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ABSTRACT

Studying the temporal variability of BL Lac objects at the highest energies provides unique insights into the extreme physical processes occurring 
in relativistic jets and in the vicinity of super-massive black holes. To this end, the long-term variability of the BL Lac object PKS 2155-304 
is analyzed in the high (HE, 100MeV< E < 300 GeV) and very high energy (VHE, E > 200 GeV) y-ray domain. Over the course of ~9yr of 
H.E.S.S. observations the VHE light curve in the quiescent state is consistent with a log-normal behavior. The VHE variability in this state is 
well described by flicker noise (power-spectral-density index/3V H E  = 1.10+0 1 0 ) on timescales larger than one day. An analysis of ~5.5 yr of HE 
Fermi-LAT data gives consistent results (3H E  = 1.20+0  2 1 , on timescales larger than 10 days) compatible with the VHE findings. The HE and VHE 
power spectral densities show a scale invariance across the probed time ranges. A direct linear correlation between the VHE and HE fluxes could 
neither be excluded nor firmly established. These long-term-variability properties are discussed and compared to the red noise behavior (/3 ~ 2) 
seen on shorter timescales during VHE-flaring states. The difference in power spectral noise behavior at VHE energies during quiescent and flaring 
states provides evidence that these states are influenced by different physical processes, while the compatibility of the HE and VHE long-term 
results is suggestive of a common physical link as it might be introduced by an underlying jet-disk connection.

Key words. galaxies: active -  BL Lacertae objects: individual: PKS 2155-304 -  gamma rays: galaxies -  galaxies: jets -  galaxies: nuclei -  
radiation mechanisms: non-thermal

1. Introduction

One of the m ost striking properties o f BL Lacertae objects is 
their variability across the electrom agnetic spectrum  from  ra ­
dio to y rays and accros the tem poral spectrum  from  m inutes to

* Corresponding authors: H.E.S.S. Collaboration, 
e-mail: co n tac t.h ess@ h ess-ex p e rim en t.eu  
t  Deceased.

years. In the current standard paradigm  o f active galactic nuclei 
(e.g., U rry & Padovani 1995) the observed nontherm al emission 
is produced in two-sided collimated, relativistic p lasm a outflows 
(jets) closely aligned w ith the line of sight, so that the intrinsic 
em ission appears enhanced because o f Doppler-boosting effects. 
The je ts are powered by a central engine consisting o f a super- 
m assive black hole surrounded by an accretion disk. Character­
izing the tem poral variability provides one of the key diagnostics
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Year a ± <ra b ±

and 56 246 (15 N ovem ber 2012), using three or four telescopes. 
The high flux state from  27 July to 8 A ugust 2006, with an 
average flux o f (75.2 ± 0.8) x  10-11 cm -2 s-1 above 200 GeV 
is excluded from  the data set. The rem aining data constitutes the 
basis for the tim e-series analysis, and is referred to as the quies­
cent data set in the following.

In total, about 328 h o f data passed standard quality cuts as 
defined in A haronian et al. (2006), w ith a  m ean zenith angle of 
21° resulting in an average energy threshold o f 178 GeV. The 
data set has been analyzed with the M odel analysis chain using 
standard cuts (de N aurois &  Rolland 2009) above 200 GeV.

The total detection significance in the quiescent data set cor­
responds to 341^ . The light curve of nightly fluxes is calculated 
assuming a log-parabolic energy spectrum,

d N /d E  k  E -a-b log E, (1)

with a and b corresponding to the best-fit power-law index and 
curvature index, respectively. In order to take indications o f a 
spectral variability in the V HE dom ain during the quiescent state 
(Abramowski et al. 2010) into account, the nightly fluxes are de­
rived with a separate log-parabola fit o f the spectrum  for each

inant em ission processes.
The BL Lac P K S 2 1 5 5 -3 0 4  (redshift z = 0.116;

Falom o et al. 1993) has been observed with the H igh E n­
ergy Stereoscopic System (H.E.S.S.; Hinton 2004) at very 
high-energy y-rays (VHE; E  > 200 GeV) since 2002 (e.g., 
Abramowski et al. 2010, and references therein). The source un­
derw ent an extrem e VHE flux outburst in July/August 2006 
with peak fluxes exceeding the average flux level o f the long­
term em ission by a factor o f ~100, during which it showed 
rapid variability on tim escales as short as 3 m in (A haronian et al. 
2007). The stochastic VHE variability during this flaring state 
has been characterized as power-law noise (<xf~P, where f  is 
the frequency) w ith an index j3 ~  2. A detailed analysis o f 
the VHE data from  2005-2007 revealed that the run-by-run 
light curve o f PKS 2 1 5 5 -3 0 4  follows a skewed flux distribution, 
which is well represented by two superposed lognorm al distribu­
tions (Abram owski et al. 2010, Fig. 3). Excluding the flare data, 
the flux distribution satisfies a sim ple lognorm al distribution. 
This provides evidence that the source switches from  a quies­
cent VHE state with m inim al activity to a flaring state, and the 
flux distribution in each state follows a lognorm al distribution. 
Lognorm al behavior was first established for accreting G alac­
tic sources such as X -ray binaries by U ttley & M cHardy (2001), 
linking such a behavior to the underlying accretion process. In 
a lognorm al process, the fluctuations o f the flux are on average 
proportional, or at least correlated, to the flux itself, ruling out 
additive processes in favor o f multiplicative processes. In the 
case o f blazars, a lognorm al behavior could thus m ark the influ­
ence o f the accretion disk on the je t (e.g., G iebels & Degrange 
2009; M cHardy 2010) . Cascade-like events are an exam ple of 
multiplicative lognorm al processes. D ensity fluctuations in the 
accretion disk provide one possible realization. If dam ping is 
negligible, these fluctuations can propagate inward and couple 
together to produce a  multiplicative behavior. If  this is efficiently 
transm itted to the jet, the y-ray em ission could be m odulated
accordingly.

In Sect. 2 we present VHE data from  9 yr o f H.E.S.S. ob­
servations o f PKS 2 1 5 5 -3 0 4  in the quiescent state, and partially 
contemporaneous HE data from  5.5 yr o f observations from  the 
Large A rea Telescope (Fermi-LAT), are presented in Sect. 2. 
In Sect. 3, a detailed tim e-series analysis is perform ed. First, 
the light curves are tested for a lognorm al behavior. Then, their 
variability is characterized as power-law noise with a forward 
folding m ethod with sim ulated light curves, taking the sampling 
of the data, described in Kastendieck et al. (2011) into account. 
And, finally, the VHE and HE emissions are also analyzed for a 
possible direct linear correlation. This is the first tim e that such 
an extended analysis is perform ed on the VHE y-ray em ission of 
a BL Lac object on tim escales as long as n ine years. In Sect. 4 
the results o f the two energy ranges are com pared and their 
implications on the physical properties o f PKS 2 1 5 5 -3 0 4  are 
discussed.

2. Observations and analysis

H.E.S.S. (VHE): H.E.S.S. is an array of five Imaging A t­
m ospheric Cherenkov Telescopes (IACTs). The first phase of
H.E.S.S. began in 2003 with four 12-m telescopes giving an en­
ergy threshold ~100 GeV. In 2012, a fifth 28-m  telescope was 
added to the array, reducing the energy threshold to ~50 GeV.

The present analysis is based on VHE data taken with the 
com pleted H.E.S.S. Phase-I between M JD 53 200 (14 July 2004)

year.
The values for a and b are sum m arized in Table 1; the aver­

age values are a = 3.209 and b = 0.164. The unbiased sample 
variance for the first param eter

(2)

is larger than the expected variance <r2a = 0.005 because of the 
uncertainties <ra on the individual best-fit values. The same is 
true for the second param eter with s2 = 0.114 and a 2b = 0.005. 
This could be indicative of a variable spectrum.

Variations w ithin a  season, however, are unlikely to affect 
the analysis presented here as the inferred small changes in the 
spectral param eters only result in small changes in the integral 
flux.

The resulting quiescent light curve has an average flux of 
(5.10 ± 0.41) x  10-11 cm -2 s-1 above 200 GeV and is shown in 
Fig. 1. It is characterized by a fractional root m ean square (rms) 
variability (Vaughan et al. 2003)

(3)

where $  is the m ean flux, S $ is the variance o f the fluxes and 
is the contribution to the variance caused by the m easurem ent

for the physical conditions in these systems, for example 
the jet-d isk  connection, location o f the emitting region, or dom-

fable 1. Values of the log-parabola parameters of the spectrum (Eq. (1)) 
of PKS 2155-304 used to derive the light curve.

2004 2.95 ± 0.03 0.37 ± 0.03
2005 3.27 ± 0.12 0.25 ± 0.12
2006 3.27 ± 0.04 0.24 ± 0.04
2007 3.38 ± 0.08 -0 .0 3  ± 0.07
2008 3.28 ± 0.04 0.12 ± 0.03
2009 3.14 ± 0.08 0.18 ± 0.07
2010 3.24 ± 0.08 0.10 ± 0.07
2011 3.08 ± 0.10 0.13 ± 0.08
2012 3.27 0.01 0.12 0.09
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Fig. 1. H.E.S.S. light curve of nightly fluxes above 200 GeV excluding the high state in July/August 2006 (gray shaded area). The gray dashed 
horizontal line indicates the average flux of the quiescent state.
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Table 2. Values of the reduced y 2 and associated probability for the 
Gaussian fits of the flux and log flux distributions for each light curve.

1 h t tp : / / f e r m i .g s f c .n a s a .g o v / s s c /d a ta / a n a ly s i s /  
docum entation/Pass7R EP_usage.htm l
2 Cf. the Fermi Science Support Center web site h t t p : / / f e r m i .
g s f c .n a s a .g o v /s s c /

$ log $
X 2 /d.o.f. Prob X /d .o .f .  Prob a

H.E.S.S. 50.8/17 10-5 11.9/13 0.54 5.39
Fermi 21.6/12 0.04 15.0/11 0.18 2.57

Notes. The parameter a  is the significance level on which a lognormal 
distribution is preferred to a normal distribution.

Table 3. Values of the reduced x 2 of the constant and linear fits of the 
scatter plots shown in Fig. 3 for each light curve with values for the 
significance a , correlation factor p, and Kendall rank t .

Time (MJD)

Fig. 2. Light curve of the integral fluxes between 0.1 and 300 GeV in 
bins of ten days measured with Fermi-LAT. The dashed line indicates 
the average flux.

errors. The analysis results were cross-checked using different 
analysis m ethods and calibration chains (e.g., A haronian et al. 
2006), yielding com patible results.

Ferm/-LAT (HE): The Fermi-LAT (A twood e ta l. 2009) on
board the Ferm i satellite is a pair-conversion telescope designed 
to detect HE y-rays in the energy range from  below 20 M eV to 
more than 300 GeV.

The set o f observational data for PKS 2 1 5 5 -3 0 4  used here 
covers about 5.5 yr, from  M JD 54688 (10 August 2008) 
to 56688 (31 January 2014). Events are selected between 
100 M eV  and 300 G eV  in a region o f interest (ROI) o f 
15° around PKS 2155-304 . The detector is described by the 
P7REP_SOURCE_V15 instrum ent response function 1. The HE 
light curve is obtained with the tool Enrico (Sanchez &  Deil
2013) using the Fermi Science Tools v9r32p52, with a 10-day 
binning to ensure enough statistics in each bin. The prefactor o f 
the diffuse galactic background (gll_iem_v05) and the norm al­
ization o f the isotropic diffuse em ission (iso_source_v05) are left 
free to vary in the likelihood fit.

All sources from  the third LAT source catalog (3FGL; 
Acero et al. 2015) w ithin 15° o f PKS 2 1 5 5-304  are included in 
the m odel to ensure a  good background modeling. The HE spec­
tra o f PKS 2 1 5 5 -3 0 4  and all sources w ithin 3° are fitted fol­
lowing the spectral shape o f the 3FGL catalog. The spectra of 
PKS 2155-304 , 3FGL J2151.6-2744 and 3FGL J2159.2-2841 
are m odeled with a sim ple power law, while for 3FGL J2151.8- 
3025 a log-parabolic shape is assumed. The indices and pre­
factors are left free. All other com ponents are fixed to the values 
in the 3FGL catalog. PKS 2 1 5 5 -3 0 4  is detected with a sig­
nificance of 1 5 6 a  with a spectral index o f 1.83 ± 0.01. The 
photon counts o f PKS 2155-304  are integrated into 201 bins 
of ten days. The resulting light curve has an average flux of
1.20 ± 0.03 x  10-7 cm -2 s-1 between 100 M eV and 300 GeV 
with a F var = 0.41 ± 0.02 (Eq. (3)) and is shown in Fig. 2 .

Constant L inear increase
/d.o.f. ^ 2/d.o.f. a

H.E.S.S. 5.78 0.89 6.33
Fermi 0.936 0.107 2.75

p t

H.E.S.S. 0.86 ± 0.11 0.78 ± 0.26
Fermi 0.93 ± 0.19 0.69 ± 0.25

3. Time-series analysis

To characterize the long-term  variability o f PKS 2155-304 , the 
HE and VHE data sets are analyzed w ith respect to lognorm ality 
and power-law noise.

Lognormality: A possible lognorm al behavior o f
PKS 2155-304  is investigated by examining the distribu­
tion of the fluxes and studying the correlation between the 
flux levels and the intrinsic variability. The flux and log-flux 
distributions of each light curve are fitted by a Gaussian using 
a x 2 fit. The goodness o f the fits are sum m arized in Table 2 . In 
both cases, a Gaussian fits the log-flux distribution better than 
the flux distribution, w ith a  significance level o f a  > 5 for the 
VHE and a  > 2 for the HE data, respectively. For the VHE 
data the probability representing the goodness o f fit is about 
104 times higher for the log-flux distribution when com pared to 
the flux distribution. For the HE data this ratio is on the order 
o f 10. Thus, while the HE y-ray flux o f PKS 21 5 5 -3 0 4  in this 
approach shows only an indication, the VHE y-ray flux data 
provide evidence for a lognorm al behavior.

In addition, the variability-flux relation, estim ated by the 
excess rms (Eq. (4 )), is investigated for a possible correlation 
(Uttley et al. 2005) . The excess rms estimates the intrinsic vari­
ability o f a tim e series by subtracting the contribution o f the m ea­
surem ent errors. It is defined as

a xs = J  S  2 -  a err (4)

where S 2 is the variance and a 2rr the m ean square o f the statis­
tical error o f the data (Vaughan et al. 2003). Here aXS is calcu­
lated for bins o f the light curves each containing at least 20 light 
curve points. They are plotted versus the average fluxes $  o f the 
corresponding bins for both light curves in Fig. 3.

To test the possible correlation between the flux and its vari­
ability, the scatter plots are fitted by a constant as well as a linear 
ascending slope. The fit results are sum m arized in Table 3 . The 
results reveal a preference greater than 6 a  for the linear fit to 
the VHE data while HE data only show an indication of linear­
ity. To characterize this behavior beyond the fit o f a linear cor­
relation, the nonparam etric correlation factor Spearman p  and
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Fig. 3. Scatter plot of the excess rms and the average flux for the H.E.S.S. (left) and Fermi-LAT (right) data. Each flux and excess rms values are 
computed using at least 20 adjacent light curve points. A linear fit is shown in red.

the Kendall rank t , w hich m easure the ordering o f the points, 
(G leissner et al. 2004) are calculated. In all cases p  > 0.85 and 
t  > 0.65, m eaning that t xs and $  show a strong correlation. 
This implies that the fluctuations o f the flux are in fact corre­
lated with the flux.

The preceding analysis shows that the H E and V H E flux 
distributions o f PKS 2 1 5 5 -3 0 4  during the quiescent state are 
com patible with lognorm al distributions. W hen the two energy 
bands are com pared, the lognorm al behavior is m uch m ore ev­
ident in the V H E data set. In addition, for both energy bands 
the variability am plitude o f the flux is correlated with the flux 
level, supporting the conclusion that lognorm ality is an intrinsic 
characteristic o f the long-term  y-ray em ission in PKS 2155-304 . 
A sim ilar result has also been reported for the VHE flaring state 
o f PKS 2 1 5 5-304  in 2006 (Abramowski et al. 2010) .

Power-law noise: the flux variability o f active galax­
ies has frequently been characterized as power-law noise 
(e.g., Lawrence & Papadakis 1993) . The power spectral density 
(PSD), i.e., the square m odulus o f the discrete Fourier transform 
(Priestley 1967), o f such a  light curve follows a power law <xf ~P, 
where f  is the tem poral frequency and usually 1 ś  j3 ś  2. The 
PSD reveals how the variability am plitude is distributed among 
the tim escales. In a power-law noise light curve (6 > 0) the 
flux variations on longer tim escales dom inate the variations on 
shorter tim escales. The total variance o f such a light curve tends 
to grow with its length. For = 0 the variability pow er is equal 
on each tim e cale, resulting in white noise, where the fluxes at 
all times are uncorrelated.

To study the variability characteristics, we first hypothesize 
that the light curves can be described by power-law noise with 
a lognorm al behavior w ith j3 > 0 as the only free parameter. 
Three different m ethods are then used to characterize the vari­
ability o f the light curves: the Lom b-Scargle Periodogram  (LSP), 
which is a m ethod to approxim ate the PSD (Lom b 1976; Scargle 
1982); the first-order Structure Function (SF; Simonetti et al. 
1985) and the M ultiple Fragm ents Variance Function (MFVF; 
Kastendieck et al. 2011), which are both representations o f the 
PSD in the tim e domain.

A forward-folding m ethod with sets o f 104 sim ulated light 
curves for each value of j3 and a m axim um  likelihood esti­
m ator are applied to estim ate the best-fit param eter j3, as de­
scribed in Kastendieck et al. (2011) . The light curves are sim ­
ulated with a lognorm al behavior, so that the logarithm  o f the

intrinsic light curve $ intr is power-law noise with a Gaussian be­
havior o f m ean u  and standard deviation t .

log($intr) ^  N(U , t ) .  (5)

The PSD o f the sim ulated power-law noise is generated on a 
frequency range [(10T)-1, 5 d -1] where TH.E.S.S. = 3047 d and 
TFermi = 2000 d are the lengths o f the m easured light curves, 
respectively. The power-law noise is rebinned to ten days for 
the Ferm i-LAT  analysis corresponding to the binning o f the 
PKS 2 1 5 5 -3 0 4  lightcurve. The light curves are then downsam ­
pled to the real observation times, the fluxes are rescaled to the 
average and variance o f the m easured fluxes, and m easurem ent 
errors are simulated. The param eter space is sampled with = 
0 .0 ,0 .1 , . . . ,  3.0. The SFs, LSPs and M FVFs are equally binned 
in log10 scale with 50, 20, and 5 bins per decade, respectively.

Owing to the binning, the sm allest resolvable tim escale in 
the Ferm i-LAT  light curve is t 0 = 10 d and the corresponding 
frequency is fhigh = (2 t0)-1 = (20 d)-1 . For the H.E.S.S. light 
curve the sm allest resolvable tim escale is t 0 = 1 d correspond­
ing to fhigh = (2 d)-1 . The LSPs are characterized on a frequency 
range [10-4 d-1, fhigh], while the lowest tim escale for the SFs and 
M FVFs is t 0. The m ethods are also sensitive to variations that 
occur on timescales larger than the lengths o f the light curves and 
that appear as long-term  trends. It is therefore also useful to cal­
culate the LSP on frequencies < T -1 to reveal such information.

The application of these m ethods to the H.E.S.S. light curve 
in the quiescent state gives best-fit parameters

>6lsp = 1.1 0 -^ 6 , ,6sf = 1.00- ^ ^ ,  j6mfvf = 1.1 0 -^1°.

A goodness o f fit test is applied where the m axim um  likelihood 
values o f sim ulated LSPs, SFs and M FVFs, respectively, are 
used as test statistics. For this, new  sim ulated sets o f 104 light 
curves of the best-fit param eters are analyzed w ith the likelihood 
estimator. The distribution o f their m axim um  likelihood values is 
com pared with the respective value o f PKS 2155-304 . A ssum ­
ing the m odel to be correct, the values should be com patible. The 
quantile that has a  smaller likelihood than the PKS 2 1 5 5-304  
data is used to estim ate the p-value p. The sm allest value of 
p  = 11% is found with the MFVF. The hypothesis that the data 
can be described by a single power-law noise m odel is thus not 
rejected.
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The M FVF gives the m ost precise value, which is taken here 
as the final value:

jSvHE = 1.10X13.

The best-fit values o f the other methods are com patible within 
the uncertainties.

The LSP, SF and M FVF o f the m easured light curves to ­
gether w ith the probability density functions (PDF) o f the sim ­
ple power-law noise m odel that best fits the data are shown in 
Fig. A .1 . The probability is norm alized to unity in each fre­
quency bin. The uncertainties o f 3  are found with the distribu­
tions illustrated in Fig. A .2 .

For com parison, as a second hypothesis, an extended model 
is investigated: a  m axim um  tim escale is considered, above which 
the variance does not increase any further. The existence o f such 
a tim escale is expected, as otherw ise the variance o f the light 
curve and therefore the flux would increase to infinity with time. 
This is represented by a break in the PSD to a constant level 
(3 = 0) at the corresponding frequency / min, which is treated as 
an additional free parameter, w ith a sampling log10( /min/d -1) = 
- 4 .4 , - 4 . 2 , . . . ,  -1 .0 .

The likelihood estimators with the three m ethods give best- 
fit values or 1 a  upper limits,

3 lSP = k 10- ^ ^

log10 (/min,LSP/d-1) = -3.80-1.12 < -2 .6 8 ,

^SF = 1.00-0.07,

log10 (/min,SF/d-1) = -3.80-1.¾  < -2 .1 9 ,

3 mFVF =

log10 (/min,MFVF/d-1) = -3.60-1.34,.

The best-fit values o f log10( /min/d -1) = -3 .8 0  for the LSP and 
SF is near the form al lim it o f our analysis, which is constrained 
to - 4 .4  by the lengths of the sim ulated light curves. The results 
together w ith the 1 a  uncertainties to higher values (+1.12 and 
+ 1.61) are therefore treated as 1 a  upper lim its. The best likeli­
hood for the M FVF is given for a break in the PSD. However, 
the goodness-of-fit p  value of 10% is not im proved com pared to 
11% for the first hypothesis (assum ing no break). This and the 
LSP and M FVF findings thus do not reveal any preference for 
the existence o f such a break in the sam pled frequency range.

An analogous analysis is perform ed on the Fermi-LAT light 
curve. The following best-fit param eters for the sim ple power- 
law m odel are compatible:

3 lSP = ^^-0.31+ ^SF = k 20-!.22, ^MFVF = k 20- ^ .

The m ost constraining result, again given by the MFVF, is taken 
as the final value:

3 he = 1.20-1.¾.

The goodness-of-fit tests yield p  values >6% . Inspection o f the 
LSP plot in Fig. A.1 for the Ferm i-LAT  data reveals a  peak at 
~(670-700) days, w hich is indicative o f a possible HE period­
icity on the noted tim escale and influencing the p  value for this 
analysis. It is interesting to note that a tentative HE periodicity 
of ~ (620-660) days has already been reported (Sandrinelli et al.
2014).

A com parative analysis o f the extended m odel (power law 
with a break) gives com patible results with

^ lsp = 1.10-0.11,

log10 (/min,LSp/d-1) = -4.20-1.¾  < -2 .7 8 ,

^ sf = 1.20-0.11,

log10 (/min,SF/d-1) = -4.20-1.10 < -2 .8 0 , 

jSmfvf = 1.30-0.08,

log10 (/min,MFVF/d-1) = -3.40-0.12.

The best-fit values for the LSP and the SF are both 
log10( /min/d -1) = -4 .2 0 . Including the 1 a  uncertainties to 
higher values (+1.42 and +1.40) they are treated as 1 a  upper 
limits.

The goodness-of-fits do not improve. The results therefore 
give no indication for the presence o f a break frequency in the 
PSD in the sam pled frequency range. See Table 4 for a summary 
o f these and related results.

Correlations: The VHE and HE light curves are furtherm ore an­
alyzed for a possible direct correlation w ith the discrete corre­
lation function (DCF; Edelson & K rolik 1988) using a binning 
o f 30 d. The results are com pared with the DCFs o f sim ulated 
H.E.S.S. and Ferm i-LAT  light curves following one o f the two 
hypotheses: (1) the H.E.S.S. and the Ferm i-LAT  light curves are 
characterized by flicker noise (3 = 1.1) w ithout any correlation; 
(2) the fluxes o f such light curves obey a perfect, direct linear 
correlation.

For each hypothesis 104 pairs o f corresponding light curves 
are sim ulated and their DCFs are calculated. These DCFs are 
then com bined in a two-dim ensional histogram  which is treated 
as a PDF. The hypotheses are tested according to the goodness- 
of-fit test described above: for the m easured D CF the likelihood 
is calculated with the PDF. Also for the sim ulated DCFs the like­
lihoods are calculated and are used as a test statistic for calculat­
ing the p  value. Both hypotheses are com patible with the m ea­
sured data w ith p  values for (1) o f 41% , and for (2) o f 59%, 
respectively. Accordingly, these results neither give a clear pref­
erence nor do they allow the rejection of a  direct correlation.

4. Discussion and conclusions

For the first tim e the tem poral variability o f the VHE em is­
sion o f PKS 2 1 5 5 -3 0 4  in the quiescent state has been analyzed 
on tim escales from  days up to m ore than nine years. The vari­
ability o f the long-term  quiescent VHE light curve as m ea­
sured with H.E.S.S. provides evidence for a  lognorm al behavior 
and is com patible with power-law noise process on timescales 
>1 d. The VHE PSD on these tim escales is consistent w ith a 
power law (k f  -3) with an index of 3 VhE = 1.10+013 (flicker 
noise). On the other hand, the PSD for the H.E.S.S. data dur­
ing the flaring period in 2006 is consistent with a pow er law 
o f slope 3  = 2.06 ± 0.21 (red noise) on tim escales <3 h with 
indications for a possible break in the SF between 3 and 20 h 
(Abramowski et al. 2010) . In the context o f accretion-powered 
sources, X-ray variability with sim ilar characteristics (power- 
law noise with 3 ~  1-2, and lognorm al behavior) has often been 
related to random  fluctuations of the disk param eter a  on local 
viscous tim escales (e.g., Lyubarskii 1997; King et al. 2004) . The

A39, page 6 of 11



The H.E.S.S. Collaboration: y-ray long-term variability of PKS 2155-304

> 2 0 0 GeV H .E.S.S.a [0.9,2.6] SF, FF 2.06 ± 0.21 [0.1,0.9] -  (1
0.1 -  300 GeV Ferm i-LATb [-2 .0 , -0 .9 ]  PSD, fit 0.577 ± 0.332 -  -  (2;
0.1 -  300 GeV Ferm i-LATc [-3 .2 , -0 .7 ]  PSD, fit 0.64+070 < -1 .7  -  (3)
2 .5 -20  keV  RX TEd [-0 .9 ,0 .0 ] PSD, fit 1.46 ± 0 .1 0  -  -  (4;
2 .5 -20  keV  RX TEd [0.0,1.9] PSD, fit 2.23 ± 0.10 -  -  (4;
Optical Geneva [-1 .2 ,2 .0 ] SF, fit 2.4+0 3 -  -  (5)
Optical ROTSE [ -4 .4 ,-1 .3 ]  MFVF, FF 1.8:+00.:2 -3.0+04 -  (6:
Optical SMARTS [-2 .4 , -0 .9 ]  PSD, fit 2 .2 -°2 -  ' -  (7;

Notes. Range of log10( f  /d -1): the range over which the PSD is characterized. Method: the methods used for the analysis; forward folding method 
(FF), best fit of the slope by, e.g. a y 2-test (fit), Structure Function (SF), Lomb-Scargle Periodogram (LSP) and Multiple Fragments Variance 
Function (MFVF). Goodness of fit: the p-value obtained with simulated light curves. Upper part -  results from this work. Lower part -  results 
reported in the literature with superscripts referring to: (a) H.E.S.S. flaring state: a break was detected with a 95% confidence in the SF. It shall 
be noted that a break in the SF is at a ~3 times larger frequency than in the intrinsic PSD. (b) Based on aperture photometric Fermi-LAT light 
curves provided by the Fermi Science Support Center at h t t p : / / f e r m i .g s f c .n a s a .g o v / s s c /d a ta / a c c e s s / l a t /m s l_ lc / . (c) Model results 
assuming a superposition of Ornstein-Uhlenbeck processes (OU) and using 4 yr of Fermi-LAT data. A slight preference for a single OU with 
different slope is reported.(d) Based on non-simultaneous data.
References. (1) Abramowski et al. (2010); (2) Nakagawa & Mori (2013); (3) Sobolewska et al. (2014); (4) Kataoka et al. (2001); (5) Paltani et al. 
(1997); (6) Kastendieck et al. (2011); (7) Chatterjee et al. (2012).

current VHE findings can in principle be interpreted in two dif­
ferent ways:

(1) The PSD slope o f the VHE variability is stationary. It fol­
lows a pow er law with a transition (break) from  f i  ~  2 to 
~1 somewhere between 0.1 and ~1 d. This can be com ­
pared to the X -ray PSDs o f Seyfert AGN and radio galax­
ies. The PSD o f Seyfert AGN exhibit a power-law behavior 
f i  -  1 at low frequency, steepening to f i  ^  2 on timescales 
shorter than som e break tim e Tbr (e.g., M cHardy et al.
2006) . Two radio galaxies, 3C 111 and 3C 120 show a 
sim ilar behavior in X-ray with a power-law slope o f ~2  
for 3C 111 (Chatterjee e ta l. 2011) and a steepening o f the 
PSD at high frequency for 3C 120 (Chatterjee et al. 2009) .
Interestingly, for PKS 21 5 5 -3 0 4  a break tim e Tbr ~  1 d 
has been suggested earlier (K ataoka et al. 2001, cf. also 
Table 1), based on (nonsimultaneous) X-ray data (cf. also 
Em m anoulopoulos et al. 2010, for caveats). In the case of 
Seyfert AGN a sim ple quantitative relationship between Tbr, 
the observed (bolometric) lum inosity LB and the black hole 
m ass M BH has been found (M cHardy et al. 2006) . Although 
PKS 21 5 5 -3 0 4  is not a radio-quiet object, a sim ilar rela­
tion could apply if its characteristic tim ing properties are 
caused by an external process (e.g., originate in the accre­
tion flow, see for instance; M cHardy 2010). In terms o f the 
accretion rate mE (expressed in units o f the Eddington rate),
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the relevant scaling relation for a standard disk configuration 
becom es (Tbr/1 d) -  0.7 (M bh/ 108 M0)L12/m£'98. If  this 
would apply to PKS 2155-304 , then relatively high accre­
tion rates (^0.1 Eddington rate for M BH > 108 M0) would be 
im plied even for the quiescent VHE state. This m ay suggest 
that in this context the break tim e is m ore likely related to a 
change in accretion flow conditions such as a transition from 
an advection-dom inated to a standard disk configuration.

(2) Alternatively, the power-law indices of the PSD could be 
different during the quiescent and flaring states, as they 
are possibly related to different physical processes and/or 
spatial locations. The extrem e characteristics of the flaring 
state (including apparent lognorm ality and a red-noise be­
havior down to m inutes) seem to require rather exceptional 
conditions to account for it (e.g., Rieger & Volpe 2010; 
Biteau & Giebels 2012; N arayan & Piran 2012) . This could 
support a variability origin differing from  the origin in the 
quiescent state. Further limits on the possible cross-over 
tim escale will be im portant to distinguish between these two 
scenarios.

The HE light curve, as m easured with Fermi-LAT, is found to be 
com patible w ith a power-law noise o f slope j6he = 1.20+0 23 on 
tim escales larger than ten days. This value differs slightly from 
the earlier reported best-fit f i  = 1.7 ± 0.3 for the average PSD of 
the six brightest Ferm i-LAT  BL Lacs (including PKS 2155-304)

>200 GeV H.E.S.S. [-4 .0 , -0 .3 ] LSP, FF 1.10+0.14 . -0.16 no break (fixed) 56%
>200 GeV H.E.S.S. [-3 .5 ,0 .0 ] SF, FF 1.00+- 0..11 1.00-0.15 1.10+- 00..1105

no break (fixed) 48%
>200 GeV H.E.S.S. [-3 .5 ,0 .0 ] MFVF, FF . -0.13 no break (fixed) 11%
>200 GeV H.E.S.S. [-4 .0 , -0 .3 ] LSP, FF 1.10+- 0.28 

. -0.09 -3 .8 0 +- 10..1312 < -2 .6 8 51%
>200 GeV H.E.S.S. [-3 .5 ,0 .0 ] SF, FF 1.00+- 0.24 

. -0.07
-3 .8 0 -+001...136118 < -2 .1 9 43%

>200 GeV H.E.S.S. [-3 .5 ,0 .0 ] MFVF, FF 1.10+- 0..23 
. -0.06 - 3  60+141-  .  -0.34 10%

0.1-300  GeV Fermi-LAT [-4 .0 ,-1 .3 ] LSP, FF 1.10+- 0..26 
. -0.31 no break (fixed) 6.3%

0.1-300  GeV Fermi-LAT [-3 .3 ,-1 .0 ] SF, FF 1.20+- 0.22
. -0.31 1.20+- 00..2311

no break (fixed) 46%
0.1-300  GeV Fermi-LAT [-3 .3 ,-1 .0 ] MFVF, FF . -0.23 no break (fixed) 40 %
0.1-300  GeV Fermi-LAT [-4 .0 ,-1 .3 ] LSP, FF 1.10+- 0.46 

. -0.11 -4.20+++3 < -2 .7 8 2.4%
0.1-300  GeV Fermi-LAT [-3 .3 ,-1 .0 ] SF, FF 1.20+- 0.44 

. -0.11 -4 .2 0 + ™  < -2 .8 0 33%
0.1-300  GeV Fermi-LAT [ -3 .3 ,-1 .0 ] MFVF, FF 1.30+- 0.54 - -30..4102+0.74 30%

Table 4. Characteristics of the power spectral densities of PKS 2155-304 at different energies and timescales.

Energy Instrum ent Range o f M ethod f i  log10 ( fmin/d -1) Goodness Ref.

range__________________________ lo g ^  ( f / d -1)______________________________________________________ o ffit

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
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based on the first 11 months o f data (Abdo et al. 2010). It is com ­
patible with m ore recent indications for a flatter slope (6 ~  1) 
for high-frequency-peaked BL Lac (HBL) objects (S. Larsson, 
priv. comm.). The HE slope is also com patible with the VHE 
results for the quiescent data set, suggesting that the PSDs on 
these tim escales are shaped by sim ilar processes. Owing to in ­
strumental noise and observational gaps a possible direct corre­
lation between the VHE and the HE light curves could neither 
be excluded nor firmly established.

The HE and VHE PSDs show a scale invariance on 
timescales from  weeks up to at least the 1T-lower limits Ś600 d 
and >200 d, respectively. A m axim um  tim escale o f 103 days has 
been reported in the optical range (see Table 1). If  the m axim um  
tim escale was related to the radial infall tim e in the accretion 
disk, then a possible outer radius o f rd ^  ( a  VG M BHfmi1n)2/3 > 
4 x  1016 (a /0 .3 )2/3(tmax/1000  d)2/3 (MBH/1 0 8 M 0)1/3 cm m ight 
be inferred for an advection-dom inated system (Lyubarskii 
1997). However a  significant detection o f such a m axim um  
tim escale in the y-ray range will probably require longer light 
curves that exceed this tim escale by an order o f magnitude.

For both data sets o f PKS 2155-304 , the flux distributions 
during the quiescent state are com patible with lognorm al d istri­
butions, where the result is m ore significant for the VHE data 
than for the HE data. A hint of lognorm al behavior was found 
in Abram owski et al. (2010) where the distribution o f the fluxes 
of the quiescent state o f 2005-2007 w ere following a lognormal 
distribution. This suggests that m ultiplicative, i.e., self-boosting 
processes dom inate the variability. It is interesting to note that in 
the context o f galactic X -ray binaries, where lognorm al flux vari­
ability has first been established, such a behavior is thought to be 
linked to the underlying accretion process (U ttley & M cHardy 
2001). In the AGN context, evidence for lognorm ality on dif­
ferent tim escales has in the m eantim e also been found in sev­
eral sources, for example, in the X-ray band for the BL Lac ob­
jec t BL Lacertae (Giebels & Degrange 2009), in the TeV band 
for the BL Lac object M arkarian 501 (Tluczykont et al. 2010; 
Chakraborty et al. 2015), and in the X -ray band for the Seyfert 1 
galaxy IRAS 13 244-3809 (Gaskell 2004) .

Further observations with H.E.S.S. II and the planned 
Cherenkov Telescope Array will allow us to improve the char­
acterization o f the PSD at high frequencies due to their better 
sensitivities (Sol et al. 2013) . The larger energy range will make 
it possible to close the gap to the Fermi band, helping to im ­
prove our understanding o f the degree of convergence (e.g., pos­
sible correlations and sim ilar processes) between the HE and the 
VHE domain. A clear characterization of the y-ray variability 
o f different sources sim ilar to PKS 2 1 5 5 -3 0 4  will also be im ­
portant to improve our understanding o f the physical processes 
separating different source classes.
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Appendix A: Additional figures

Fig. A.1. LSPs, SFs, and MFVFs. Left panel a) the red solid lines are the LSP (top), SF (middle), and MFVF (bottom) for the H.E.S.S. quiescent 
lightcurve. The best-fit PDFs of simulated LSP, SF, and MFVF values are represented by the blue histograms in color scale. Right panel b) same 
plots for the Fermi-LAT data.
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Fig. A.2. Uncertainties on the LSP, SF, and MFVF best-fit parameters. Left panel a) the histograms represent the distributions of estimates for 
3  for simulated H.E.S.S. light curves with the LSP (top), SF (middle), and MFVF (bottom) respectively. For the simulated light curves, the true 
value for3  is the best-fit value found for the H.E.S.S. light curve. The vertical red bars are the 1a uncertainties on the best fit obtained from the 
histograms by removing equal tails. Right panel b) same plots for the Fermi-LAT data.
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