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Abstract It is surprising to find an instance of migration in the pealifions of synchrotron spectral
energy distribution components during the activity epagihidlarkarian 421 (Mrk 421), accompanying an
orphan flare at the X-ray and GeV-Te)ray bands. A geometric interpretation and standard shock o
stochastic acceleration models of blazar emission haviewtf reproducing these observed behaviors.
The present paper introduces a linear acceleration byretiag the reconnection electric field into the
particle transport model for the observed behaviors of Mzk.4Ne note that strong evidence for evolution
in characteristic of multi-wavelength spectral energytriistion including shifting the peak frequency,
accompanying an orphan flare at the X-ray and GeV-FeMy bands provides an important electrostatic
acceleration diagnostic in a blazar jet. Assuming suitabdelel parameters, we apply the results of the
simulation to the 13-day flaring event in March 2010 of Mrk 42dncentrating on the evolution of multi-
wavelength spectral energy distribution characterisfishifting the peak frequency. It is clear that the
ratio of the electric field and magnetic field strength plagsraportant role in temporal evolution of the
peak frequency of synchrotron spectral energy distrilnut@mponent. We suggest it is reasonable that the
electrostatic acceleration is responsible for the evatutf multi-wavelength spectral energy distribution
characteristic by shifting the peak frequency. Based omtbéel results, we assert that the peak frequency
of the synchrotron spectral energy distribution compon®ay signify a temporary characteristic of blazars,
rather than a permanent one.

Key words. radiation mechanisms: non-thermal — BL Lacertae objectdividual: (Mrk 421) —
acceleration of particles

1 INTRODUCTION believed that the low-energy peak of the SED is attributed
to synchrotron emission from extreme relativistic elestro

Blazars are radio-loud active galactic nuclei (AGNS). Ingndjor positrons in the jet)gry 1999. The origin of the

the most accepted scenario, their continuum emissiorﬁigh_energy component remains an open issue. The lepton

extending from radio toy-ray bands arise from the model suggests that it may be attributed to the inverse

relativistic jet. This jet emerges from supermassive bIacI@ompton (IC) scattering of extremely relativistic elec-

holes and beams the emission at the observer’s line gfgns (e.g.Jones et al. 1974hisellini & Maraschi 1989

S|ght (eg,Gh|Se”|n| etal. 1986Urry & Padovani 1995 Dermer et al. 199;2 Zheng & Yang 2016 Zheng et al.
Hence, the observed spectra are subjected to the effects g1 7,

Doppler boostingBlandford & Konigl 1979. In general,

multi-wavelength observations show the spectral energy Most blazars appear as luminous sources characterized
distribution (SED) of blazars inogr — logrF, space by noticeable and rapid flux variability at all observed
exhibits a double-peak shapBossatietal. 19981t is  frequencies. Generally, prominent X-ray amday flares
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tend to be correlated with low frequency flares (e.g.jnated plasma flow result in formation of current
Raiterietal. 201y, Due to observational limitations, sheets where the magnetic reconnection is triggered
it is difficult to obtain a detailed picture of the time- (Eichler 1993 Begelman 1998Giannios & Spruit 2006
varying emission spectrum. Previous efforts to study théarticle acceleration in reconnection has been used
temporary spectrum from a blazar have concentratetb interpret the prompt phenomena ofray bursts
mainly on the production of variability via either time- (e.g., Beniamini & Piran 2013 Zhang & Zhang 2014
dependent particle distribution (e.d@Joom & Marscher  Beniamini & Granot 2016Beniamini & Giannios 201)7
1996 Chiaberge & Ghisellini 1999 Bottcher & Chiang in addition to the high-energy non-thermal emission
2002 Katarzyhski et al. 2006 Zheng & Zhang from pulsar wind nebulae (e.g.Kirk & Skjeeraasen
2011 Weidinger & Spanier 2015 Lewisetal. 2003 Ceruttietal. 20122013 Philippov & Spitkovsky
201§ or some physical (e.g.,Blandford & Konigl 2014 Cerutti & Philippov 201} and AGN jets (e.g.,
1979 Marscher & Gear 1985 Celottietal. 1991 Romanova & Lovelace 199Ziannios et al. 2009201Q
Mastichiadis & Kirk 1997 Kirk et al. 1998 Giebels etal. Nalewajko et al. 201;1Narayan & Piran 201;2Giannios
2007 Mastichiadis & Moraitis 200Band/or geometrical 2013 Petropoulou et al. 201&hristie et al. 201 While
parameters changing (e.dcamenzind & Krockenberger the particle-in-cell (PIC) simulationS§{roni & Spitkovsky
1992 Gopal-Krishna & Wiita 1992 In recent years, the 2014 Guo et al. 2014Werner & Uzdensky 201)7reveal
unprecedented study of multi-wavelength observatiorseveral difficulties in understanding how the reconnection
campaigns obtained the spectra of blazars as close produces efficient particle acceleration, one can suggest
time as possible (e.gAleksic et al. 2015Balokovic etal.  that linear acceleration by the reconnecting electric
2016 Kataoka & Stawarz 2016Abeysekaraetal. 2017 field is the simplest and most fundamental acceleration
Ahnen et al. 2018 While models endeavor to describe mechanism Kagan etal. 2018 In principle, magnetic
the temporary characteristics of the emission spectrumeconnection offers natural locations, within the diftursi
(Aleksic etal. 2015 Balokovic etal. 201p migration region where the magnetic field is small and reverse, in
in the peak positions of the synchrotron emission SEDwhich the electric field can exceed the magnetic field
component during activity epochs remains an open issue(Cerutti et al. 2018 These results indicate the electrostatic

Both the diffusive shock acceleration (e.gBell acceleration can drive up the particle energy to a level that

1978 Drury 1983 Marscher 2014 Zheng etal. 2018 significantly overruns the possible values when only the
and stochastic acceleration (e.gSchlickeiser 1985 shock and stochastic acceleration are considered. In these

1989 Petrosian & Liu 2004 Zheng & Zhang 2011 scenarios, we anticipate extreme incident behavior in the
Asano & Hayashida 2015 Baringetal. 201Y are guasi-spherical emission region of the blazar jet to occur.
potentially efficient mechanisms for producing energetic
particles from a plasma flow with strong shocks. In
spite that the mechanisms, including the injection
acceleration and cooling of particlesGlfisellini et al.

In the present context, we attempt to account for
the temporary characteristic of the emission spectrum
by introducing an electrostatic acceleration mechanism.
- - _ ) The aim of this paper is to find the distinctive energy
2009, with the possible intervention of shock waves gpecirym characteristics for the electrostatic accéterat

(Marscher & Gear 19855ikora et al. 200)Lor turbulence jn the plazar jet. The present paper is organized as follows.

(Marscher 2014 are still being debated in terms of |, gection2, we take the rate of the linear electrostatic
producing the unpredictable variability, previous model,..ajeration into account in the model by assuming a
efforts can simulate the properties of these flares (€.ggonstant electric field strength. In Secti@we discuss the
Zheng & Zhang 201 Nalewajko et al. 2012Petropoulou el parameters and establish a ratio for the electric field
2014. There is a class of-ray flares that occurs with 4nq the magnetic field strengths reflecting the electrastati

little correlated variability thqt is detected aF longer ;cceleration rate. In Sectigh we estimate the maximum
wavelengths (e.g.Krawczynskietal. 2004Ranietal. | grentz factor of the particles in the model. Based

2013. Since the theoretical photon spectra reproducing, ihe expected maximum Lorentz factor, we deduce
standard shock or stochastic acceleration models at®a maximum energy of the synchrotron peak, and we
calculated in the synchrotron self-Compton (SSC) modelqpose an important electrostatic acceleration diagnost
frame, it is difficult for the mentioned models to explain;, the blazar jet. In Sectios, we apply the model to

this pure orphan flare. For the purpose of applying &ne 13.day flaring event in March 2010 of Markarian

proposed model, in this context we expand the orphan; (mrk 421). This application concentrates on the
flare to include the flares at both X-ray amday bands.  gjectrostatic acceleration responsible for the evolugbn

It is generally believed that the magnetohydrody-the multi-wavelength SED characteristic by shifting the
namic (MHD) instabilities of a Poynting-flux dom- peak frequency; a discussion is given in SecBon
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Throughout the paper, all of the parameters areontinual injection rate in the units gf ~'cm=3s7!, py is
calculated in the comoving frame. Then, we transfetthe characteristic injection momentum af@) is Dirac’s
them from the comoving frame to the observed framedistribution function.
by taking relativistic beaming effect into account. We Using a Green’s function to solve the stationary
assume the Hubble constaffy = 75 kms ! Mpc~!,the particle transport equation (see e.groon etal. 2016
dimensionless numbers for the energy density of matteZheng et al. 2019 we can obtain the closed-form solution

Om = 0.27, the dimensionless numbers of radiationfor the electron Green’s functioiNg (v, vo0), representing
energy density?, = 0 and the dimensionless cosmological the number density distribution of electrons in the Lorentz
constant2, = 0.73. factor,~, space with the Gamma functidn(z), as follows
2 THE PROPOSED MODEL NomecD(p— o +0.5) v\ ?

NG (77 ’70) = ~ ) <_>
The photon spectra in the current context are calculated BDol'(1+ QM)YO o ~ (4)
by the model within the lepton model frame through both % e—w i (B—ﬁ)WU (%)
synchrotron emission and IC scattering. In the proposed H2 H2

model, we basically follow the approach ghengetal. | 1o we letd — Ao/ Do B Bo/Do ¢ = Co/ Dy and

(2019 to calculate the electron spectrum, and we introduce. _ Fy/ Dy. The model assumes that the injected particles
electrostatic acceleration to the first-order gain rate. 1,0 5 mono-energetic distribution, and the paramgger

ou: aplplroacthes, smcs magtntet;f r;ahconn(tactllonls otccu: '?iga characteristic Lorentz factor of the injected partcle
natural location, we do not take the actual electrostati . . B2 B2

: . Yhe Whittaker functions\/, , (=) and W, ,(=32) are
acceleration process. Phenomenologically, we treat the

electrostatic acceleration as a mechanism to gain energy %efmed by the E)aQrametAeE j 1, + A/ - F/(QB)’ and
the transport equation, that is, the electrons pick up g/nerg# = 0.25[(2 + A)? + 4C]"/? with v; = min[y, y0] and
from the electric fields. T2 = maxh’%]_'_ N
Assuming an electric field of strengfli is generated We can utlllzg the number_densny distribution of
in the magnetic reconnection region around the shock, nge(_:trqns _deterr_mned by Equatiod) (to cfalc_ulate the
estimate the electrostatic acceleration rate experiebged emission intensity (_)f the syhchrotron radiatidigy (v),
the electrons with the magnitude of the electron charge, and the IC scatteringfic(v) in the SSC model frame

due to the electric field crossing in the comoving frame aée.g., Katarz_yr’wski etal. 20Q1Zheng et ql. 2019 Taking_
follows the absorption effect of the extragalactic background ligh

1) (EBL) into account, we can calculate the flux density at

Earth (e.g.Zheng & Zhang 20111
Combining the momentum gain rate with shock accelera-

- : . et . 763 (1 + 2 r?
tion, psn, we can establish the first-order momentum gain Fobs. (Vobs.) = (d2 ) [[Syn(y) + ]ic(y)}
rate L

pgain = pelec +psh = AOmeCa (2) X 6_7(V7z) )
where A is the first-order momentum gain rate constantyhere§ is the Doppler factor (e.gRybicki & Lightman

in the unit ofs ™" with Ay = A, + Actec, me the electron 1979 the redshift of the source;, the size of the
mass and: the speed of light. In this scenario, we rebuild p|ob, ¢, the luminosity distance ane(v, z) the absorp-

pelec =ek.

(®)

the basic transport equation as follows tion optical depth (e.g.Pwek & Krennrich 2005. The
ofp,t) 1 0 { , s F(p,t) . font) relationship between the frequenay,_bs,, at obgervgrs
ot p2op ecpiap 0MeC) (Ps frame and the frequency, at comoving frame is given
by vobs. = dv/(1 + 2).
Bop? Comec  F
e P ¢ 3 THE MODEL PARAMETERS
 Nod(p — po)
Arp? ’ The application of the model requires the specification

(3) of both the particle spectral parameters (i.&, Do,
where f(p, t) is the isotropic, homogeneous phase-spacey, A, B, C' and F), and the jet parameters3( § and
density,p is the particle momentuni), is the momentum r;). Since we introduce electrostatic acceleration to the
diffusion rate constantj3, is the momentum-loss rate first-order gain rate, we should reestablish the parameter
constant,C is the shock-regulated escape rate constantelationships, rather than relying on the model parameters
F, is the Bohm diffusive escape rate consta¥y, is the  determined in our early work. Based on the equations
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presented byheng et al(2019 and Equationsl) and @)
in the current context, we find

i A LA mE E 3n
A= A51 Ae ec — B ) 6
b A 4Umag Bamag ( )
. B
B=554x10"13 1 (2 )1 7
x Jmag(().l G) ’ (7)
A 3
¢=—"1 (8)
WOmag
and
. B
F =874 %10 26,251 s -2 -2
8T 0 o (i o) (g1 g) 0 ©

wheren is a dimensionless parametéris the efficiency

factor of shock accelerations,,., is the magnetization

parameter]3 is the local magnetic field strength,is the
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4 RADIATION ENERGY OF MAXIMUM
PARTICLES

The transport equation in the current context takes the
shock, electrostatic, stochastic acceleration, synotmot
and IC scattering losses, as well as patrticle injection and
escape into account. A dynamic equilibrium is generated
by a kind of competition among the acceleration, cooling,
injection and escape of particles from the shock region.
Neglecting the particle injection and escape, we can
estimate the maximum Lorentz factor of the particles,
Ymax, DY €xamining the Fokker-Plank “drift” coefficient,
(dp/dt) = Domec(3 + A — B~2,.) = 0, which yields

7121'1ax = Ws,stoch + ’ys,sh + Ws,elec . (15)

It is convenient to obtain the theoretical equilibrium mo-
mentum for a combination of stochastic acceleration and
momentum loss by balancing the stochastic momentum
gain rate,psioch, With the momentum-loss rat@;.ss, SO

summation of both the magnetic field and the soft photonhat the equation

field energy density and is a dimensionless constant of

order unity.

(pstoch + ploss)|p:peysmch =0 (16)

In our proposed approach, we require increasing th‘?:an be established. The equilibrium Lorentz factor for

s.ummatlon of bOth the magnetic f|eld and the soft phOtorétochastic acceleration versus momentum loss is therefore
field energy density as free particle spectral parametergxpressed as

this is based on the free parameters Ztfieng et al.

(2019. Once the values of particle spectral parameters are
established, we can derive the momentum diffusion rate

constant as follows,

doru

DO = ~
3mecB

(10)

whereor is the Thomson cross section, the magnetization

parameterg,, g, is

3nDomec
Omag = Te ; (11)
and the dimensionless timescale constanis as follows

31
CA‘(Tmag '

w =

(12)

Next, we can obtain the averaged soft photon fielg,,
with
B2

Uph —= U — —
P 8t

(13)

and the ratio of the electric field and magnetic field

strength,E// B, as follows

E Aamag 3
B s 1S

TR (14)

. 19D
Ye,stoch = Pestoch = ofeC . (17)
MeC doru
With the same approach, we can establish the following
equations

(Psh +ploss)|p:pc,sh =0, (18)

and
(pelec + ploss)|p:pe,elec =0, (19)

which vyield the equilibrium Lorentz factor for shock
acceleration versus momentum loss,

De,sh [ 9¢eB
Ye,sh = = ’
MeC 1607w

and the equilibrium Lorentz factor for electrostatic
acceleration versus momentum loss,

(20)

3eF
doru

_ Dejelec
VYe,elec = =
MeC

(21)

The Larmor timescale is the minimum timescale for
acceleration of the particles via energetic collisionshwit
MHD waves, - »

tL(p) = ~ T B’ (22)
where rp, is the Larmor radius. Equating the Larmor
timescale with the timescale of momentum loss

[tL(p) + tioss (p>]|p:pMHD =0, (23)
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yields a critical Lorentz factor,

PMHD _ 3eB
mec doru

YMHD = (24)

Since both shock and stochastic acceleration are
mediated by interactions between the electrons and the
MHD wave, we expect neither theesocn Nor the
ve,sh t0 exceed the critical Lorentz factofyup. These

assumptions give

eB
3Mmec

DO.,max - (25)

)

Substituting Equation?7) into Equation 80) yields

max B 2
Esyn,peak(%nax) < 6.50 MeV (m)
X u - 14 E
0.01 erg cm—3 5

Equation 81) indicates that the maximum photon energy
of the synchrotron peal{i3* ... (Ymax) depends on the

magnetic field strength3, radiation field energy density,

(31)

and&max = 4/3. On the other hand, we infer that the v, and electric field strengti.

combination of these two processes cannot accelerate an
electron with a Lorentz factor that exceeds the critical

Lorentz factor, that is

(pstoch + Dsh +p1055)|p:pMHD <0. (26)
This relation yields
Dy 3
&) <1. 27
(DO,max * 4€) - ( )

Substituting Equations1{), (20), (21) and @5) into
Equation (5) yields

_ |3eB Do 3, E
Tmex = A 4oru Domax | 47 B
B \/2 u —-1/2
=736x 10" — _
8 (0.1 G) (0.01 erg cm3)

Do 3 B\Y?
8 <D0,max + Z€—i_§> -

(28)

It is important to note that we can employ the three
most common approaches to explain the evolution of
the multi-wavelength SED characteristic by shifting the
peak frequency. The three approaches are (1) varying the
magnetic field strength; (2) varying the radiation field
energy density; and (3) varying the electric field strength.
As can be seen in Equations0) and (14), regardless of
changing either the magnetic field strength or the radiation
field energy density, these changes result in a substantial
influence on the value of the electrostatic field in the
proposed model in the current context. The changes in the
multi-wavelength SED as a result of varying the physical
parametersB, u and A are plotted in Figurel. One

can see that the migration in the peak positions of the
synchrotron SED component dominates in the evolution
of the multi-wavelength SED. Phenomenologically, we
anticipate that some incidental behaviors can be expected
from the emission spectra. Neglecting the influence on
the other physical conditions, if we focus on varying
either the magnetic field strength or the radiation field

The characteristic energy of the synchrotron emissionergy density, since the dynamic equilibrium of the

peak is (e.g.Rybicki & Lightman 1979

2
Bcrit

v\ (_ B
=0.12M — —_—
0 ev(uﬂ) (0.1 G)’

where B,y is critical magnetic field withB.,;; = 4.41 x
10'3 G. We can substitute Equatio®§) into Equation 29)

Esyn,peak ('7) = ’YQmec

(29)

system reestablishes, we can find a continuous variability
covering energies from high to low. Alternatively, if we
focus on varying the electric field strength, because the
acceleration efficiency relies on the electron populations
around the equilibrium energy, we can expect the shapes
of these SED bumps to change. In addition, the flux
variability is remarkable and the change of spectral slopes
is significant at the X-ray and GeV-Tey-ray bands;

to obtain the photon energy of the synchrotron peak, giveRowever, as a result of the low energy electrons being

by

2
Bcrit

B \’ u !
= 6.50 MeV
¢ (0.1 G) (0.01 erg cm3)

X DO + §§+ E
DO,max 4 B '

2
Esyn,peak ('—Ymax) = YmaxMeC

(30)

dominated by the electrostatic acceleration process, the
variability is minor or not significant at the low frequency
end of the synchrotron component. In these scenarios,
we assert that there is strong evidence for the evolution
of the multi-wavelength characteristic SED by shifting
the peak frequency, and this is accompanied by an
orphan flare at the X-ray and GeV-Tey-ray bands.
Consequently, these observations provide an important
electrostatic acceleration diagnostic in blazar jets.
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— . — — . respectively (e.g.Abdo etal. 201L On the other hand,
the 13 consecutive day (from MJD 55265 to MJD 55277)
activity of Mrk 421 occurring in March 2010 manifests
an orphan flare at the X-ray and GeV-TeMray bands
(Aleksit et al. 201h

In order to attempt to understand the nature of the
migration in the peak positions of the SED, in the current
context, we apply the proposed model to the 13-day flaring
event in March 2010 of Mrk 421, concentrating on the
electrostatic acceleration responsible for the evolutbn
multi-wavelength SED characteristic by shifting the peak
frequency. We first establish the values of the model
parameters. Our approach for reproducing the multi-
wavelength spectrum from Mrk 421 seis = 1, £ =
0.1 and§ = 32 in all of the observation epochs. Since
the adopted multi-wavelength SEDs are averaged daily,
we argue that our approximation is valid as long as
the variability timescalet,.,,, is less than 1-day. In this
scenario, we constrain the size of the emission region by
the relationry ~ ctya/(1 + 2) = 2.1 x 106 cm with
tear = 2.25 x 10* s in all of the calculation epochs.
The other model parametef&, vo, A, B, C, u and B
logv (H2) are varied until a reasonable qualitative fit to the multi-
wavelength spectral data is obtained.

2 Al)

ergem” s

logvF (

BNl
ergem”s’)

logvF (

logvF (erg cm”s’)

Fig.1 The changes in the multi-wavelength SED by
varying the physical parameters. Thep panel features In Figure2, we plot the model spectrum along with the

the magnetic field strengtB, the middle panel displays  simultaneous multi-wavelength SED observations reported
the summation of both _the magnetic field and thg SOfby Aleksit et al.(2015 in the epoch of March 2010 from
photon field energy density, which indicates the varying Mrk 421 The plots includ . fih flari
radiation field energy density,,,, when the parameter r - € plots inclu eacomparlsonq enon arlr?g
B is fixed. Thebottom panel depicts the dimensionless (Or typical) SED from the 2009 MW campaign observed in
parameterA, which indicates the varying ratio of the Abdo etal(201]). The corresponding physical parameters
electric field and magnetic field strengthi/ B, when the of the model spectrum for the 13-day flaring event
parameters3 andu are fixed. The labels near the curvesin March 2010 and the nonflaring state of Mrk 421

signify the values of the parameter. THgck lines are  gre reported in Tabld. We can estimate the specific
plotted by the peak frequency of the synchrotron SED

component. Theblue curve marks the baseline of the amount of the shock and the electric field by using

multi-wavelength SED with the chosen parameteys=  “sh = 91/(40mag) @Nd Aciee = 3En/(Bomag). The
1000, Np = 2.0 x 109 p~* em~3s~1,¢ = 0.1, = 1, results are also listed in Table We can see that the

u=20ergcm3, A =30, B =854x10"1,C =84, electrostatic acceleration dominates in activities dytire
§=32,B=0.03Gandr, = 2.1 x 10'6 cm. 13 consecutive days. The inferred values of electric field
in the reconnection layer are also included in Table 1. It
can be seen that, for the strong flares at the beginning of
the activity epochs, the conditidi = B is in accord with

Mrk 421 is a nearby active galaxy at a redshift of rapid magnetic reconnection, which can result in efficient
z = 0.031 (de Vaucouleurs et al. 1991with a pair of electrostatic acceleration. The exceptions are the tear of

relativistic jets flowing in opposite directions that are flare activity. For these weak flares, we obtdin< B.
closely aligned to our line of sight. It is interesting to Since the intensities of these particular flare activities
find the significant evolution of the multi-wavelength SED barely exceeded the level of the quiescent emission, we
characteristic by shifting the peak frequency that has bee@ssert that the results are reasonable in the sense that
exhibited during activity epochs (e.dJshio etal. 2010  Strong electrostatic acceleration is not required to prer
Aleksic et al. 2015 Balokovi¢ et al. 2015 During these the spectrum observed during those 13 consecutive day
epochs, the archival multi-wavelength observations ofictivities.

Mrk 421 show the synchrotron and the IC scattering peak We now take the evolution of the multi-wavelength

in the quiescent state located-atl keV and~ 100GeV, SED characteristic into account by shifting the peak fre-

5 APPLICATION TO MRK 421
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MID 85265 MID $5266 MID s5267

i

logvF (ergem™s

MID 55268 M 55269

fergem” ')

logvF,
s
T

T
MID 35277

logvE_(ergem”s')

s /

T WUk L Lol L IR W A A e B [ I W) s TINY I AT TPy T N W s A
10 B W % 8 M A N B M W 2 M o W B &N B 10 OB 4 O W N OE W W N

logv (Hz) logy (Hz) logv (Hz)

Fig.2 Comparisons of model spectra with observed data for the Bt.olbgect Mrk 421. The colored symbols indicate the
daily SEDs during 13 consecutive days (from MJD 55262 to ME27) of activity taken fronAleksic¢ et al.(2015. The
Fermi upper limits are displayed blie open squareswith down arrows. Theray circlesin the background of each panel
signify the averaged SED from the 2009 MW campaign reportedbido et al.(2011), which is a good representation
of the nonflaring SED of Mrk 421. The model-derived specte fl the daily SEDs are plotted witted curves in each
panel, while spectra that fit the nonflaring SED are plottetti ifiack curves.

guency. Since very high-energy (VHE) photons, in genera2010, we deduce that the peak position of the high-
E., > 0.1 TeV, from the source are attenuated by photongnergy SED component from Mrk 421 depends omhe

from the EBL (e.g.,Stecker etal. 1992Kneiske etal. attenuation effect. In this scenario, we do not consider
2002 2004 Dwek & Krennrich 2005 Stecker et al. 2006 the peak position of the IC scattering SED component;
Franceschini et al. 2008azzaque et al. 2008inke etal. instead, we estimate the peak location of the syn-
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Table 1 The Proposed Model Parameters
Date No Yo & n A B c u B 5 Ts 3 Do Omag W E Ash Aelec
MID [p~'em ¥ s . [1071] lergem ™3] [Q] [10'¢ cm] [10727] s [G]
typical 2.0 x 10'* 1000 0.1 1.0 30 854  84.0 2538 0030 32 21 4.019.65 x 10° 0.055 0.65 0.014 4.103 25.92
55265 3.5 x 10'° 1000 0.1 1.0 20 254  56.0 2538 0030 32 21 1.193.24 x 10* 0.185 0.29 0.035 1.222 18.82
55266 3.5 x 10'° 1000 0.1 1.0 19 254 532 2538 0030 32 21 1.18.24 x 10 0.185 0.31 0.033 1.222 17.82
55267 3.0 x 10'® 3000 0.1 1.0 20 254 56.0 2538 0023 32 21 2.1%2.35 x 107 0.175 0.31 0.025 1.292 18.76
55268 3.2 x 10'° 1000 0.1 1.0 30 450 840 2538 0040 32 21 1.591.83 x 10* 0.078 0.46 0.028 2.885 27.16
55269 3.2 x 10' 1000 0.1 1.0 30 550 84.0 2538 0038 32 21 2.041.50 x 10 0.067 0.53 0.023 3.347 26.67
55270 2.2 x 10'° 1000 0.1 1.0 30 950  84.0 2538 0030 32 21 4.483.68 x 10> 0.049 0.72 0.012 4.562 25.44
55271 4.0 x 10' 1000 0.1 1.0 30 550 84.0 2538 0030 32 21 2.581.50 x 10 0.085 0.42 0.023 2.642 27.37
55272 3.0 x 10'° 1000 0.1 1.0 30 7.50  84.0 2538 0030 32 21 3.521.10 x 10* 0.063 0.57 0.016 3.603 26.42
55273 2.8 x 10' 1000 0.1 1.0 35 750 98.0 2538 0032 32 21 3.301.10 x 10 0.059 0.52 0.019 3.843 31.18
55274 1.6 x 10 1000 0.1 1.0 37 150 103.6 2538  0.032 32 2.1 6.615.49 x 10> 0.029 0.98 0.009 7.694 29.37
55275 1.6 x 10' 1000 0.1 1.0 37 180 1036 2538  0.032 32 2.1 7.931.58 x 10> 0.024 1.19 0.007 9.223 27.80
55276 3.1 x 10° 1000 0.1 1.0 37 80 1036 2538 0032 32 21 3.521.03 x 10* 0.055 0.53 0.019 4.101 32.94
55277 2.4 x10' 1000 0.1 1.0 35 80  98.0 2538 0.032 32 2.1 3.521.03 x 10° 0.055 0.56 0.018 4.101 30.94

Table 2 Results of the Log-parabolic Modeto Fit the X-ray Data alone, and both the UV/Optical and X-tmta

X-ray data Optical/UV and X-ray data
Date k « B Vs X2 Vsyn,p k « B X2 Vsyn,p
MJD [1072%] [Hz] [10'7 Hz] [10728] [Hz] [10%6 Hz]
typical 1.259 -1.575 0.274 2.173 x 10'2  0.007 1.086 1.000 -1.533  0.172 1.309 x 10°  0.008 3.022
55265 1.000 -1.785  0.527 1.622 x 10'®  0.002 7.118 7.079 -1.412  0.221 4.721 x 10**  0.024 13.52
55266 1.000 -1.802  0.490 8.279 x 10**  0.002 5.987 1.000 -1.692  0.227 1.358 x 10**  0.015 11.55
55267 0.832 —-1.494  0.244 2.512 x 10*2  0.001 3.241 1.000 -1.447  0.157 1.791 x 10°  0.002 11.12
55268 1.000 -1.708  0.414 2.541 x 10**  0.001 4.737 1.000 -1.672  0.218 7.129 x 10*°  0.009 9.582
55269 1.000 -1.688 0.385 1.327 x 10'*  0.001 4.111 1.000 -1.636  0.209 4.645 x 10'°  0.007 9.402
55270 1.000 -1.556  0.237 5.035 x 10**  0.004 1.243 1.000 -1.512  0.171 2.606 x 10°  0.003 5.768
55271 1.000 -1.678 0.284 2.786 x 10'?  0.003 1.445 1.000 -1.660 0.214 3.837 x 10'°  0.003 6.294
55272 1.000 -1.778  0.434 1.563 x 10**  0.002 2.480 1.778 -1.745  0.275 6.166 x 10**  0.010 6.038
55273 1.000 -1.774  0.450 1.905 x 10'*  0.002 2.303 1.000 -1.757  0.248 1.297 x 10**  0.007 4.693
55274 1.000 -1.499  0.268 3.631 x 10*2  0.001 1.668 1.000 -1.495 0.166 1.377 x 10°  0.003 4.509
55275 1.000 -1.602 0.271 1.730 x 10*2  0.003 1.093 1.000 -1.539  0.177 2.858 x 10°  0.005 4.249
55276 1.000 -1.481 0.220 3.311 x 10**  0.003 1.441 0.794 -1.455  0.146 2.265 x 10®  0.003 5.788
55277 2.667 -1.411  0.299 1.578 x 10*®  0.008 1.697 1.000 -1.560 0.182 3.972 x 10°  0.006 4.285

Notes: *Note-The fitting is obtained by considering the photon eperdo be the independent variable.

into logv — log v, space, we can obtain a relatibog vF, = co + c1 logv + ca(logv)?, wherecy =

c¢1 = 2Blogvx —a+ 1andcy = —B. The parameters; andc can localize the synchrotron SED peakibyn,p, = —c1/(2¢2).

Transforming the log-fdi@ionodel
—B(logv«)? + alog vy + logk,

chrotron SED component applying a reasonably smootbf the electric field and the magnetic field strength, the

interpolation or extrapolation model (e.dMassaro et al.
2004 Btazejowskietal. 2005 Tramacere etal. 2009

Ushio etal. 201D We introduce a log-parabolic model

with

F(v) :k;(

14

Vy

)—a—ﬂ log(v/vy)

(32)

in the v — F(v) space (e.g.Balokovit etal. 201p We

model,« and 3 are free parameters, while, is a fixed

spectral slopes of synchrotron emission, and the lighteurv
of X-ray and~-ray. We note that the agreement between
the migration in the peak positions of the synchrotron SED
component and evolution of the ratio of the electric field
and magnetic field strength is excellent during the activity
epochs. Since the magnetic field strength in the observation
epoch experiences minor changes, and the summation of
both the magnetic field and the soft photon field energy
utilize the model to fit to the X-ray data alone, and todensity is fixed, we suggest that it is reasonable to conclude
both the ultraviolet (UV)/optical and X-ray data. In this that the electrostatic acceleration is responsible for the
evolution of the multi-wavelength SED characteristic by
parameter at which equals the local power-law photon shifting the peak frequency. We are interested in comparing
index. The3 parameter exhibits deviation of the spectralthe ratio of the electric field and the magnetic field strength
slope away fromv,.. The evolution of the peak frequency with the spectral slopes of synchrotron emission, and the
of the synchrotron SED component in the observed epockght curve of X-ray andy-ray. One can find that when the

is reported in Tabl@. The corresponding peak frequenciesratio increases, the spectral slopes of synchrotron emnissi
of the synchrotron SED component for each activity areenlarge, and the X-ray angray fluxes strengthen. These
plotted in Figure3. The plot includes a comparison of both are a consequence of the electrostatic acceleration in an
the electric field and the magnetic field strength, the ratielectric field tending to harden the particle distribution,
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Fig.3 Left panels: Temporal evolution of the peak frequency of the synchmo®&D component@p panel), both the
electric field and the magnetic field strengthiddle panel), and the ratio of the electric field and the magnetic field
strength pottom panel) during the 13-day flaring event in March 2010 of Mrk 4Rlght panels. Temporal evolution of

the spectral slopes of synchrotron emissitop panel), and the X-ray ihiddle panel) and~-ray (bottom panel) fluxes
during the 13-day flaring event in March 2010 of Mrk 421. Thalpécation of the synchrotron SED component is
estimated by fitting a log-parabolic model in EQ1). The associated ratio of the electric field and the magriietid
strength is computed using the model parameters. The Hotaes the typical state at the epoch of MID 55264. We note
that they-ray fluxes are absent from observation in the day of MJD 55275

which enhances the high-energy component of resultingtrength. In order to justify the migration in the peak
synchrotron emission spectrum. positions of the synchrotron SED component, we test
the theoretical SED effects of changes in the parameters.
The tests provide strong evidence for the evolution of
multi-wavelength SED characteristic by shifting the peak
It is believed that determining the jet microphysics fromfrequency, with an accompanying orphan flare at the X-
the SED of a blazar is a challenging problem of inversionray and GeV-TeVy-ray bands. These results provide an
In a phenomenological view, it is interesting and importanimportant electrostatic acceleration diagnostic in blaza
to find the exclusive characteristic of the emission energyets. Assuming suitable model parameters, we apply the
spectrum for tracing the jet microphysics. The presentesults of the simulation to the 13-day flaring event in
paper introduces a linear acceleration by integrating thlarch 2010 of Mrk 421, concentrating on the evolution
reconnection electric field into the particle transport elod of the multi-wavelength SED characteristic by shifting the
which has been proposed &hengetal.(2019. We peak frequency. It is clear that the ratio of the electric
expected to find observed evidence for the electrostatifield and the magnetic field strength plays an important
acceleration in the blazar jet. In the model, the ratiorole in the temporal evolution of the peak frequency of
of the electric field and the magnetic field strengththe synchrotron SED component. Therefore, we consider
reflecting the electrostatic acceleration rate is estabdls it reasonable to suggest the electrostatic acceleration is
On the basis of the model's expected maximum Lorentzesponsible for the evolution of multi-wavelength SED
factor, we deduce the maximum photon energy of thecharacteristic by shifting the peak frequency.

synchrotron peak in the SSC model frame. The result Phenomenologically, the model effortAfeksic et al.
indicates that the energy of the synchrotron peak depend2015 for the 13 consecutive day activities of Mrk 421
on the ratio of the electric field and the magnetic fieldfocuses on the correlated variability at the X-ray and

6 CONCLUSIONSAND DISCUSSION
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ray bands without variability in the optical/lUV bands. contrary, the ambient magnetic field exceeds the electric
Their model paradigm confirms that the one-zone SS@ield in the surrounding region. In this scenario, the layer
model can describe the SED on each day reasonably wettan be treated as a linear accelera@er{itti et al. 2013
Alternatively, the flaring activity can be reproduced by Since magnetic reconnections offer natural regions where
a two-zone SSC model, where one zone is responsiblde electric field is stronger than the magnetic field, we
for the quiescent emission, and the other zone contributesdopt a simple linear acceleration mechanism by the
to the daily variable emission occurring at X-ray apd reconnection electric field. On the basis of assuming a
ray bands Aleksic et al. 2015 In the context model, we constant electric field strength in the region, we propose
concentrate on the evolution of the multi-wavelength SEDa possible explanation for the origin of the temporal
characteristic by shifting the peak frequency. To rendeevolution on the peak frequency of the synchrotron
the nonlinear effect of SSC process, we assume a constagmission SED component.

soft photon field instead of the synchrotron emission field. |1 is convenient to compare the relative contributions

With the adopted parametef$ = 0.03 G, it results in - fom shock acceleration and electrostatic acceleration in
up ~ 3.6 x 1077 erg cm™*. Based on the model results, the gissipated region. The model presented in this work
we can also estimate the synchrotron emissionfield ~  g,ggests the ratio of the electric field and magnetic field
107 erg cm™?. If we directly include the synchrotron  gyrength in a limited range from 0.2 to 1.2 during the activi-

emission field into the transport equation, we find= 1 apochs. Since we adopt the shock acceleration efficiency
up + tgyn ~ 107" erg cm ™. This value is five orders aceor e — 0.1 in this context, we can conclude that the

of magnitude less than the constant soft photon field of thg i rder momentum gain by electrostatic acceleration is
model assumed with = 25.38 erg cm™?. It is believed 5 gominant mechanism at the dissipation region in the
that a lower soft photon field results in larger equilibrium-et_ However, we should emphasize that shock, none the
Lorentz factor. The calculated synchrotron emission fiel ess, plays an important role in regulating escape of the
induces the equilibrium Lorentz factog around10” ~  padicles, and therefore it is an essential composition in
108. This is far from the equilibrium Lorentz factor that the proposed model, despite the momentum gain by shock

is required by the observed synchrotron peak energy. I9ceeration being negligible. Actually, in the enviromne
order to obtain a corresponding synchrotron peak energyyhere the magnetic reconnection is efficient, so as to

we assume a large value for soft photon fields to eStab"SBrovide the electric field, the emission region has to be
the particle distributions. It is important to assume a plan considerably magnetized. There the shock acceleration
shock front propagating along a cylindrical jet. A particle .30t be efficient, or even the shock can hardly happen
energy distribution is shaped by experiencing accelaratio (e.g.,Kirk et al. 2000 Achterberg et al. 2001 We believe
cooling, injection and escape processes around the shogk; oth shock acceleration and electric field acceleratio
front, and subsequently drifts away into the downstreamye pikely to coexist. We do not propose an explanation
flow, in which it emits most of its energy. Since the fo \yhy they are happening in the blazar region. However,
context introduces a shock-induced magnetic reconnectigp g interesting to speculate that these might be a
scenario, we must emphasize the aim of model assumeds it of the electric field acceleration concentrating in
soft photon fields is to shape a particle energy distributiof,e comparatively smaller volume surrounding the shock

around the shock front, whereas the emission spectra a4 the shock acceleration occurring around the shock
strictly calculated in the frame of SSC process. front. In this scenario, the electric field acceleration is

In this context, we do not provide detailed insightsbeSt interpreted as a pre-acceleration process in which
on what is the dominate acceleration mechanism in th@ fraction of particles obtained energy from the electric
reconnection region. However, it is interesting to findfi€ld easily trigger a Fermi-type acceleration. Such pre-
that all of the island contractioDfake et al. 2006 anti- ~ acceleration process in our steady-state particle spactru
reconnection between colliding islandSka et al. 201p  could be simply considered by postulating higher energy

Sironi & Spitkovsky 201%and curvature drift acceleration fOr the injected electrons with a Lorentz factes,

(Guo et al. 20142015 are able to transfer the available There are alternative criteria for the blazar classifica-
magnetic energy into a population of non-thermal ultra-tion including the use of the peak frequency of the syn-
relativistic electrons via the induced large-scale electr chrotron SED component: low synchrotron-peaked blazars
field. Actually, the high energy particles are regulated anqLSP; log vsyn,, < 14 Hz); intermediate synchrotron-
focused towards the reconnection layer midplane (e.gpeaked blazars (ISPt4 Hz < logurgynp, < 15 Hz);
Contopoulos 2007 Once the particles are immersed in theand high-synchrotron-peaked blazars (H&R;vgyn , >
layer, they suffer from weak radiative losses, but strond5 Hz) (e.g., Padovani & Giommi 1995Nieppola et al.
coherent electric fieldsUzdensky etal. 2001 On the 2006 2008 Abdoetal. 2010 Fanetal. 2016 It is
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