simulations performed within
Reference [21].

We suggest the possibility of a complex acceleration process of the electrons to the energies
necessary for the emission of X-ray photons via the synchrotron mechanism: A joint operation
of (i) “classical” first-order Fermi acceleration yielding a power-law energy spectrum, (ii) EDAP,
(iii) stochastic acceleration etc. For example, the simulations performed within Reference [37] showed
that the charged particle can be accelerated at the shock front by the first-order Fermi process and then
continue gaining an additional energy by means of the stochastic mechanism in the shock downstream
region. Eventually, the particle will be able to re-enter the shock acceleration region and repeat the
combined acceleration cycle. Consequently, a positive a-b correlation will weaken and may not even
be observed. Consequently, the features related to the first or second-order Fermi acceleration, e.g.,
the Ep–b and a-b correlations, can be weakly expressed and even absent.

The EDAP scenario generally predicts a rapid injection of very energetic particles into the
emission zone and a CCW-type evolution of the source in the HR-flux plane during the X-ray flare is
expected. However, the acceleration may not be “instantaneous” under some astrophysical conditions
(e.g., weak magnetic field, absence of the Bohm limit during the scattering of the electrons off the
magnetic irregularities, significant hadronic contribution), and the source will trace an opposite
spectral loop. In the case of the second-order Femi process, operating in the purely hadron-less
pair (electron-positron) plasma, the acceleration timescale can be short and even instantaneous if the
shocked jet medium is characterized by low matter density and sufficiently high magnetic field [16].
Under such circumstances, a BL Lacertae source may show a CW-type loop in the epoch of efficient
stochastic acceleration.
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In fact, HBLs rarely show the epochs or particular X-ray flares characterized by purely CW or
CCW loops. For example, we often observe a change from the CWW-type spectral evolution into
the opposite one and vice versa. The corresponding example is provided in Figure 9, presenting the
HR-flux planes from the epoch of efficient stochastic acceleration in the jet of 1ES 1959+650 (featured by
low spectral curvature and by the Ep–b anti-correlation; see Figures 4 and 5). We attribute such changes
to the subsequent shock passage in the jet areas with different physical conditions: The first-and
second-order Fermi accelerations in the areas with different matter density, composition and magnetic
field may yield as instantaneous, as well as a gradual acceleration of the electrons (resulted in both
CW and CCW loops in the HR-flux plane).
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points) fluxes plotted as a function of time (reproduced from Reference [28]).



Galaxies 2018, 6, 125 12 of 14

Note that Mrk 421 showed an unprecedentedly high percentage of the power-law spectra (28%)
in 2005–2008 that is not common for the HBL sources (see Reference [24]). As we have noted above,
this period showed the importance of the EDAP process, although the parameter l probably was
not dependent on the particle’s energy in some cases (required for the efficient EDAP). Therefore,
a power-law energy distribution of X-ray emitting electrons was established. On the other hand, this
distribution can be related to fact that the turbulent magnetic field was not sufficiently strong for the
efficient second-order Fermi acceleration. Consequently, the properties of the magnetic field in the jet
of Mrk 421 were variable in 2005–2008, and sometimes it was not characterized by the confinement
efficiency decreasing with a rising particle’s energy. Our results also show that the magnetic field
properties sometimes were rapidly variable within the jet emission zone (see References [24–27]):
Bright HBLs showed a transition from a log-parabolic spectrum into a power-law one, and vice versa,
within 1-ks Swift-XRT exposures.

Finally, TBLs often show an Optical-UV decline along with the X-ray flares, hinting at the stochastic
acceleration of the electrons characterized by narrow initial energy distribution (as predicted by
the simulations).
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