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Abstract. We present a model of the multifrequency variability of the blazar Mrk 421. The model explains correlated variability
observed from Very High Energy (VHE) gamma rays to radio frequencies. We assume that the dominant part of the stationary
emission from the radio frequencies to the X-rays is generated by the synchrotron radiation of relativistic electrons ejected from
the central engine. The particles move from the center of the source with relativistic velocities and form an inhomogeneous jet.
We perform detailed calculations of the radiation transfer and calculate evolution of the electron energy spectrum along the jet.
We explain the observed variability by the evolving synchrotron and Inverse-Compton (IC) radiation of a compact component
(a blob) which travels along the jet. Two scenarios have been considered as mechanisms to generate VHE flares. The first
scenario assumes that the high energy electrons, necessary for generation of the VHE flares, are injected into the jet, directly
from the central engine or from an acceleration zone (e.g., a shock wave). The second scheme assumes that the high energy
electrons are generated in situ by acceleration, for exampleffusidie shock waves or a localized turbulence inside the jet.

The particles evolve along the jet. They are cooled by the radiative processes and by the adiabatic expansion which compete
with the acceleration process and the injection of high energy electrons. We present new observations we obtained in the radio
domain for Mrk 421. The radio data gathered in February—April 2001 show a well defined radio outburst which corresponds
to an X-ray outburst observed by RXTE-ASM and a gamma-ray flare detected by HEGRA in the TeV range. The best of our
knowledge, this is the first direct observational evidence for a flare observed simultaneously in the radio range and at very high
energies. Our scenario with acceleration of electrons in the middle part of the jet describes well the temporal evolution of such
multispectral flare.
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1. Introduction (e.g., Blandford & Konigl 1979). Thus, in many cases astrono-

. . mers try to explain IDV by extrinsic phenomena. There are
Blazars are very well known for their strong variability, preseqf,, possible processes which can produce rapid variability of

from the radio frequencies across the optical wavelengths to Eﬂ?originally quiet source. The first process is the microlens-
X-rays and in some particular cases up to VHE gamma raysy proposed by Chang & Refsdal in 1979. The process is
The observed variability time scales seem to depend maighromatic and should be able to produce coherent variabil-
on the frequency domain. The fastest changes, of about NQWy$yt any wavelength. However, detailed analyses found sev-
or even several minutes, are observed in the )§—ray and g arguments against such phenomena as possible expla-
gamma-ray ranges (e.g., Catanese et al. 1997; Pian atal. 19985 of IDV (see for example Wagner 1992). The second
Djannati-Atai et al. 1999; Maraschi et al. 1999). Temporglyssipility is related to inhomogeneities in the electron den-
scales from a few days to a few weeks or even years &g of the interstellar medium (ISM) onfiiérent spatial scales.
observed from the radio (e.g., Hufnagel & Bregman 1992y, 4rant variability (interstellar scintillation, ISS) is produced
Romero et al. 1997; Aller et al. 1999) to the optical frequeRy giractive (DISS) and refractive (RISS) scattering of elec-
cies (e.g., Tosti et al. 1998; Xie et al. 1999). tromagnetic waves (e.g., Rickett 1990). It is quitéfidult
However, some fraction of the sources exhibit Intra Day separate intrinsic variability from variability generated by
Variability (IDV) even in the radio and optical ranges, withss. Complex campaigns of observations performed féerdi
observed time scales of about one day or less (e.g., Rick&it bands are necessary, especially to identify RISS which may
et al. 1995; Wagner et al. 1996). To explain such rapid vafiroduce longer variability time scales (of about a few days
ations it is necessary to assume very compact sources Whighyeeks, see e.g., Fiedler et al. 1987). However, correlation
travel towards the observer with ultra relativistic velocitiegetween variability observed at radio and optical wavelengths
excludes RISS as possible source of variability. Furthermore,
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Tosti et al. (1998) reported such a correlation in Mrk 421. We developed a model for the inner jet very similar in fun-
Another argument against extrinsic origin of the variabilitgamental assumptions to the widely known jet models (e.g.,
may come from observations at frequencies higher than dparscher 1980; Konigl 1981; Ghisellini et al. 1985; O’'Dell
tical. Variability observed in X-rays or gamma rays strongl$988). The dierence between our approach and the previous
suggests that all observed activity is generated inside a soumees is that we improve calculations of the radiation transfer
Therefore, in our model we may safely assume that the addeng the jet and we calculate evolution of the electron energy
served variability is intrinsic and generated by the sourspectrum.
components. For sake of simplicity, we assume a constant value for the
There are two basic types of models which can explain imelocity of jet componentsfe;) and a constant angle to the line
trinsic variability. The first assumes that the observed variafsight ). This also gives constant value of the Doppler factor
tions are related to changes in the geometry of emitting souredsng the jet:
(e.g., Camenzind & Krockenberger 1992; Gopal-Krishna &
Wiita 1992). The most common scenario explains variability,, = 1
of the source as being due to blobs injected at the base of Liet(1 = (Viet/C) cos)
the jet. Such components move with finite angular momen-
tum on a helical trajectory. Variability is generated mostly byhereliet = 1/ {/1 - (Viet/)?) is the Lorentz factor of the jet
the change of beaming conditions. The scenario was successic is the speed of light. Thus it fiiers from reality, since the
fully applied in some cases (e.g., Schramm et al. 1993; Waggeometry and kinematics of the jet are more complex. A more
et al. 1995). The second kind of models assume that variabéalistic scenario may assume thWg decreases along the jet.
ity is generated by change of emission condition inside the jetowever, we can also imagine a situation whéréecreases
Typical examples are the injection of fresh particles from tladong the jet (e.g., an extended helical trajectory of the jet's
center of a source, or the acceleration of particles by a shacknponents) what could stabilize the valu&gf
wave (e.g., Blandford & Konigl 1979; Marscher & Gear 1985; We neglect the total inverse-Compton radiation generated
Celotti et al. 1991; Kirk et al. 1998). Depending on the physicalithin the whole structure of the jet. This type of radiation was
conditions, the variability can originate at high energy bandsalculated for Mrk 501 in our recent work (Katarzynski et al.
(X-rays & gamma rays) and then spread to the radio wav&801). These calculations show that this radiation should be
lengths. However, alternative cases are also observed with@aservable at energies from MeV to GeV. Therefore, it can-
tivity only at the low energies (optical to radio wavelengths) arot contribute to the emission observed in VHE gamma rays,
only at the high energies. which is analyzed in the case of this paper. Moreover, the vari-
In order to further analyse variability processes in blazaability time scales observed in VHE gamma rays indicate that
and to provide tools necessary to interpret multifrequency mahe emission region must be at least a hundred times smaller
itoring we present here plausible scenarios for VHE flares, ctiran the total length of the jet. On the other hand, observa-
related with variability at lower frequencies. We base our motiens made by EGRET from 0.1 to 5 GeV show that radiation
els of temporal evolution on our previous study (Katarzynskf Mrk 421 is relatively weak at this range.67 x 1073 +
et al. 2001) performed for stationary states, assuming pure 168 x 1038 W m=2 Hz%, Thompson et al. 1995). The level
tonic modeling. This type of scenario is known to provide af the emission at this range is also variable (e.g., Macomb
good framework to explain the high energy activity of blazaes al. 1995). The data on Mrk 421 as well as on other blazars
(e.g., Ghisellini & Madau 1996; Dermer & Schlickeiser 1993t the MeV-GeV range are still quite poor. It is quitefidult
Sikora et al. 1994; Inoue & Takahara 1996). to distinguish which part of the radiation comes from the regu-

) ) lar structure of the jet and which part is generated by compact
2. Modeling the quiet state and the low energy components inside the jet. Therefore, we decided to explain the
emission whole gamma-ray emission of Mrk 421 by radiation of com-

We assume that at least three components contribute to the géat components or “blobs” inside the jet.

tionary emission of Mrk 421 from the radio wavelengths to the In comparison with the other models, we assume that the
optical range. The dominant part of the radiation is generatedrticle density along the jet decreases relatively fast (see
by the inner part of the jet which is seen on the radio maps &scts. 2.1 and 2.2). Taking into account that the magnetic field
a unresolved core (e.g., Piner et al. 1999). The componentirdensity decreases as a power law function along the jets, we
diates from the high radio frequenciesf 1 GHz) to the opti- obtain jets where the inner parts (nearest to the black hole) are
cal or even ultraviolet ranges. Hereafter, for sake of simplicitsignificantly more luminous than the outer parts. In addition,
we call this component just the “jet”. An additional significanthe relatively large density of electrons necessary to fit the ob-
part of the low frequency (s 1 GHz) radio emission is gen-served level of radiation induces a fast decrease of the emission
erated in extended radio structures. These structures appedvalow GHz frequencies due to the electron’s self-absorption.
the radio maps as several radio clouds. A third component, ffie explain the radio emission up to the GHz bands we have
thermal radiation of the host galaxy, dominates the spectruntdnintroduce a term which describes the radiation from the ex-
the optical range. However, the “jet” mentioned above also ri@nded radio structure. This additional component is assumed
diates significantly at such wavelengths. It generates the optimabe homogeneous and spherical.

nonthermal continuum of the radiation observed in the nucleus The thermal emission of the host galaxy is simply repro-
of the source (Ulrich et al. 1975). duced by a black body spectrum. It provides an accuracy high

)
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enough for the present work and introduce only two free pa:2. Evolution of the electron energy distribution along
rameters (temperature and level of emission) to describe this the jet

radiation. ) i
We describe the evolution of the electron energy speciim
which refers to the entire source, by the kinetic equation (e.g.,
2.1. Geometry of the jet Kardashev 1962):

In the first approach of our model we selected a conical or

paraboloidal geometry of the jet. However, to simplify calculaaNj’;t(y, t) g
tion of the radiation transfer along the jet, we approximate theat— = 5 {[
geometry by a system of homogeneous cylindrical elements — _
slices. The slices travel from the central engine with constant - Cj%?'a(t))y] Niei(7. t)}, (7)
velocity (Vier) and expand adiabatically, following a conical or

paraboloid geometry. The lengthi§ (cm)) and the radiusRe:  where C22°' characterizes electron energy losses due to syn-

(cm)) of each element increase with time according to the fQlnotron and IC radiatiorC29 describes adiabatic losses due

lowing formula: to expansion an@i:° characterizes acquisition of the electron

L (t.i ) TRV @) energy in some accelerqtion processes (e._g., apc_:ele_ration by a
et \et) = Tjet T Vexplet: shock wave). The equation does not consider injection of the
( i )I’jex electrons into the emitting region nor the escape. However,

CERly/? - (CEE)

jet jet

? (3) in further calculations we simulate these two processes using
t our specific parameterization of the source geometry. The ini-

jet
tial distribution of electron energy is given by the power law
whereVey, (cm s) is the expansion velocity of the cylinderfynction:

Iength,lﬁtt is the radius of the first cylinder;e; describes the

Riet (t}et) = Rjiet = %et

: i , ) x 1y -kl |y Met _ a2 “Met=2
jet geometry antqet are the time values defined by: Niet(7: tied) = Kjgt [7 et -y (%%it) J ] (8)
tj{et = leet/VEXP’ (4) with a sharp cutfi at the highest energiesﬁgf). In the above

_ _ formula, Kjtt is the initial number of electrons per cubic cen-
: Lict + 2Viedtig! _ timeter,nier describes the slope of the power law function and
Gt = "N Vep for i>1 () yutindicates position of the cutéin the energy spectrum. We

succeeded to find the general solution of the Eq. (7), which is
This parameterization provides a correlation between the gjiven in Appendix A. The methods to solve this type of equa-
pansion rate of the slices and their velocity in space. It meaitns can be found in mathematical handbooks, however, the
that the shift of a slice in space equals half of the length imethods described by Kardashev (1962) and by Kirk et al.
crement. Therefore, a quasi-conicgk(= 1) or paraboloidal (1998) are very helpful for such calculations.
(riet < 1) geometry of the jet can be built by a system of moving To apply the solution for calculation of emission and ab-
and expanding cylindrical elements. The time momety{3 ( sorption coéficients we have to convert the equations to unit
are set to describe physical parameters calculated at the cenghlme. In the case where the evolution of a slice of volume

point of each cylinder. (Vs) is described by a power law functiol(t) ~ tjzgtie‘”) the
We assume that the shape of the jet is maintained by a ceonversion is given by:

tinuous outflow of the slices from the central engine. The par- a4

ticles which reach the most distant part of the source are ac- . t,-tt “

cumulated in the extended radio structures. The slices whidit(?s ) = Neet(r: 1) T , ©)

form the shape are indicated by 1...n; wheren; is the total
number of slices which form the jet shape. wheredier = tVo(t)/3 andw(t) is the velocity field, which deter-
For further simplification we assume that each slice is hglines expansion ofs (e.g., Longair 1981). We assume that the
mogeneous with a uniform intensity of the magnetic fieldotal number of particles is constant during expansion of the jet
Decrease of the magnetic field intensity [G] along the jet §ice, thereforele; = (2rje: + 1)/3. Note that the conversion can
defined by the power law function which we parameterize by€ replaced by an additional teraN(y, t)Vo(t) on the left side
in Eq. (7). The term for our specific parameterization of the ge-

tl Met . . . . ]

jet ometry is given simply by formula:N(y, t)3det/t. However,
(ti_] ’ 6) this manner of calculating greatly complicates the procedure
et for analytically solving Eq. (7).
wherijlet is an initial magnetic field intensity. In our modelwe  To calculate the electron energy evolution we need to spec-
assume a relatively fast decrease of the magnetic field inten#figycooling and acceleration processes and to describe decrease
along the jet. However, the decrease is slower than derived wfithe electron energy due to adiabatic expansion of the slices.
der the assumption of magnetic flux conservating: (= 2rjer). In our model of the jet radiation we selected a specific set
This may be explained by a turbulent structure of the magnetitphysical parameters (see Table 2) which implies a relatively
field. weak radiation field energy density inside the jet. Therefore,

B(tie) = Bjo; = By

et — et
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we can consider cooling by the synchrotron process only, dee omit to write the function’s frequency dependency in all
scribed by characteristic cooling time scale: formulae for the radiation intensity and the flux density.
4o1Us(t) Using a transformation to the observer frame, we can ex-

1
t%l(y 1) = ————, Ct) = e (10) press observed flux density (erg cthby:

jet - y Cj(;gol(t)’ Jet
163, (1+2) N ‘ . .
. o . { 2 2
whereUg = B2 (t)/(8r) is the magnetic field energy density. Fje; = Jed—lz E [(Ret) - (R ]It'ot, (14)

We consider acceleration processes which have an acceler- i=1

ation rate which is energy independent and decreasing alQfigse| . is the total intensity of the radiation calculated along
the jet, described by a characteristic acceleration time: the jet, which can also include the radiation of the compact
1 »[,1et et component (see Appendix B). However, in this part, we de-
tj"gc:(t) = CTC(t) C]%‘;C(t) = Allet(’T] , (11) scribe only radiation of the jet and use a simple version of the
jet formula for It without any compact component. In the above
with A‘1et = 1/t;c% wheret;Cqet is initial characteristic accelera-formuladi is the luminosity distance (e.g., Weinberg 19825

tion time. Note that we do not specify which acceleration sc@—e redshiftgie; is the Doppler factor of the jet aeret = 0. We

nario among the variety of models discussed in the literatU#g€ @ Hubble constant of 65 km'sMps™ and a deceleration

(see for a short review Longair 1981) could provide the bed@rameteo = 0.5 for the calculations of flux densities.

physical conditions required by the model. Detailed description

of the accelera?ion would intrqduce here tool many additiondly Extended radio and thermal emissions

parameters which would befficult to constrain from obser-

vational data. Thus we have selected a very simple, altholgRe motivation of our present analysis is to describe simulta-

somewhat arbitrary, description of the acceleration with a miReously all parts of the blazar spectrum. We want to look for

imal number of free parameters. correlation at dferent wavelengths and try to interpret mul-
Taking into account our parameterization of the geomé#frequency light curves from the radio bands to the gamma

try evolution, we can write the céiicient which characterizesrays. According to the assumptions which we selected for the

losses of the electron energy due to the adiabatic expansioniBymodel, radiation of the jet is dominated by the initial part of
the jet. The density of electrons in the initial part is relatively

c@fgia(t) = }Vv(t) = % (12) high. Therefore the model cannot explain emission observed at
e 3 t lower radio frequencies (below GHz frequencies) because of
The solution (7) provides a function which is continuous ialectron self-absorption. The problem of self-absorption does
time. However, according to our assumption on homoger#t appear in jet models where the radio emission is dominated
ity, we acctually use a stepped particle energy energy spbg-the outer part of a jet that is not absorbed. To overcome this
trum, uniform within each slice. The spectrum is approximatguoblem in our model we assume that the low frequency radio
by the distribution calculated at the central point of the slicemission is dominated by extended radio structures.
NJ.iet = Niet(y, t}et) (cm3). The structures can be described as clouds or lobes at the end
of the jet, fed by the jet itself. For simplicity, we approximate
the extended structures by a spherical, homogeneous cloud,
which generates the synchrotron radiation observable in low
In order to calculate the radiation transfer along the jet, we cdrequency radio waves (s 1 GHz). The observed flux density
sider a case where the angle between the jet symmetry axis tiguch a source is calculated according to:
the line of sight §) is relatively small (about a few degrees).

2.3. Radiation transfer along the jet

3 .
Therefore, we assume that the solution of radiation transfey,, = w& 1- %e""ext[-rext_'_ 1]) (15)
along paths parallel to the axis is valid for all cases investigated d Kext Text
in this paper.

) . . ) wherete = 2RexiKexts jext @aNdKey are the synchrotron emis-

¢ A;ssumlng th_at each Sl“C: _'f f][omggl;eneogs Vt\)"th Olion and the electron self-absorption fiméents respectively,
?an §m|55|c1r11 Jet (;r.lg. gt z - stera ),2 atr;] a tsorp_; dext IS the Doppler factor of the source. The electron energy dis-
lon (et (cm™)) codficients, we can write the intensity v, yion for such a simple cloud is described by the spectrum

1 —2 -1 1 T .
(erg s* cm* Hz™" sterad™) of the radiation for a given calculated for the last jet slice. However, the particle density

element: ' inside the cloud is much higher due to the accumulation of par-
o Jie”) . ticles during the long term evolution of the source. Therefore,
liet0/) = K) |1 - exp(—Tju ()] (13)  we define the particle energy distribution by:
jet
Next(y) = Cexthet(% tni) (16)

wherer}et(v’) = L}et‘ﬁ‘iet(V')- In this particular casejiiet(v’) is the
synchrotron emission cé&ient, ‘ﬁiet(‘/) is the electron self- wherecey is a free parameter, which describes th@edéence in
absorption co#icient (see for example Tavecchio et al. 1998he particles’ density. We assume also that the magnetic field
Katarzynski et al. 2001) and is the frequency (Hz) measuredntensity inside the cloud is equal to the magnetic field inten-
in the source frame. Note that hereafter, for sake of readabiljty inside the last jet sliceBex = jr:a‘t). The real situation



K. Katarzyiski et al.: The multifrequency variability of Mrk 421 105

probably involves more complex geometry and distribution of 2 pe b=an+1 a=i=11 —i=n,
particles. However, this simple approach explains reasonably | | Fa
well the emission of the extended radio structure and allows a > ™
correct level of permanent low frequency radio radiation to be |i=1 =
attained. R me

The thermal radiation of the host galaxy, quite clearly visi- < .
ble at the infrared and optical wavelengths (see Fig. 3), is sim-_ i Z Fir
ply modeled by the black body radiation: = ;

lob

Fin = FRP(v, Tin)/P(3ka Tin/h, Tin) (17) Fa,
whereP(v, T) is the Planck’s functiorf; 7 is the observed flux T Fe
density for the maximum of thermal radiatiohy, is the tem- Lie=Lbiob o

peraturekg is Boltzmann’s constant arfds Planck’s constant.

This basic approach provides a good fit of the thermal emissiBig. 1. Geometry of the jet and evolution of the blob geometry. The

with only two free parameterd=(1®, Ty,). We introduce it to current position of the first blob slice, related to the shape of the jet, is

explain the observed level of radiation at optical wavelengtbiyen bya = 1...n;. The position of the last blob slice is given by=

and to generate the optical light curves. a-ny+1, wheren, is the number of blob slices. The diagram illustrates
also the scheme applied for calculation of the radiation transfer. In the
framework of this scheme, the structure of the jet has been divided,

3. Modeling of variability parallel to its symmetry axis, into three specific regions. Radiation

) ) ) which comes from the first regioffr{, ) is generated by the blob and by

In this part, we go one step further in complexity t0 €Xne part of the jet smaller thaf, ,. Emission which comes from two

plain multifrequency variability of Mrk 421. The approachvther regions k2, F2,) is generated only by parts of the jet which

extends our previous blob-in-jet scenario for blazar emissiare larger thai?, .. A detailed description of this scheme is included

(Katarzynski et al. 2001). The main assumption is that tfeSect. 3.3.

whole observed activity is generated by a single compact com-

ponent (hereafter called a “blob”) placed inside the jet. We in- . .

vestigate two general cases where the blob may be createé}bz/bbblggometry and the parameters which we use to describe

rapid injection of high energy electrons or by systematic a[@-' evo_ut|o_n. : :

celeration of the electrons. Apart from the two main mech%- To simplify the generation of the light curves we calculate

nisms, we allow also some weak compression of the local £ emissiop in steps. The blop slices are shifted tpwards the
medium. This results in an increase of the particle density a Bd of the jet relaﬂyely _to the jet shape by one shce_length
of the magnetic field intensity. The mairfidirence between the orevery Ste% The time intervals for every step are defined by
' i H ; .
blob and jet medium, which surrounds the blob, appearsin l/ﬁﬁet = 1§ tieg I the source frame and are iransformed into

jet . .
maximal energy and the density of the electrons. To gener observers frame Dktops = Alet/jer. The time interval
activity it is necessary to provide a density inside the blob gi

ows nonlinearly along the jet. Therefore, for some typical set
N 5 1 6 o~

least one order of magnitude higher than density inside thez tpar;m.etﬁrngle_t i 101 crfnt,h jet q mlf ﬁm’élelﬁ tﬁO)IV\{eb
medium Kpiob > Kiet). To explain correctly the spectral shape ag of t{;m m(;e mfe(;vasfo ed?jrl er Od Olt”s ort efjit%h aste
observed in X-rays and VHE gamma rays it is necessary to pfo- orthe order of days for middle and outer parts of the jet
vide a maximal energy of the electrons in the blob two orde

is provides a good temporal coverage for the light curves
of magnitude higher than inside the jet mediuygqg’b > y;; _ generated from the VHE range to the radio frequencies.

3.1. Evolution of blob geometry and observed light 3.2. Electron energy distribution inside the blob

curves The evolution of blob electrons is calculated in the same way as

Ttrfge evolution of electrons in the jet slices. We use our general

We describe the blob by several slices, as we did for the jet. LSution (see Appendix A) with almost the same assumptions:
length of blob slices evolves exactly like the length of jet slices P P ’

(Lbiob(tie) = Liet(ti,)- The radius of the blob slices is less or . N L oo 2 (- cut \~eb-2
equal to the radius of the jet, however it evolves proportionalﬁ\)lblob(y’ tiet) = Kbiob [7 e —y (Vblob) ] (19)
to the radius of jet slices:
1 \blob
. ) 1 jet
)R bor| 550 = s G = A [—] | (20)

Rotob(tier) = Ryjiop = l|ob[tJTEt] , (18) ° Coion(® ° Pt

jet

ia _ Gblob
whereRL  is the initial radius of the blob’s slice. The blobCpish = t° ’ (21)

components are placed at the center of the jet slices. The ve-
locities of jet and blob slices are equal. Therefore there is tike in the case of jet slices. The mairfiégirence appears in the
shift between the elements. In Fig. 1 we show the evolution edoling conditions, where we have to consider the IC cooling
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in addition. This can be done simply by adding the synchrotrtéimese two main processes, we can also expect absorption of the
field energy densityl,) into the cooling cofficient: jet synchrotron radiation by electrons of the blob, especially in

the case wher&,, , is comparable wittR,,. The calculation
w. (22) of the radiation transfer is more complex in this case and it
3mec becomes necessary to divide the jet into thréedint regions.

However, the radiation field energy density must be calculated Firstwe ca(rjlculart]e the contrrbfut;]on to the obser\llled flux den—l
under the assumption defined by the Klein-Nishina declrr?éty generated within a part of the source smaller or equa
(see e.g., Tavecchio et al. 1998). This introduces an additroH)aBglob

1
cool cool
toion(7: 1) = —cooi’ Chlob =
Y Chp®’

energy dependency for the physical paraméter= U(t, y) 763 (1+ 2 a

which greatly complicates the solution of Eq. (7). To avoid th||sa - le‘ Z (24)

problem we parameterié, by Ug: =)

Ur = UB/U, (23) [(Rblob)z ( X—l 2] Itot’ —h*=1

where the parameter is (hopefully) deduced from observa-fx _ 2 x—l 21 4 o5

tions (see Sect. 4.2). |Reo?~ [t T (25)
In addition to the blob synchrotron radiation field, there are [(Rblob)2 ( et)2] |tot

two other radiation fields inside the blob, which may play a role

in the cooling of blob electrons by IC scattering. However, weherel* is the index number of the jet slice with maximal ra-

do not consider them, as justified below. dius just smaller thaR; ., andh* is the number of jet’s slice
The first additional radiation field is the synchrotron radiwith minimal radius just bigger thaﬁbI o+ Note that for some

ation of the structure of the jet which surrounds the blob. ThseRY, , < R‘l thereford* = h* =

intensity of this radiation can be estimated according to the fol- The second contribution to the total radiation comes from

lowing formula: Irad ~ Jiet(Reet — Roiob) (€.9., Ghisellini et al. the medium part of the source larger tH#f), but smaller than

1985). Fora power law distribution of the electron energy spelelt‘t given by:

trum (N(y) ~ y™"), the synchrotron emission cieient can be

approxrmated by ~ KB (-1r2(,/)=("-1/2 Therefore, assum- a5 (1+2) .

iNg Boiob = Biet: Roiob < Riet andKpiop > Kier, We can say that Fr, =— 7 [(R]et) (Rbiob) ]Itot (26)
Irad is negligible in comparison to the radiation field generated !

by the blob itself. The third part of radiationR2 ) is generated by the outer part

The second radiation field, which may be scattered by thethe jet, which is bigger thaRy,. This part of the radiation is
electrons inside the blob, is the thermal radiation field of thglculated using a modified version of the Eq. (14), where the
accretion disk and of the medium which surrounds the actigeam starts fronn* + 1 instead of 1.
center. It is quite dficult to estimate the intensity of this ra-  Note that for the middle and outer parts of the jet it is nec-
diation inside the blob. The intensity depends on the total lgssary to eliminate the radiation of the blob in calculations of
minosity of the nucleus of the sourckn(c) and on the dis- |, These two parts generate radiation at a radius bigger than
tance from the center of the source to the position of the blgde current radius of the blob. Finally the total flux density is
(de—p). To estimate the possible influence of this radiation fielgiven by the sum of partial contributions:
we use the method described by Inoue & Takahara (1996). In
this method, the radiation field is approximated by the radifo = Fiy + Fiig + Four (27)
tion of a blackbody at a given temperatuiig,f). For the esti-
mation we assumel,,c = 10" erg s* (a detailed description
of this parameter is given in the work of Inoue & Takahara
andTex = 5 x 10* K (to obtain a thermal radiation with max-
imum in the UV range). The calculation shows that the inte
sity of such a radiation field is negligible in the blob frame i
dewb = 0.1 pc. Therefore, keeping to a set of the paramet
which reasonably describe the central engine of the source [
is possible to neglect this type of radiation field. Boiob(t) = CaBiet(t). (28)

All above formulae can be used directly for calculations of
he total synchrotron spectrum, assuming that the synchrotron
‘mission cofficient and the electron self-absorption fiméent

for the blob are calculated in the same way as the jet co-
cients. The magnetic field intensity inside the blob may
higher than inside the jet but it evolves in the same way.
E‘erefore we define it by:

With regard to the total IC radiation, according to our previ-
ous assumptions, we introduce some simplifications. All terms
To calculate the observed spectrum in the case where the biMtich appear in the formula fdk, which concern emission

is placed inside the jet, we have to consider absorption of tbedficients for the jet Ifer) are equal to zero. On the other
blob radiation by the jet itself. The synchrotron radiation dfand, we consider absorption of the VHE gamma rays due
the blob is absorbed by the jet electrons. The VHE IC photottsgeneration of the pairs. Thus, all terms with the absorption
emitted by the blob may produce pairs by interaction with jebeficients for the jet Ki;) remain. The IC emission céie
synchrotron photonsefom + esyn — € + €7). In addition to cient for the blob is calculated from the formulae given by

3.3. Radiation transfer including emission of the blob
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Inoue & Takahara (1996) and Jones (1968). Here we cal@aalculated relative to the background sky radiation. This back-
late this coéficient under the assumption that only the loground was estimated at the distance of 3.5 half power beam
cal synchrotron radiation field generated within blob slices wgidth (HPBW) from the source. The accuracy of the measure-
scattered. The radiation field intensity for a given blob slioments was determined from statistical computations which give

(X = b...a) is defined by: a precision of about 20—30 mJy for observations obtained un-
. < ix . der the best weather conditions. The precision of the observa-
rad = 1d * Ipiob + 10> (29)  tions under poor weather conditions (cloudy sky and humidity

of about 95%) is about 100 mJy. The degraded precision is re-
lated to the fluctuations of flux density generated during the
propagation of radio waves through an unstable atmosphere.

=

X—

g = |5 €XPEThion) + Lo (30)
i=b-1

W
o

The Torui data were gathered during two campaigns
« 1 i i of radio observations. The first campaign was performed in
Iy = Z 1" expEThiop) + 1ion (1) January—April 2000. The second campaign of observations was

i=arl carried out in January—March 2001. For the latter, in addition

wherer,, = Li, K~ and the synchrotron intensity generate§70 tgﬁrv?tloniﬁt SDGHZ 'rlTG"SW;. otbtlalned dat?taht 1}3’ and
within the blob slice [pi0p) can be obtained by analogy to the: Z Irom the Decimetric Radiotelescope of the Nancay

jet slice (see Eq. (13)). Note thgt = 0 for x < bandl} = 0 Observatory in France.
for x > a. The optical depth for pair production is calculated Previous monitoring of the radio variability of Mrk 421,
according to the prescriptions given by Coppi & Blandforgerformed during several campaigns (e.g. Aller et al. 1985;
(1990) and Inoue & Takahara (1996). To simplify modelingReich et al. 1993; Tosti et al. 1998; Aller et al. 1999; Venturi
we calculate only absorption of the VHE gamma rays causetial. 2001), showed that the level of the source radio emis-
by this process. We do not analyze evolution and radiation $bn varies on time scales of years or months. However, the
the pairs generated in this process. We perform these calcigamporal resolution of the previous campaigns was typically
tions to check how significantly the phenomenon can influeniegger than a few weeks. Here, we present results of a radio
the radiation mechanism. monitoring with temporal resolution of about a few days. The
Finally we consider absorption of the IC spectrum by th@ata show two activity events with a duration time of about 30
Intergalactic Infrared Background (II1B) due to the pair ger&nd 15 days, for observations made in 2000 and 2001 respec-
eration process. We calculate this additional absorption usiigly. Such relatively fast activities of Mrk 421 were probably
formulae provided by Malkan & Stecker (1998) selecting thebserved also in 1992 (Reich et al. 1993) and in 1997 (Venturi
weaker of the two proposed absorption conditions. et al. 2001). However, the temporal resolution of these observa-
tions was too low to precisely characterize the activity events.

x+1

4. Application to Mrk 421 _We cc_)mpared the _results obtained_ from our radio cam-
paigns with the X-ray light curves obtained from the RXTE-
We apply our model to observations of Mrk 421. This object KSM experiment (2-10 keV) and VHE gamma-ray light curves
well known as a variable source from the radio frequencies from HEGRA telescope (Aharonian et al. 2002). We used also
to the VHE gamma rays. In this paper, we focus on the analysjsectral shapes obtained in the high energy bands by RXTE (3—
and modeling of the radio observations, and compare theme®keV) and HEGRA (above 1 TeV) instruments (Krawczynski
high energy data in the perspective of multispectral investiget-al. 2001) to constrain physical parameters of the source.

tion of high energy flares. In order to fix the level of the quiet emission of Mrk 421

we collected all available observations from the NED database.
4.1. Observational data Note that the data are gathered bffelient types of optical tele-

) ) scopes, and thus the discrepancy in optical fluxes (see Fig. 3),
First we apply our model to new observations performed @t related only to the variability, but is mainly due to the

radio frequencies. The main set of data were obtained by f}&)ice of diferent apertures for magnitude estimates.
Torun Centre for Astronomy (TCfA) — Department of Radio

Astronomy in Poland. The observations were carried out at

the 32 m radio telescope using cooléi§ ~ 30 K) beam 4.2, Evaluation of physical parameters

switching receiving system at 5 GHz. For single determina-

tion of the flux density, we performed observation of Mrk 42To estimate the physical parameters which describe the source
(Fsehz ~ 0.6-0.7 Jy) and of the calibration source 3C 28@&e use the method described by Katarzynski et al. (2001), de-
(Fsehz ~ 7.4 Jy, Ott et al. 1994). We used tlmm-sourc@ff- rived from calculations originally proposed by Tavecchio et al.
sourcemethod (e.g., Venturi et al. 2001) for observations. Witfl.998). The method provides a relation between the Doppler
this method, we performed a series of measurements for efadtor and the magnetic field intensity based on the observed
source. In each series we measured the signal increment dusptectral features of the high energy emission of blazars. The
the source radiation eight times and the signal increment gemain assumptions of this method are that the emitting region
erated by the source of calibration noise, which appears in thespherical and homogeneous, with a uniform magnetic field.
receiving system, four times. The increments of the signal werhe relationB — 6 can be obtained from the position of spectral
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— -9.0 T T T T T T Table 1. Quantities used to describe approximate spectral shapes
;U? 95 r RXTE HEGRA ] shown in Fig. 2a. These spectral shapes were used to constrain the
g I \ allowed parameter range.

o -10.0 i

o 105l i low state high state unit

= 1 | a 0.45 045

£ -11.0 i @ 150 150

% 115] ! Vs, 4.00x 10  6.00x 10Y  Hz

= i Ve, 500x 10"  1.00x 10" Hz

-12.0 Fs(vs,) 150x 10% 137x107% ergcnr?

Fo(vs)  339x10% 201x10% ergcn?

0.10 ———— . — Vermn 130x 107  130x10P° Hz
0.09 ;b) . Vopmax 500x 10?% 500x10% Hz
0.08 - ' Folveymy)  7:69%x10°%  115x10%  ergcm?
0.07} Fevepma)  200x10°%7  300x 107  erg cm?
o 0.06 |
m 0.05¢
0.04
0.03L The range of allowed values & and¢ depends strongly
0.02 on the size of the emitting regiorRY. We present two dif-
0.01 . — ] ferent results derived foR = 4.5 x 10 cm andR = 3 x
5 10 15 20 25 30 35 10 cm (Fig. 2b) to illustrate thisféect. There is no possi-

6 bility yet to definitely fix the size of the emitting region. The
size can be estimated only from the variability time scales
Fig. 2. Estimate of the Doppler factor value and magnetic field inteqir < ¢ t,,,6/(1 + 2)), which vary from hours to days. Therefore
sity obtained from the high energy emission of Mrk 421. Upper pictu{§e cannot precisely determine the physical parameters which

a) shows spectral shapes assumed for the estimate of the parameigts. (i the source. However, testing our variability scenar-

B ando. Lower pictureb) shows allowed ranges of the parameters, oo sect 4 4), we found out that relatively weak value of
values. The ranges are calculated for twfiedent sizes of emitting

region R). The dot indicates values & ands selected for modeling the magnetic _flel,d intensity ~ 0.01 G) a”(.)WS the multi-
in the frame of this work. The high energy data come from the woﬂiequency emission of Mrk 421 to be explained better. Thus,
of Krawczynski et al. (2001). finally we can select Doppler factors of about 20 and mag-

netic field intensities of about 0.02 G. According to the es-
timates, these values correspond to a source radius of about
4.5 x 10'6 cm which gives a reasonable variability time scale
tvar = 20 h.

From the above estimate we also derive the ratjp (

breaks and peaksvs(g,vs,pvcp)l in the synchrotron and the IC
spectrum, or from the total values of the synchrotrBf) @nd

the IC (FL) emission. To calculate total values of the emissio o

it is necessary to determine the slopes of the speatrarf) %gfiézf?:a)l) db::gz;n dr:g;iﬂ:)f;%?netr&eer%gteizgﬁfﬁy)(and mag-

and values of the fluxes at the break and peak frequencies '

(Fs(vs), Fs(vs,), Fe(ve,))- In order to take into account absorp+!  Ug

tion of the VHE radiation by 1B, the method considers twdet VA n (32)

different positions of the peak of IC radiation. (. Ve, .- o o

Therefore, instead of two functional dependences we obtaif€ad-, Rybicki & Lightman 1979) which gives~ 3-4.

region of a”owed physical parameters_ The values of the main pal‘ameters estimated in such a Way
Estimates of the parameters are deduced from a high &fill be now used as initial parameters for modeling the jet

ergy state gathered almost simultaneously by the RXTE a@gission. In our scenario, the observed high energy activity is

HEGRA experiments. We use also observations gathered a ffierated at the base of the jet. Therefore, physical conditions

hours later by RXTE for which there are no simultaneous oft the base should not significantlyfer from those estimated

servations from HEGRA. Therefore, we assume tQ(v,) from the high energy emission.

for the second state was only slightly higher in proportion to the

second observation made by RXTE. The data and the specd, Quiet emission

shapes are shown in Fig. 2a. Detailed values of the parameters

deduced from the spectral properties are given in Table 1. N the blob-in-jet model, most of the low energy emission of
Mrk 421 is generated by the synchrotron radiation of the jet.

1 Spectralbreak and peakare related to log(v) — log,,(vF(v)) 1N emission of the jet is almost constant on relatively short
graphs. In this particular case, the subscript p (pegketc.) should time scales (weeks and months) but may vary on time scales of

be replaced preferably by subscript ¢ (dfites, etc.) however, to keep years. However, we neglect here modeling of such long term
consistency with the original paper we kept the subscript p. variations.
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-22 . . . Table 2. Physical parameters used for the modeling of quiet state
emission of Mrk 421. In the modeling of the radio observations gath-
23 ered in 2001 we use almost the same set of parameters as for the mon-
= itoring in 2000. Only two parameter&{,, cox) have slightly diferent
g y p ot ghtly
% values, which are given in the column labelled 2001. The parame-
o -24 ters indicated by %) are estimated from the high energy emission of
@ Mrk 421 shown in Fig. 2.
~ -25
£ 2000 2001 unit
< -26 L, 250 x10'*  cm
15 RL, 600 10 cm
-27 Vexp  0.03 c
28 liet 0.65
0 0.50 deg
log,(v) [HZ] "G 200
n 280
Fig. 3. The modeling of quiet emission of the jet (solid line) extended *leet 0.02 G
radio lobes (dotted-dashed line) and thermal emission (long-dashed Me 100
line). The short-dashed lines show local synchrotron emission of ev- cut
> _ : Y 6.00 x10*
ery tenth jet slices. The observations were obtained from the NED 9 s
database. Kiw 920 680 cm
Niet 1.65
Ay 265 x1077 st
e 110
The magnetic field intensity inside the external component dext ~ 5.00
has been fixed equal to the magnetic field intensity inside the Rt 276 pc
last jet slice. Thus, we thain a quite low value of this parameter Co 160 190  x1CP
(Bext ~ 1072 G). A relatively small value of the_ D_oppler factor Tan 350 <10 K
for such a componenb§: < 5) appears realistic. Therefore Fmac 7,00 1025 erg o2

according to the formula:

dext , _ Oext 4 2(eBaxt)

37 \2rmc

Voyn = 7 s T 7,53 (33) 4.4. Test of variability scenarios

In this section we investigate two general scenarios which can
we derive a relatively large value of the maximal electron eBxplain variability of Mrk 421 and other blazars from VHE
ergy ¢ ~ 10%) to explain the low frequency radio radiationgamma rays to the radio frequencies. The first approach as-
The electrons are systematically cooled during their evolutigiimes rapid injection of fresh particles. The second scenario
along the jet. Therefore, to explain the existence of such regplains activity by systematic acceleration of the electrons. In
tively high energy electrons inside the external component gs particular case we simulate these processes at the base of
allow continuous particle acceleration during their propagatigiie jet. We apply our tests to high energy observations obtained
along the jet. Thus, arriving at the end of the jet, particles hagg the RXTE and HEGRA experiments (see Sect. 4.2). We use
enough energy to generate the low frequency radio emissioRgjues of the Doppler factor and the magnetic field intensity

lllustration of this model of the quiet emission is showmstimated from these observations and we are try to explain
in Fig. 3. The corresponding physical parameters are givenahserved spectral shapes as well as possible in framework of
Table 2 (2001). This quiet state will be used in the followinthe proposed scenarios.
paragraph as a reference for non-active state while modeling Equation (7), which describes evolution of the electron en-
the variability observed in 2001. The radio flux density obergy, does not describe injection of particles into any emitting
served at 5 GHz in 2001~600 mJy) was smaller than emis+egion. Thus, to simulate the injection process we use our spe-
sion observed at the same frequency in 20026 mJy). This cific parameterization of the jet geometry. We introduce at the
is probably related to a more complex evolution of the jet dmeginning of the jet new slices which are characterized by a
time scales of years, which we neglected here. To take thisximal energy of the electrons significantly highef{ ~
fact into account, we simply change the particle density insid€°-10') than average maximal energy of the electrons at the
the jet q<jlet) between the two epochs. Note that because of tjg base {/jce‘f ~ 10*~1C). Such high energies are necessary
specific parameterization of the electron energy distribution ftr generate high energy flares in leptonic models. To increase
the extended component (Eg. (16)) we have to change alsottie gficiency of the IC scattering, we increase density of the
particle density inside the extended componegt)(to keep a particles inside the injected blob incdsjgb ~ 107 cm3) rel-
constant level of radiation. atively to the density inside the first jet incIéjK( ~ 10 cnT3).
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Fig. 4. Modeling the multifrequency variability of a blazar. Example§ig. 5. Example of light curves generated by in situ acceleration of
of light curves obtained when the variability is due to injection of fresélectrons at the base of the jet.
high energy electrons at the beginning of the jet.

appear at the beginning of the jet is very similar to the dis-
cut Cu

Such injection of a few new slices generates a compact and &iipution selected for the jetkQ,, = Kg, v, = Y-
ergetic blob at the base of the jet. Emission of such compon¥¥# assume in the modeling that the acceleration rate is ini-
causes growth of source brightness as long as new slices apgally very efficient (&g /AL, ~ 25, A}, = 6.8x 107° 1/s

at the beginning of the jet. In this particular case, we generatetécqﬂob = 1.47 x 1C° s) however, it decreases rapidly during
the blob by injection of sixteen slices, therefore the injectiahe evolution processgq, = 4.5). The dficiency of the accel-
time is equal td}® = 18 days in the blob frame (about 22 hoursration process can be estimated from the maximal energy of
in the observer’s frame). the electrons)3) which is necessary to explain the maximal

The particles inside blob slices are cooled due to the ad@bserved frequency in the X-ray rang€'?). Assuming that
batic expansion and by synchrotron and the IC radiative lossg&> = 10'% Hz (see Fig. 2) and using formula (33), where we
Thus, the brightness of the radiation quickly decreases whese values of the magnetic field intensiB/£ 0.02 G) and the
the injection stops. The light curves generated with this apoppler factor § = 20) estimated from the high energy emis-
proach are shown in Fig. 4. The scenario can explain welbn, we obtainy3* = 2.6 x 10°. The characteristic cooling
flares observed in X-rays and gamma rays. However, on tiv@e due to synchrotron radiation for such electrons is of about
other hand, the activity generated at lower frequencies is quit8 x 10° (s). Introducing also losses due to the IC scattering
weak. The physical parameters used for this scenario are giygn= 3) we obtaintS2o(ymax. tie) = 5.5 10° (s). Therefore,
in Table 3 in the column labeldd,. to accelerate electrons to required eneyff§> we have to as-

In the second scenario we assume that the high enesgyne a process characterized by acceleration time at least equa
electrons are produced by acceleration within some compartg%og(yg]gg). Detailed calculations shows that the best expla-
region at the base of the jet. We call this region the “blobhation of the observed spectral shapes can be obtained for an
but it can be a shock wave or a localized turbulence whidahitial acceleration time more than three times shorter than the
accelerates electrons. We describe the emitting region adnitial cooling time. This is related to the decrease of the cool-
the injection scenario, by a system of moving and evolvirigg eficiency g,%%' ~ t71), which is slower than the decrease

slices. The electron energy distribution for blob slices whiabf the accelerationficiency CJ° ~ t~*5). The characteristic
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log,,(E) [TeV] Table 3. Physical parameters used for modeling of variability. The

upper indices 11/50/50 indicate the number of the jet slice where
:£1)8.38 . -14.38 -10.38 -6.38I -2.38I 1'62activity starts.

= 10  RXTE iH,E,G'?A: inj acc 2000 2001 unit
v RUISUS0 450 6.00 10.45 13.06 x10'° cm
5 11 | No 16 14 10 8
S yeut 182 0.60 046 046 x10°
~ .12 i Kgs9%° 326 0.68 011 0.05 x10  cnr®
?:’ | Nblob 1.95 198 185 1.85
2 .13 i Goiob 077 077 1.08 167
2 ARSI 6.80 095 255 x10° st
-14 : Bplob - 45 45 50
= : : : Cs 1.0 1.0 4.0 15
8 12 16 20 24 28 " 30 30 30 30

log,,(v) [HZ]

Fig.6. Temporal evolution of the spectral energy distribution of

Mrk 421 from the radio frequencies up to TeV. The solid lines showpsarption of the blob radiation by jet electrons appears to be
model of the total emission for the lowest of the two high energy,

rtant in thi . Eveniifthe blob i ically thin, the ra-
states observed by RXTE in February 2000. The short-dashed lin go tantin this case en ifthe blob is optically thin, the ra

show a fit for the highest state. The dotted lines show the synchrotr%‘larc]) radiation of this component may be significantly absorbed

emission of the blob. Both fits are obtained under the assumption t Xteleqtrons inside the jet. The light curves gt_enerated in thi_s
the high energy emission is generated by acceleration of electrope€nario of particle acceleration are shown in Fig. 5. The physi-

and the letter fit is deduced from the evolution of the former in tHeal parameters for this modeling are givenin Table 3, in column
framework of this acceleration scenario. Observations gathered by kelledacc
HEGRA telescope are simultaneous to the lowest of the two states of The Spectral Energy Distributions (SED) shown in Fig. 6
RXTE. The high energy data come from the work of Krawczynskire generated by acceleration of particles. Testing this approach
et al. (2001). The bold-solid line shows the synchrotron emission @i find that we have to use relatively low values of the mag-
the jet, the long-dashed line shows the thermal emission of the hggkic field intensity B ~ 0.02 G) to explain the evolution of
galaxy, and the dashed-dotted line shows the radiation of the extendgd o /e spectral shapes. For larger valugsiofs necessary
radio structur_e. These three IasF contributions remain basically QB assume moreficient acceleration conditions, to overcome
stant on the time scale of the active event. . .
cooling of the electrons due to synchrotron and IC radiation.
Such cooling processeffact only the high energy part of the
time value which describes the initial losses of the particle ealectrons spectrum. Therefore, using mofiécient accelera-
ergy due to the adiabatic expansidﬁhigﬂmb = 1/Cad‘a(tjlt)) is tion processes with an energy independent acceleration ratio

blob
about onhe Order Of magnltude |0ngeld£b|0b — 3.6 >2 1& (S)) we Obtaln the maXIma| reC]UIred energy Of 8|eCtr0nS. On the

than the initial cooling time. Therefore, we do not consider thf§her hand, this significantly increases the energy of low and
effect in the estimations above. middle energy electrons and generates a strong emission from

The brightness of the high energy radiation grows as long!Q¥/ €nergy (a few keV) X-rays to the radio frequencies, which
the acceleration isfécient enough to overcome energy lossd§ Not observed.
due to adiabatic expansion and radiative cooling. In this par- Note thatfor set of physical parameters which we use in the
ticular case, losses related to the radiative processes bec8Méel, absorption of VHE gamma rays due to pair production
strongest than the acceleration process after period of abhgide the blob and inside the jet appears negligible.
1.5 days measured in the observer's frame. Losses related toln order to correctly fit the SED, we have to select a slightly
the adiabatic expansion become strongest than the accelera#tégper slope for the initial electron energy distribution inside
process after about 2.5 days. When acceleration become @ blob than that inside the jet # npion). This can be due to
weak to compensate for the losses, the intensity of the enfi@me previous energy dependent acceleratidtiency, which
sion starts to decrease. However, in this second scenario, #y induce dferent slopes. However, energy dependent ac-
acceleration may compensate the losses of electron energycJeration greatly complicates the solving of Eq. (7) and is not
a relatively longer time. Thus, significant activity is also gersupported by our formula (A.1). So we set slightlyferent
erated at the radio frequencies_ The time de|ay between ﬁl@JeS in the blob and in the jet as initial conditions. This dif-
maximum of activity at the high energies and the maximuffrence between the slopes is responsible for the drop in the op-
of the radio activity results from absorption of the radio phdical emission which is seen at the very beginning of the activity
tons by electrons. Initially, the emitting region is optically thickFig. 5¢). In this particular case we assume g, = K¢, and
at the radio wavelengths but it expands during evolution and®}, , = leet Therefore, at the very beginning of the activity, the
nally appears optically thin at the radio frequencies. Moreovemission of the first blob slices in the optical bands is slightly
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weaker than the emission of the first jet slices. This quickly = 10——F——7—————————1—
changes when acceleration processes modify the electron speca | [ a) 1.4 GHz - Nanca)f
trum inside the blob slices. Note that thifezt is specific to 2 777 |
this case, with its particular set of the parameters, and does no2 1 .00
always appear. 3 -
The position of the blob inside the jet for the SED presented % 0.75 I
in Fig. 6 is indicated bya = 19 anda = 22 forthe lowandthe = g9l 4 , .+ . |
high state respectively. This corresponds to a temporal shift of,ﬁ
about 6 hours, well in agreement with the observations. = 1.25
It is also possible to fit the observed levels of the emission '5; 1.00 I
using the injection scenario. However, in this case we cannotg L
reproduce the precise evolution of the SED because the X- ray>< 0.75
radiation grows slightly faster than the VHE radiation during 2 I
the injection process (see Figs. 4c, d). = 1.101
Although we have fitted the SED observed by RXTE and 3 1.001
HEGRA instruments, we have also analyzed the light curves*‘ 0.90
gathered at that time by the ASM-RXTE experiment. There is g 0.80 |
confirmation of the high energy activity, but it seems that the © 0.70 §
activity was possibly more complex than just one single flare, ::< 0.60
with a few shorter time scale flaring events superposed on the™ 12.50 |
main one. However, the data available did not allow a detailed,, 12.75F}
analysis of this complex pattern on short temporal scales. Sucg %3-00 C
an efect of superposition of several short events on a mairg 1350
longer flare was already found in our previous paper in the casg 13.75F
of Mrk 501 (Katarzynski et al. 2001). € 14.00}

2

g 'GI—'|z - Nénéay-

4.5. Application to the observations

We apply our model to the two activity events of Mrk 421 ob-
served in radio during our monitoring. The first event was i
2000 (around MJD 51621) and had apparently no high ener
counterpart. The second one was in 2001 (around MJD 519

e 57

\I
x [&
oowppm@@;

and was observed also at high energies.
We analyze first the data obtained in 2001 because we have 5e-10
more observations gathered at that time (Fig. 7). Looking at thg 4e-10

aIbO\'/e ZSd GéVj
above 500 GeVA
< above 1 TeV]

light curves registered at radio frequencies, we can see a signify 3e-10

icant increment of the emission at 5 GHz (of about 300 mJyE 2e-10|
and 2.7 GHz (of about 500 mJy) but no activity at 1.4 GHz.  1e-10[
This agrees qualitatively with the theoretical investigations per- g i

formed in the previous section (Fig. 5a) in case of particle acy, == ° |

celeration. Moreover, simultaneously to the radio flare, we nog E 10

ticed that the active event was observed in X-rays, as shown bg < L

the light curve gathered by RXTE-ASM (Fig. 5¢). The activity qE; ;S_ 5

was also observed at VHE gamma rays by HEGRA telescopg

(Fig. 59, Aharonian et al. 2002). The absence of any time delay =. O T

between the X-rays and the gamma rays and our highest radio
frequencies, suggests that the emitting region was from the be-
ginning of its evolution partially thin for the radio radiation and

also absorption of the blob radiation by jet's electrons was ”ﬁb 7. The multifrequency variability of Mrk 421 observed from
efficient. the radio frequencies by Nancay and ToriRadio Astronomy

To simulate such an emitting region we place it initially irDbservatories to the X-rays by RXTE-ASM experiment in February—
the middle part of the jeti (= 50) and apply the accelerationMarch 2001. Theoretical light curves are generated under the assump-
scenario. Apart from the acceleration we also introduce soitif# that activity originates in the middle part of the jet by compression
weak CompreSS|0n of the local jet medium which increases tijedl acceleration of particles. Plgkshows the diurnal integral fluxes

particle denSItyK = 2.5) and the magnetic field inten- observed above 1 TeV by the HEGRA experiment (Aharonian et al.
blob/ 2002). The simultaneity between the VHE gamma-ray flare detected

sity .(CB = 15). Accordlng. to our. Spe.CIfIC parametgrlzatlon OB){ HEGRA and our radio event appears better than a fraction of a day.
the jet geometry, expansion of jet slices in the middle part

1950 1955 1960 1965 1970 1975 1980 1985
time [JD-2450000.5]
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the source is much slower than at the beginning of the source. 1.00 —m—————F——F+—+—+——1+—
Therefore the acceleration cannot Haogently compensated 0.95 IR RRU U
by adiabatic losses and decrease of the particle density if the> =~ | 1.4 GHzr ]
density decreases according to the expansion of a slice vol->. 0.90
ume @it = (2rjer + 1)/3). To overcome this problem we as- 3 085 I
sume that the density of particles inside the emitting region o |

sit

decreases faster than the decrease due to the slice expansié,% 0.80

(doiob > dier). This implies that there is some additional es- 2 0.75 WA N T .

cape of particles from the emitting region. We describe the es- ' S 2NN 5.0.GHzt . ——
cape by a parametesiiop = 3(dbiob — dier), Which is equivalent o/0L——— 11

to additional right hand side term:N(y, t)eyon/t, in Eq. (7). 1615 16_25 1635 1645 1655
The escape process can be described also by a characteristic time [JD-2450000.5]

: B i o .
Ssgape trl]metfsq""b(t) - tl/e"'Ob — .tes‘ﬁlth._ tiﬁt/e""’b) Whlgh Fig. 8. The variability of Mrk 421 observed at 5 GHz by TCfA —
efines how long particles remain within the source c)unB'epartment of Radio Astronomy in March—April 2000. Full lines

aries. The value of the escape time can be estimated from &{6,, the light curves predicted at three frequencies by a scenario with
linear size of a source. In principle, estimation of the escap@ak acceleration and compression, which fits the data at 5.0 GHz.
time for single slice should be performed according to the relRote that electron self-absorptioffects can sometimes induce anti-
tion: tys st 2 Ly op/C- HOWever, this approach is not precise irorrelation of fluxes observed atfidirent radio frequencies.

the case, where the blob is created by several slices. The parti-

cles which escape from a given slice may pass to neighbouring

slices and vice versa. We do not simulate such detailed mopérameterization of the geometry provides relatively fast ex-
ments of the particles inside the blob in our model. Howevegransion of the blob. Therefore we do not need to assume addi-
we consider thisféect in estimations of the escape time, wheriégonal escape. In the model presented in the present subsection
we use total length of the blob. oq 2 (Zii_n, 41 L)op)/C. By we placed the blob in middle part of the jet. Thus, expansion
analogy to the escape time we can define another characterigfithe blob’s slices is relatively slow and it appears necessary
time which describes the decrease of the particle density duéagssume some escape of the particles from the emitting re-
the expansion of a incela';xpmob = tjiet/(eret +1). Now, we can gion. However, the value of the assumed escape time seems to
define a time which describes escape and expansion at of€etn good agreement with the estimated value of this param-
toay, = tj'et/(eret + 1+ eyiop) = j'et/(3dblob)- eter. Detailed values of the physical parameters of this model

We compare the above defined parameters with assurieg JVenn Table 3 in the column labelled "2001".

acceleration time. However, the blob’s slices are expandin Sur;_h a moqc(jal devellogeltlj only db?tstedtr? n ra(;j_lo anddxx-ray
during evolution, therefore to compare characteristic timq%'?Oper €s provides a globally good 1t o the radio and A-ray
ight curves. However, it appearsfidicult to reproduce the ex-

we calculate an average valu® for each of themt) = = )

gl (g -1 g | :Zt( XXblob ‘ act level of the radiation observed at 2.7 GHz, which sug-

o+ (Gogg, ~ bows )/2- 1N addition we compare parameters o it the real mechanism of radio emission is somewhat
Bre complex than proposed here. The light curves computed

used for the model presented in the current subsection, with
parameters applied for the model shown in Sect. 4.4 (no esc fhe optical bands predict a growth of the source brightness
YPom 0.2 ( band) to 0.4 U band) magnitude. The model

ing). We perform our comparisons for the beginning of the b
rovides a good explanation of the X-ray data if we assume

evolution which means = ny, for the test shown in Sect. 4.4
andi = 50+ Mo — 1 for the model dlscusged here. First, Wgn average level of the X-ray radiation at that time of about
comparﬁexle_tD taccfor the test_performed in S_ect. 4.4 and W& 10-10 erg cn2 s1. Also activity in VHE gamma-ray de-
Obtam:.tegpﬂ‘o?/ tactys, = 289, while for calculations IOIresentEdtected by the HEGRA experiment, which appears simultane-
here this ratio is 7.79. This means that the decrease of the part

e . i o aordély with the radio and the X-ray flares as illustrated in Fig. 7g
cle density in previous calculations was significantly faster th

tion time with time, which describes the decrease of the densily ., . jiation as well as for the X-ray radiation. We explain

due expansion and escape for the calcutl(agger::fl resented hs‘ﬂgh observed non zero average levels of emission as remnants
of previous activity events. However, for the sake of simplic-

The comparison gives the ratigo. ™ /£50 ™+ — 358,
very similar to the ratio obtained for calculations performed %{gwe do not simulate activity events which could precede the
re analyzed here.

Sect. 4.4. To obtain this value and to obtain the best fit of t
During our first campaign of observations, performed in

observed activity we applied an average escape tiggg {**")
)is of about  551,ary_April 2000, we obtained radio observations only at

equal to 5x 10° (s) while estimated timet3, %!

32x10° (s). 5 GHz. There was one activity event (Fig. 8) observed in
The results of the modelling and estimations performadarch—April (around MJD 51620). Note that this activity has

above show that we obtained the best fits for parameters whieeen confirmed by independent observations made at IRAM at

the ratio of average initial times which describes expansia90 GHz (Ungerechts, H., private communication). To obtain

or expansion and escape to the average initial acceleratiare information about the event, we analyzed data gathered

time is about three. In the model of Sect. 4.4, a specifiy the RXTE-ASM experiment at 2—10 keV. The X-ray data do
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not show any activity of the source at that time. The emissi@uditional acceleration processes are necessary to explain en-
is almost constant at level 0510710 erg cnt? s™1. Moreover ergies of electrons in the outer parts of the source.
observations gathered at VHE gamma rays up to MJD 51615 We investigated two alternative scenarios to account for the
by the CELESTE and CAT experiments (Holder et al. 200Iqultifrequency emission of Mrk 421. Firstly, we assume that
do not show significant variability. For the numerical simulaactivity is generated by injection of particles. This approach
tions of this event, we can keep almost the same set of fundan qualitatively explain the high energy activity but appears
mental physical parameters (Table 3, “2000") as for the multinable to explain the activity in radio. In the second approach,
spectral flare observed in 2001. However, this time we haveve generate activity by particle acceleration which is found to
consider an acceleration process which is ritient enough be more adapted to reproduce radio and high energy emission
(Agff)b/AJi3t ~ 3.6) to generate the high energy electrons needetiMrk 421. The results of our model are consistent with results
for the high energy activity. Therefore, instead of implementirgptained by other authors with somewhat similar approaches
an dficient acceleration mechanism, we set a higher comprési& Kusunose 2000; Kusunose et al. 2000; Blazejowski et al.
sion of the local jet medium (about four times). This allows Ug000; Sikora et al. 2001).
to reproduce the observed level of the radio radiation without We successfully applied our model to recent observations
any high energy counterparts. obtained from the radio frequencies to X-rays and gamma rays.
Such a model provides radio light curves very similar tdhe observations gathered in February—March 2001 show a
the light curves generated by particle acceleration (Fig. 5a)ear correlation between the high energy and the radio ac-
However, this illustrates the possibility of a quite interestingvity which can be well reproduced by our acceleration sce-
effect, clearly visible in the light curves generated at 1.4 amdrio. This is, to the best of our knowledge, the first detection
2.7 GHz, where the brightness of the source initially decrease§a multispectral flare in a BL Lac object with well-defined
This can be explained as an absorption of the jet radiatiaativity seen simultaneously in radio and in X-rays and TeV
which originates above the blob (between the central engigemma rays. This analysis illustrates how monitoring of blazar
and the blob) by the electrons inside the blob. variability at radio frequencies introduce a significant amount
As a conclusion, we can say that our observational data@finformations about activity of the sources and may be very
Mrk 421 show for the first time in a BL Lac object the eximportant for a better understanding of high energy blazar ac-
istence of a multispectral flare observed simultaneously in tavity.

X_
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which we gathered in the radio range. We assume that obsergegsTechnology
activity events are, in the simplest case, generated by a singqe '
compact component. The component can be generated by fast ] ) o )
injection of energetic particles form the central engine at tHgPPendix A: Solution of the kinetic equation
base of the jet or from some acceleration zone. In alternate sga general solution of the Eq. (7) for the initial conditions
nario we generate the component by systematic acceleration & ,med in Eq. (8) is given by:
the particles.
To test the above scenarios, we developed an origifdlypon(: ) = [K*S1(y, )™ — K?S1(y, 1)%| Sa(y. 1), (A.1)
method for calculation of the radiation transfer along the j&here
The method allows the electron self-absorption processes in-
side the source to be taken into account precisely. This appear®- t) = [11(t) — ¥12(1)] ¥, (A.2)
mandatory if we want to generate precise light curves at the
radio frequencies. With this method we are also able to calcuy-
late absorption of the VHE gamma-ray photons generatedg 7
IR synchrotron photons generated within the jet. However, for
the set of physical parameters which we selected for the model,
this process appears negligible here.
Within our model we calculated detailed evolution of the
electron energy spectrum along the jet. The calculation shows
that for the selected value of the magnetic field intensity,

5. Summary

_ exp[ - )

t]el

— YCR(t)1(t) + C¥(L) 11()
211(6C*(1)} (A.3)

~

{r1att - v120 + ll(t)}dtx},
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u(x)=exp[ f caa(y)dy}, (A.4)
12(3) = f o9l (5)dly. (A5)

tj et

1 _ gl 2 _ kil —2-Mieybio Iy _
andK® = Ke o K= = jet/blob(yjcetli;blob) Mevpiob CEOOt) =
coodl (1), CoA(t) = C265, (1) — C9._ (1) Note that similar

but less complex solutions were stu
(1962). We used the Kardashev’s solutions to test our m
general result.
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where

. I;JIOb’ b<i<a | 62
lw I<bori>a

i Lhiopkbor D <i<a ©.3)

LeKey i<bori>a ’
whereltiot is calculated under the assumption tl}bttz 0 for
i —1 < j. Definitions of the parameteesandb are given in
Sect. 3.1.
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