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Time-dependent modelling of PKS 2155-304 in a low state: one- or two-zone
emission modelling?
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Abstract. One-zone radiation models have been widely used in modelling the steady-state multiwavelength
(MW) spectra of blazars, having as main goal the determination of the physical conditions in the emitting
region, such as the magnetic field strength, the species of radiating particles etc. Then, the results from one-
zone stationary modelling are often used as a stepping stone for studying flaring events. Here we show that the
application of steady-state one-zone models on intrinsic variable sources, even when these are in a low state, can
be misleading. Although the one-zone SSC and proton synchrotron models succeed in fitting the time-averaged
MW spectrum, they cannot easily (or at all) reproduce the small amplitude multifrequency variability. We show
that a two-component leptonic model addresses both spectral and temporal observations more successfully,

albeit at the expense of more free parameters.

1 Introduction

In the present work we attempt a time-dependent fit to
the MW observations of blazar PKS 2155-304 at redshift
z = 0.116 [1]. This was observed, while being in a low
state, in four energy bands (optical, X-rays, GeV and TeV
y-rays). The observed variability was marginal implying
that the physical conditions did not vary significantly. In
order to fit the data we have applied three models of in-
creasing complexity: (i) an one-component SSC model (1-
SSC), (ii) a leptohadronic proton synchrotron model (LHs)
and (iii) a two-component SSC model (2-SSC). The details
of the modelling and the subsequent results are presented
in Sections 2 and 3, respectively. We conclude in Section
4 with a discussion of our results.

2 Model description

Although the method we follow is similar to that de-
scribed in [2], it features time-dependent fitting using not
only an SSC model but a leptohadronic one (LHs) as well;
for an application of stationary solutions within lepto-
hadronic models on MW spectra of PKS 2155-304, see
[3]. Details about the numerical code we have used can be
found in [4, 5]. In all cases we have employed a two-step
process:

1. We determine the parameter values that give an ac-
ceptable fit to the time-averaged SED of the source.
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2. We vary one or more parameters following the vari-
ability pattern observed in a specific energy band(s).

The amplitude of the parameter variations is determined
by trial and error until an acceptable fit to one or more light
curves is obtained. In all models the maximum Lorentz
factor of electrons of the first component varied according
to
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where FR** = 9.8 x 107! erg cm™ s7! is the maximum
flux in the 2-10 keV energy band and Fx(7) is the result
of a cubic spline interpolation of the obsevred X-ray light
curve expressed in terms of the dimensionless comoving
time T = t/t., where t.,, = R/c with R the size of the
source. The transformation between the observed and co-
moving times has been made using the Doppler factor
value determined by the time-averaged SED fitting. The
first date of the observing campaign (MJD 54704) corre-
sponds to 7 = 0. Equation (1) assumes that the variations
of y¢ .« are a scaled version of the observed X-ray vari-
ability. This scenario is adopted in all three models since it
is physically motivated by the spectral hardening observed
during episodes of increasing flux (see e.g. Fig. 1 in [1]).
In the 2-SSC model the variations introduced for the sec-
ond emitting component were modelled according to the
optical flux variability, i.e.
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Table 1. Parameter values for each of the three models
discussed in text.

Parameters for 1-SSC 2-SSC LHs
variability
a1 /B 1.5/0.7 2.0,1.8 2.0/1.8
(0%) /,82 — 2.0,1 .0 —
Jelfp - - 0.6/0.5
gel9p - - 0.0/0.5
Parameters for Ist 2nd
average SED
B (G) 0.5 20 0.3 40
R (cm) 10" 3x10" 1.5x10'® 10'
0 34 18 34 28
yfnin 103.6 103.8 103.6 103.0
yrenax 1 05.3 1 04.8 1 04.3 1 04.7
[e 10—4.3 10—3.5 10—4.2 10—4.35
De 2.4 3.0 1.8 2.6
Ve - - -0
})/r’;ax - - - 109'9
¢, - - - 10763
Dp - - - 2.4

where Ft* = 1.64 x 107'% erg cm™ s7' is the maxi-
mum flux measured in the BV filters. We note also that
the subscripts 1,2 of the constants a, b appearing in above
equations refer to the first and second components, respec-
tively. The other parameters that we allowed to vary are the
injection compactnesses of primary particles, i.e. electrons
(¢.) in the 1-SSC and 2-SSC models and both protons and
electrons (£, ) in the LHs model; here, the compactness is
defined as

= Lo
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where LIE“}, is the total injected luminosity in elec-
trons/protons and ot is the Thomson cross section. More-
over, the variations of the injection compactnesses follow
the variability pattern observed in the optical bands:

1 Fopt
fe,p = <€e,p> fe—!p (Fpatx] + Ge,p- (4)

This particular choice is justified by the tight correlation
between the optical and TeV fluxes, which in the LHs
model are attributed to the synchrotron radiation of elec-
trons and protons, respectively. The parameters « », 512,
fep and g, , are free and they are determined by finding
the best fit to the light curves. The values used in our mod-
elling are summarized in Table 1.

3 Results

In this section we present our main results, i.e. MW
time-dependent spectra and light curves, for each of the
models discussed in the previous section. We comment
also on the advantages and disadvantages of each model.

3.1 One-component SSC model

The 1-SSC model describes fairly well the X-ray vari-
ability (see left bottom panel of Fig. 1) under the assump-
tion of small amplitude variations of v, i.e.
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However, the model predicts a tight correlation between
the X-ray and TeV y-ray fluxes which is not detected
(see right bottom panel in Fig. 1). Moreover, the varia-
tion of 7.« alone cannot account for the observed opti-
cal variability (see top panel in Fig. 1). The combination
of the steep electron spectrum at injection with the low
value of the magnetic field result in an almost constant
optical flux. If we had allowed ¢, to vary according to
eq. (4), then larger variations of yy,,, would be required,
9108 inax)
S (log ¥ )
not correlated . We note also that if the changes of %,
become large enough one cannot avoid spectral variability
in the TeV energy band even when Klein-Nishina effects
are taken into account.

—-1=0.02. (5)

> 0.1, since the optical and X-ray fluxes are

3.2 Leptohadronic synchrotron (LHs) model

In this model the low-energy bump (optical up to X-
rays) is attributed to the synchrotron radiation of primary
electrons whereas the high-energy bump is considered to
be synchrotron emission from a relativistic proton distribu-
tion present in the same region. Thus, the number of free
parameters required to describe the time-averaged SED in-
creases significantly from seven, in the 1-SSC model, to
eleven. Similar to the 1-SSC model, we varied vy, (see
eq. (1)) in order to account for the X-ray flux and spec-
tral variability. Since the optical and TeV fluxes are well
correlated we assumed that both the electron and proton
compactnesses should vary according to the optical vari-
ability pattern but, in general, with different amplitudes
(see eq. (4)). Figure 2 shows our model light curves in
the X-ray (first panel), optical (second panel) and TeV y-
ray (third panel) energy bands along with the observational
data. Using small amplitude variations for all parameters
(see Table 1) the variability in the above energy ranges
is fairly well reproduced. Moreover, the model predicts
no correlation between the optical and TeV y-ray fluxes
(fourth panel in Fig. 2). We note that a direct comparison
between our model fluxes and the H.E.S.S. data, which are
given by [1] in terms of photon count rate per effective area
of the detector, could not be made. Thus, we compared
their relative variations, i.e. Frev/Fry and CR/CR™,
where CR is the photon count rate per effective area of the
detector; this is shown in the third panel of Fig. 2. Since
this comparison is meaningful only in the absence of spec-
tral changes it cannot be applied in the Fermi data. We

1. We performed a Pearson’s correlation test between the optical
(BV) and X-ray fluxes. We found a Pearson’s correlation coefficient
r(10) = —-0.166, p = 0.6, which implies that there is not a statistically
significant linear relationship between optical and X-ray fluxes; see also
Fig. lin [1].
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Figure 1. Left panel: Multiwavelength time dependent spectra during the period 54704-54715 MJD. Simultaneous observations with
ATOM, RXTE, Fermi and H.E.S.S. (low-to-high frequencies) are shown with points. Bottom left panel: X-ray model lightcurve (solid
line) and RXTE/Swift observations (points). Bottom right panel: Log-log plot of the TeV-flux versus the X-ray flux obtained by our
model.
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Figure 2. From left to right: X-ray model lightcurve (solid line) and RXTE/Swift observations (points); Optical model lightcurves (BV:
solid line; R: dashed line) and ATOM data (BV: filled circles; R: open circles); Plot of the normalized model TeV flux (solid line)
and H.E.S.S. photon count rate (points) with respect to their time-averaged values; Log-log plot of the TeV-flux versus the X-ray flux

obtained by our model.

note, however, that the (0.2-300) GeV flux given by our
model is approximately constant — the relative change of
the GeV (logarithim) flux with respect to its time-averaged
value is ~ 0.01.

Despite the fairly good description of the data by our
results, the LHs model requires fine tuning of three model
parameters (.., Le and £,) which is translated into deter-
mining six free parameters (see also Table 1).

3.3 Two-component SSC model

Motivated by the uncorrelated variability observed in
the optical and X-ray bands, which is difficult to be ex-
plained within a single-component emission model (some
of the problems were already discussed in §3.1), we con-

sidered a two-component SSC scenario. Synchrotron radi-
ation from the first and second components accounts for
the X-ray and optical emission, respectively. The high-
energy bump of the SED is attributed to the SSC emis-
sion from the second component. On the other hand, the
parameters describing the first component were chosen in
order to supress its SSC emission, as it can be seen by
the first panel of Fig. 3. Here, the observed flux variabil-
ity is modelled by varying the maximum Lorentz factor of
electrons according to eqs. (1) and (2) for the first and sec-
ond component, respectively. In general, the conclusions
drawn from our fitting procedure are the same as for the
LHs model, i.e. the time-averaged SED and flux variabil-
ity in optical, X-rays and TeV y-rays are well reproduced
at the cost of a large number of parameters.
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Figure 3. From left to right: Multiwavelength time dependent spectra during the period 54704-54715 MJD. Simultaneous observations
with ATOM, RXTE, Fermi and H.E.S.S. (low-to-high frequencies) are shown with points, in addition to the snapshots of the MW
emitted by the first (dashed lines) and second (solid lines) components; X-ray model lightcurve (solid line) and RXTE/Swift observations
(points); Optical model lightcurves (BV: solid line; R: dashed line) and ATOM data (BV: filled circles; R: open circles); Plot of the
normalized model TeV flux (solid line) and H.E.S.S. photon count rate (points) with respect to their time-averaged values.

4 Discussion

We have attempted a MW time-dependent fit to blazar
PKS 2155-304 while in a low state. Clearly an one-
component emission model (here, we considered the one-
zone SSC model), cannot account for the small amplitude
variability observed in the optical, X-ray and TeV 7y-ray
energy bands. We have shown that two-component emis-
sion models, i.e. LHs and 2-SSC models, are more ade-
quite in reproducing the observed SED and light curves.
In particular, the two-component SSC model is prefered
over the leptohadronic one due to the smaller number of
free parameters required for fitting the observed variabil-
ity.

In general, our results suggest that, at a low state, the
SED of the source might be composed by emission of two
or even more components. Thus, a loose correlation be-
tween the various energy bands is expected. However, at a
high state, e.g. during a flare, only one component lights up
and this produces the tight correlations observed in flaring
blazars. Concluding, we believe that the two-component
emission scenario should be further studied during high-
states of blazar emission and we leave this as the subject
of a future work.
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