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ABSTRACT

The optical /UV and X-ray instruments on board XMM-Newton provide an excellent opportunity to perform
simultaneous observations of violently variable objects over a broadwavelength range. The UV- andX-ray-bright BL
Lac object PKS 2155�304 has been observed repeatedly with XMM-Newton about twice per year. In this paper, we
present a detailed analysis of the simultaneous multiwavelength variability of the source from optical to X-rays, based
on the currently available XMM-Newton observations. These observations probed the intraday multiwavelength
variability at optical /UVand X-ray wavelengths of the source. The UV variability amplitude is substantially smaller
than the X-ray one, and the hardness ratios of the UV to X-rays correlates with the X-ray fluxes: the brighter the
source, the flatter the UV/X-ray spectra. On 2000May 30–31, the UVand X-ray light curves were weakly correlated,
while the UV variations followed the X-ray ones with no detectable lags on 2000 November 19–21. On 2001
November 30, the source exhibited amajor X-ray flare that was not detected in the optical. The intraday UVandX-ray
variability presented here is not similar to the interday UV and X-ray variability obtained from the previous coor-
dinated extensivemultiwavelength campaigns on the source, indicating that different ‘‘modes’’ of variability might be
operating in PKS 2155�304 on different timescales or from epoch to epoch.

Subject headinggs: BL Lacertae objects: individual (PKS 2155�304) — galaxies: active —
methods: data analysis — ultraviolet: galaxies — X-rays: galaxies

Online material: color figures

1. INTRODUCTION

Rapid and large-amplitude variability has been detected fre-
quently on different timescales across the whole accessible elec-
tromagnetic spectrum of blazars (see Ulrich et al. [1997] for a
review). The nonthermal continuum emission is almost certainly
produced by relativistic particles in a tangled magnetic field, in a
relativistic jet closely aligned with the line of sight (e.g., Urry &
Padovani 1995). Relativistic beaming therefore plays a crucial
role in the observed properties of blazars.

Multiwavelength observations have established that the spec-
tral energy distributions (SEDs) of blazars consist of two rather
smooth components in the �F� representation. The SEDpeak en-
ergies are most likely luminosity related: the lower the lumi-
nosity, the higher the peak energy (e.g., Fossati et al. 1998). For
low-luminosity BL Lac objects, such as the well-studied sources
Mrk 421, Mrk 501, and PKS 2155�304, the low-energy compo-
nent typically peaks at UV/soft X-ray bands, and for this reason
these sources are usually called high-energy peaked BL Lac ob-
jects (HBLs). The primary mechanism for this component is
believed to be synchrotron radiation of relativistic electrons. The
high-energy component is relatively poorly understood. For HBLs
that have been detected at TeVenergies, the high-energy compo-
nent appears to peak in the TeV band, and its origin is probably
inverse Compton scattering off soft photons, presumably syn-
chrotron photons within the jet, as envisaged by the synchrotron

self-Compton (SSC) process (e.g., Urry& Padovani 1995). How-
ever, it is still unknown how the emitting particles are accelerated
to energies high enough to produce the observed emission and
how the plasma is accelerated to a relativistic bulk velocity.
HBLs are highly variable in the X-rays, as expected from the

interpretation that the X-ray emission corresponds to the high-
energy tail of the synchrotron component. X-ray observations
over the last decade with various X-ray telescopes have revealed
a remarkably complicated behavior of the X-ray variability (see
Pian [2002] and Zhang [2003] for reviews), which cannot be in-
terpreted by simple models. Flux variations are generally accom-
panied by spectral changes. TheX-ray spectrum typically hardens
when the source is brighter. Systematic spectral evolution has
been resolved for well-defined flares: the peak of the synchrotron
emission shifts to higher energy at higher flux levels (e.g., Fossati
et al. 2000; Massaro et al. 2004b; Tanihata et al. 2004). Excep-
tionally high peak energies of the low-energy component—up
to �100 keV—were detected in Mrk 501 (Pian et al. 1997;
Sambruna et al. 2000).
The correlations and possible time lags of variability in differ-

ent energy bands are also remarkably complicated. The emission
at low X-ray energies generally correlates with that at high en-
ergies. However, the maximum of the cross-correlation function
(CCF) can occur at substantially different time lags (e.g., Tanihata
et al. 2001 for Mrk 501; Zhang et al. 1999 for PKS 2155�304;
Ravasio et al. 2004 for Mrk 421). Statistically weaker correla-
tions were also found in several other cases. Lags of about 2 hr
derived from the X-ray data gathered with low Earth orbit sat-
ellites (ASCA and BeppoSAX ) were questioned by the earlier
results inferred from XMM-Newton data, mainly on the basis of
the fact that the continuous observations of XMM-Newton have
relatively higher signal-to-noise ratios and temporal resolution than
periodically interrupted observations of ASCA and BeppoSAX
(Edelson et al. 2001; Sembay et al. 2002). This claim was dis-
puted by Zhang et al. (2004), who performed detailed Monte
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Carlo simulations. The results obtained with BeppoSAX and ASCA
have been supported recently by the finding of lags of �1000 s
and �1 hr in the XMM-Newton observations of Mrk 421 and
PKS 2155�304 (Ravasio et al. 2004; Zhang et al. 2006).

Recently, using XMM-Newton timing mode observations of
Mrk 421, Brinkmann et al. (2005) presented a time-resolved cross-
correlation analysis between the soft and hard energy bands. They
showed that the correlations, with different lags of both signs,
change on a characteristic timescale of a few times 103 s, in quali-
tative agreement with previous claims about changes of lags dur-
ing individual flares (e.g., Zhang et al. 2002). Furthermore, it
appears that the lag may be related to the flare duration—the
longer the flare duration, the larger the lag (Zhang et al. 2002;
Brinkmann et al. 2003)—and to the spectral slope: a steeper slope
corresponds to a higher probability that the soft band emission
leads the hard one (Zhang et al. 2006). The lags generally become
larger, and the correlation weaker, with increasing differences
of the compared energy bands (e.g., Zhang et al. 2006; Ravasio
et al. 2004). Zhang (2002) also found preliminary evidence that
in Mrk 421 the lags become larger with increasing timescale, as
typically occurs in X-ray binaries.

By measuring variability correlations, time lags, and spectral
variations, simultaneous multiwavelength observations offer the
strongest constraints on blazar models: namely, on the processes
of particles injection/acceleration and diffusion in the emission
region(s), and on the relative location of regions dominating the
emission at different energies. The previous coordinated multi-
wavelength observations of a few bright blazars have revealed
quite different variability patterns. For example, the variability
around the peaks of the two SED components was well corre-
lated in Mrk 421 (Maraschi et al. 1999), while in PKS 2155�
304 the fluxes at different wavelengths were not correlated on the
measured timescales (Aharonian et al. 2005b). It is important to
probe whether the complex X-ray variability patterns mentioned
above can be directly extrapolated to the UVand optical ranges,
since the optical /UV/X-ray emissions have a common (synchro-
tron) origin forHBLs. This diagnostics has to be carried out through
simultaneous observations. Unlike other coordinated multiwave-
length campaigns that need different telescopes at different sites,
the Optical Monitor (OM) and X-ray telescopes on board XMM-
Newton provide a very rare opportunity to simultaneously mon-
itor variable sources such as blazars from optical to X-rays.
XMM-Newton is thus particularly apt to study the high-energy
part of the synchrotron component of HBLs.

The International Ultraviolet Explorer (IUE ) and Extreme
Ultraviolet Explorer (EUVE ) satellites revealed that PKS 2155�
304 is the brightest BL Lac object at ultraviolet wavelength
(Pian et al. 1997; Marshall et al. 2001 and references therein).
This is consistent with the possibility that the synchrotron emis-
sion of PKS 2155�304 peaks at EUVor even UV bands, as in-
dicated by the fact that multiepoch X-ray spectral analysis of
BeppoSAX observations did not reliably find spectral peaks in
such bands (Zhang et al. 2002). In contrast, in the other twowell-
studied HBLs, Mrk 421 and Mrk 501, the synchrotron emission
peaks in high-energy X-ray bands (Pian et al. 1998; Fossati et al.
2000; Tanihata et al. 2004; Massaro et al. 2004a). PKS 2155�
304 is also very bright in the X-ray (e.g., Zhang et al. 2002),
optical (e.g., Zhang & Xie 1996 and references therein), and
other lower energy bands dominated by synchrotron emission
(e.g., Pesce et al. 1997). PKS 2155�304 has also been detected
in the 30 MeV–10 GeV band by EGRET (Vestrand et al. 1995),
showing a hard spectrum consistent with an SSC component.
This indicates that PKS 2155�304 is a good candidate source
of TeV emission. Indeed, the Durham Mark 6 telescopes first

detected its very high energy �-ray emission (Chadwick et al.
1999), recently confirmed by the High Energy Stereoscopic Sys-
tem (HESS) at the 45 � significance level and still detectable even
during the dark periods of the HESS observations (Aharonian
et al. 2005a). The brightness of PKS 2155�304 through such a
broad energy range makes it one of the best-suited blazars for
carrying out multiwavelength observations to test emissionmech-
anisms in detail (e.g., Urry et al. 1997; Mimica et al. 2005) and
for possibly distinguishing between leptonic versus hadronic ori-
gins of the emission (Aharonian et al. 2005b). The intense mon-
itoring of the source over the last two decades, either as single
band or coordinated multiwavelength observations, have revealed
complex variability patterns and correlations between different
energy bands.

Except for one orbit observation as part of the Guest Observer
Program on 2000 November 19–21 (Maraschi et al. 2002), PKS
2155�304 has been repeatedly observed during the other eight
orbits of XMM-Newton as a calibration source. A detailed tem-
poral analysis of the X-ray data from the first six orbits was
presented in Edelson et al. (2001) and Zhang et al. (2005, 2006;
hereafter Paper I and Paper II ). Foschini et al. (2006) presented
average OM magnitudes, X-ray spectral properties, and SEDs
using part of these observations. In this paper we present a de-
tailed analysis of the multiwavelength variability from optical to
X-rays, using the simultaneous data obtained with OM and pn.
The aim is to probe whether the X-ray variability properties of
the source can be extended to the optical /UV bands, in order to
test in detail the cooling and acceleration behavior of the particle
distribution responsible for the synchrotron emission. To our knowl-
edge, the data presented here provide the most intensive simul-
taneous UVand X-ray monitoring achieved with XMM-Newton
for a blazar.

In x 2 we present the observations and data reduction; the
multiwavelength variability analysis is described in x 3. We com-
pare our results with previous coordinated multiwavelength ob-
servations and discuss their physical implications in x 4.

2. THE XMM-NEWTON OBSERVATIONS
AND DATA REDUCTION

During the observations of PKS 2155�304 over nine orbits,
spanning over about 6 yr, from 2000May to 2005 November, all
XMM-Newton instruments, i.e., the European Photon Imaging
Camera (EPIC) pn, the EPICMetal Oxide Semiconductor (MOS),
the Reflection Grating Spectrometer (RGS), and OM, functioned
with various configurations. In this paper, we concentrate onOM
and pn data from the first three orbits—i.e., orbits 087, 174, and
362—and present a detailed analysis of multiwavelength vari-
ability in the optical /UV and X-ray bands. The OM data from
other orbits are not suitable for variability analysis because only
one or two images are available for each filter, but they are useful
to construct the SEDs with simultaneous X-ray data over a long
period. We consider X-ray data, relative to the same orbits as the
OM data, only from the pn camera because they are less affected
by photon pileup and have higher signal-to-noise ratio with re-
spect to the MOS cameras. All XMM-Newton data were pro-
cessed using the latest XMM-Newton Science Analysis System
(SAS), version 6.5, and the latest available calibration data. The
journal of OM observations and related pn observations of the
present analysis is shown in Table 1, where an identification
number is allocated to each observation.

The OM exposures were taken in standard imaging mode with
different filters. We reduced OM imaging data using the standard
omichain pipeline. The OM images of orbits 087 and 174 were
obtained through UV filters, either UVW2 (2120 8) or UVW1
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(2910 8). The source counts were extracted in a circular region
with r ¼ 12 pixels, and the background counts were subtracted
from a concentric annular region between pixels 37 and 42. The op-
ticalU (34408),B (45008), andV (54308) filters were used for
orbit 362 exposures; again we extracted the source counts in a
circular region with r ¼ 12 pixels and subtracted the background
counts from a concentric annular region between pixels 14 and 25.

For imaging mode of the pn exposures (orbits 087 and 174),
the source counts were extracted from an annulus, centered on
the peak of source counts, to avoid photon pileup effects. The in-
ner and outer radii of the annulus, determined by using the SAS
task epatplot, are 1000 and 4000, respectively. The part of the
orbit 362 observation (362-1, as identified in Paper II ) used here
was obtained in timing mode, for which pileup can be neglected.
We extracted the source photons from rows 25 � RAWX � 42,
centered on the brightest strip of the source. Moreover, we se-
lected only single pixel events (pattern ¼ 0) with quality Cag ¼
0 to further minimize photon pileup effects for both the imaging
and timing modes. The high particle background periods were
examined by computing the hard (E > 10 keV) count rates in
full frame of the exposed CCD. We found that the background
was low and stable for orbits 174-1 and 362-1, while a few back-
ground flares occurred in orbits 087-1, 087-2, and 174-2. As in
the following analysis, we mainly focus on the soft X-ray en-
ergy band that is the least affected by high particle background;we
do not cut out the relatively high background periods. We then
extracted the background events from regions least affected by
source photons to estimate the fraction of background versus
source counts. In the 0.2–0.8 keV (imaging mode) and 0.6–
0.8 keV (timing mode) bands, the source count rates are of order
�1000 times the background ones, and even in the 2.4–10 keV
band the background is about 5% of the source count rates.
Finally, the background count rates were subtracted.

3. RESULTS

3.1. Orbit 087

This observation can be split into two parts. For OM observa-
tions, the first part (087-1) consists of 40 images (exposures) ob-
tained with the UVW1 filter, while in the second part (087-2) 50

images were obtained through the UVW2 filter. The exposure
time of each image is 1000 s for both filters. This results in an
almost continuous coverage of the UV light curve for 087-1 and
087-2, while readout time led to regular unexposed intervals of
�325 s between any two neighboring points of each light curve.
The top left panel of Figure 1 shows the UVW1 (087-1, gray
open circles) and the UVW2 (087-2, gray filled circles) light
curves normalized to their respective averages. Given the small
difference in wavelength, the normalized UVW1 and UVW2
light curves can be roughly viewed as a single light curve in the
same energy band. Both UV light curves show visible variabil-
ity, but have different behavior. The 087-1 light curve presents a
long decaying trend, while the 087-2 one is dominated by two
flarelike events.
The pn observations were simultaneous to the OM exposures.

Edelson et al. (2001) presented a temporal analysis of the pn ob-
servations. They showed that the variability amplitude increased
with increasing energy, and the variability between different en-
ergy bands correlated with no measurable lags. The correlations
tend to become weaker with increasing energy differences, in
agreement with the results of Paper II obtained with other pn ob-
servations. In order to compare the variability between the X-ray
and UV bands, we extracted the pn light curves in three energy
bands (see Paper II): i.e., 0.2–0.8 keV (soft), 0.8–2.4 keV (medium),
and 2.4–10 keV (hard), and rebinned them over the 1000 s longUV
exposure time. The soft 0.2–0.8 keV (black circles) light curve,
normalized to its average, is also plotted in the top left panel of
Figure 1 for a direct comparison with the UV light curve.
The UVW1 light curve did not track the soft X-ray one during

the 087-1 interval. The X-ray fluxes increased significantly to-
ward the end of this interval, while there was no evidence for
increases of the UVW1 flux at the corresponding period. This
is different from the good correlation between the light curves
at different X-ray bands. However, the smaller variability and
larger scatters in the UVW1 fluxes compared to the X-ray ones,
and the lack of X-ray data at the start of this interval and the
gap between intervals 087-1 and 087-2, prevent us from deriving
any clear correlation between the UVW1 and X-ray light curves.
Therefore, in the following we do not discuss this period of
observations.

TABLE 1

Observational Journal of PKS 2155�304 with XMM-Newton

Orbit Observation IDa Date

Time

(TT) Detector b Filter

Duration

(10 ks)

Exposure

(10 ks) CRc

087........................ 0124930101 (087-1) 2000 May 30 05:33:33–20:39:17 OM UVW1 40d 0.1e 72.7

10:20:09–20:53:29 pn SW Medium 3.80 2.66 13.2

0124930201 (087-2) 2000 May 31 00:34:43–19:20:43 OM UVW2 50d 0.1e 8.5

00:52:59–17:21:38 pn SW Medium 5.93 4.16 12.9

174........................ 0080940401 (174-0) 2000 Nov 19 15:40:50–17:08:57 OM UVW2 5d 0.08e 13.1

0080940101 (174-1) 18:42:13–10:41:33f OM UVW2 50d 0.08e 12.4

19:00:40–10:55:39f pn SW Thin 5.73 4.02 13.5

0080940301 (174-2) 2000 Nov 20 12:56:53–04:56:12f OM UVW2 50d 0.08e 11.4

13:15:19–05:25:19f pn SW Thin 5.82 4.08 11.3

362........................ 0124930301 (362-1) 2001 Nov 30 03:48:29–05:16:36 OM V 5d 0.08e 98.4

05:21:58–06:50:04 OM U 5d 0.08e 223.3

06:55:24–08:23:33 OM B 5d 0.08e 231.2

03:12:05–15:30:29 pn TI Medium 4.32 4.27 28.3

a The number in parentheses is the identification number used in the text for the observation.
b OM was operated in the standard imaging mode. For pn, SW indicates imaging small window, and TI indicates timing mode.
c Background-subtracted source count rate. The energy band is 0.2–0.8 keV for pn imaging mode and 0.6–0.8 keV for pn timing mode.
d The total number of OM images.
e The exposure time for each OM image.
f Next day.
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During the interval 087-2, the UVW2 light curve appears to
follow the soft X-ray one (top left panel of Fig. 1). The left panel
of Figure 2 shows the energy dependence of the fractional rms
variability amplitude (Fvar) of the UVW2 and X-ray bands. The
energy dependence of (Fvar) found in X-rays can be extrapolated
to the UVW2 band: the UVW2 variability amplitude is sub-
stantially smaller than the X-ray one.

The bottom left panel of Figure 1 shows the temporal evolu-
tion of the hardness ratio (HR) of soft X-ray to UVW2 band. As

expected, the HR variations generally follow the soft X-ray flux
variations given the lower UVW2 variability, indicating that
the UV/X-ray spectral changes are mainly related to changes of
X-ray intensities. The right panel of Figure 1 reports the HRs as a
function of the soft X-ray count rates. Indeed, the two quantities
are well correlated—the UV/X-ray spectrum becomes flatter
when the X-ray flux is higher. Due to the smaller UVW2 vari-
ability, the HRs are indeed weakly correlated with the UVW2
fluxes.

Fig. 1.—Orbit 087 observation. Left: The top panel plots the OM UVW1 (gray open circles), UVW2 (gray filled circles), and pn 0.2–0.8 keV (black circles) light
curves normalized to their respective averages. The bottom panel plots the variations of the 0.2–0.8 keV/UVW2 HRs with time for the 087-2 interval. Right: The
correlation between the HRs and the 0.2–0.8 keV count rates for the 087-2 interval. Both the light curves and the HRs are binned in 1000 s. [See the electronic edition of
the Journal for a color version of this figure.]

Fig. 2.—Orbit 087-2 observation. Left: The fractional rms variability amplitude as a function of energy. Right: The central �15 ks range of the DCF between the
UVW2 and 0.2–0.8 keV light curves.
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Even though the UVW2 and X-ray light curves are simulta-
neous, they do not match exactly in time because the OM ob-
serving mode is different from the pn one (the latter is counting
continuously, while the former is not).6 Therefore, we calculate
the CCF with the discrete correlation function (DCF) method
(Edelson & Krolik 1988). The right panel of Figure 2 presents
the central 15 ks part of the DCF between the UVW2 and the soft
X-ray light curves for 087-2 (a positive lag indicates that the
higher energy emission lags the lower energy one). The DCF is
strongly asymmetric toward negative lags, indicating that the
UVW2variationsmay lag the soft X-ray ones. The lack of a clear
peak in the DCF prevents us from quantifying any lag.

TheDCFs between theUVW2 andmedium/hard X-ray bands
are similar to that between the UVW2 and soft X-ray band for
087-2. We also calculated DCFs between different X-ray bands.
The results are very similar to those presented by Edelson et al.
(2001), indicating that the X-ray variations at different energies
are correlated with no measurable lags and the correlations tend to
becomeweakerwith increasing cross-correlated energy differences.

3.2. Orbit 174

The OM images were obtained through the UVW2 filter, and
the exposure time was 800 s for each image. The top left panel of
Figure 3 plots the UVW2 (gray circles) light curve normalized to
its average. The OM observations consist of three sections. The
first section (174-0) has five exposures without corresponding pn
observations. The second (174-1) and the third (174-2) sections,
simultaneously monitored with the pn, have 50 exposures each.
This yields an almost continuous UVW2 light curve over �1.5
days. Maraschi et al. (2002) presented the simultaneous UVW2
and X-ray light curves. The UVW2 light curve is obviously

variable, dominated by a long decaying trend with superimposed
small-amplitude flickers.
The pn light curves (300 s binning) have been presented in

Paper II. In order to compare the variability between the UVW2
and X-ray bands, we rebinned the pn light curves over the 800 s
long UVW2 exposure time in three energy bands as above and in
Paper II. The soft 0.2–0.8 keV (black circles) light curve, nor-
malized to its average, is also shown in the top left panel of Fig-
ure 3 for a direct comparison with the UVW2 one. The UVW2
light curve follows the X-ray one. However, the UVW2 variabil-
ity amplitude is significantly smaller than the soft X-ray one,
since the overall decrease in the UVW2 light curve is much flat-
ter than that in the soft X-ray one. The fractional rms variabil-
ity amplitude (Fvar) is 4.5% and 10.8% for the UVW2 and soft
X-ray band light curves, respectively. Paper I already showed
that the X-ray variability amplitude is larger toward higher en-
ergy. The UVW2 variability amplitude is consistent with the ex-
trapolation of the energy-dependent X-ray variability amplitude.
This is clearly seen from the top left panel of Figure 4 ( filled
circles), which shows a very good correlation between Fvar and
photon energy. The top left panel of Figure 4 (open circles) also
shows that the point-to-point fractional rms variability amplitude
(Fpp; see Paper I for its definition) depends on photon energy as
well. However, it appears that the ratio of Fvar to Fpp (bottom left
panel of Fig. 4) does not depend on energy, suggesting that the
slopes of the power spectral density (PSD) are probably energy
independent. Therefore, the smaller amplitude of the UVW2 va-
riability is connected to the smaller normalization of the PSD
amplitude compared to the X-ray one (see also Paper I).
The bottom left panel of Figure 3 shows the variations of the

HRs of the soft X-ray to UVW2 fluxes. The HR variations gen-
erally follow the flux variations, especially in the soft X-ray band.
This again indicates that the origin of the flux-related UV/X-ray
spectral changes is related to the soft X-ray variability as ex-
pected from the small UVW2 variability. This behavior is clearly
shown in the right panel of Figure 3, which plots the HRs as a
function of the soft X-ray count rates. We note a deviation of the

6 The HRs of the soft X-ray to UVW2 fluxes are obtained from the pn flux
most closely matching in time the UVW2 one. In fact, the pn and UVW2 light
curves can match exactly in time if one selects the pn exposure bins with the
UVW2 exposure time intervals. This, however, reduces the pn observation.

Fig. 3.—Orbit 174 observation. Left: The top panel plots the OMUVW2 (gray circles) and pn 0.2–0.8 keV (black circles) light curves normalized to their respective
averages. The bottom panel shows the variations of the 0.2–0.8 keV/UVW2 HRs with time. Right: The correlation between the HRs and the 0.2–0.8 keV count rates.
Both the light curves and the HRs are binned in 800 s. [See the electronic edition of the Journal for a color version of this figure.]
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correlation defined by the interval 174-1 (at high count rates) and
174-2 (at low count rates), showing a harder spectrum for the
174-2 period. This might be interpreted if a less variable and harder
emission component contributes more to the observed fluxes
when the source is in a faint state.

As in the case of orbit 087, the UVW2 and X-ray light curves
do not correspond to each other in time. We calculate the DCFs
to examine the correlations between the UVand X-ray emission
and determine any possible lags for the 174-1 and 174-2 expo-
sures, respectively. The DCFs between the UVW2 and the soft
X-ray light curves are plotted in the right panel of Figure 4. Both
of the DCFs peak around zero lag, and the maximum correlation
(rmax) is 0.81 and 0.58 for 174-1 and 174-2 DCF, respectively.
This indicates that the UVW2 and soft X-ray variations are cor-
related, as already suggested by the normalized light curves.
However, the two DCFs are not identical. The 174-1 DCF is
asymmetric toward positive lags. This indicates that the soft
X-ray variability may lag the UVW2 one over the long decaying
trend, while they may be simultaneous over short timescales.
The DCFs between the UVW2 and themedium/hard X-ray band
are more asymmetric toward the positive lags. This behavior is
very similar to what is obtained within the X-ray band, as pre-
sented in Paper II ( left panel of Fig. 6 in that paper). The 174-2
DCF is slightly asymmetric toward negative lags, indicating that
the UVW2 and the soft X-ray variations are almost simulta-
neous. We quantify the possible lag and its significance using
Monte Carlo simulations (Peterson et al. 1998). We calculated
the probability that the lag is detected as either a negative (soft)
or a positive (hard) lag. The results are listed in Table 2. A prob-
ability larger than 95% is considered as significant. Both the
uncertainties and the probabilities inferred from the simulations
show that the lags are consistent with zero for both the 174-1 and
174-2 intervals. However, this result should be taken with cau-
tion. The UVW2 light curve of orbit 174 shows a descending

trend but no features (peaks or dips) that could be ‘‘anchored’’ to
similar features in the X-ray light curve to define a ‘‘lag.’’ There-
fore, the ‘‘zero lag,’’ although formally present, could be induced
by a chance coincidence of the two ‘‘descending’’ long-term trends
in the UVW2 and X-ray light curves.

3.3. Orbit 362

The OM observations were obtained with three different op-
tical (V, B, U ) filters. There are five continuous exposures for
each filter in time sequence. The exposure time for each image is
800 s. Figure 5 reports, in time order, theV (gray filled circles),U
(gray open circles), and B (gray filled squares) light curves nor-
malized to their respective averages. The normalized V,U, and B
light curves can be roughly viewed as a single continuous optical
light curve given the limited wavelength differences. No pro-
nounced variability is evident in the optical.

The time coverage of the optical light curves partly overlaps
with the pn observation. Figure 5 also shows the normalized
0.6–0.8 keV pn light curve (black circles) binned over the 800 s

Fig. 4.—Orbit 174 observation. Left: The fractional rms variability amplitude as a function of energy over two different timescales (top). The upper Fvar points show
the variability amplitude integrated over timescales between the total observational length and�800 s, and are dominated by variations on timescales comparable to the
observation duration because of red noise variability; the lower Fpp points indicate the rms deviation between adjacent points (i.e., point-to-point rms), sampling
variability on short timescales (�800 s). Bottom: The ratio of the two rms spectra, i.e., the ratio spectrum. Right: The central �15 ks range of the DCFs between the
UVW2 and the 0.2–0.8 keV light curves.

TABLE 2

Time Lags and Probability

Lag
a

(s)

Probability
b

(%)

Observations rmax �peak �cent �peak �cent

174-1.................................. 0.81 542þ797
�2696 119þ438

�468 57.7 71.7

174-2.................................. 0.58 194þ916
�1791 85þ812

�834 69.8 53.6

a The lags are measured with peak (�peak) and centroid (�cent) method (see
Paper II ). The quoted values are the medians of the simulations, and the errors
are 68% confidence range with respect to the medians.

b The probability that the lag is detected as a hard lag.
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long OM exposure time. While the optical light curves almost
cover the period of the prominent X-ray flare, such a flare was
not detectable in the optical band.

4. DISCUSSION

In this work we present a detailed multiwavelength timing
analysis of PKS 2155�304 with the simultaneous optical /UV
and X-ray data obtained during three orbits of observations with
XMM-Newton. To our best knowledge, these are the most inten-
sive multiwavelength data gathered with different instruments
on board XMM-Newton for a blazar. In the following we sum-
marize and compare our main findings with those obtained from
the previous multiwavelength observations of PKS 2155�304,
coordinated with different telescopes, which might be crucial for
understanding the complex variability behavior of the source.

4.1. The XMM-Newton Multiwavelength View

The correlation between the UV and X-ray light curves of
orbit 087 (2000May 30–31) is not identical to that of seen about
half a year later, during orbit 174 (2000 November 19–20). The
light curves of orbit 087 appear to be dominated by multiple
small-amplitude flarelike events without a long-term trend, while
those of orbit 174 follow a long decaying trend, with superim-
posed short-term timescale events on it. Moreover, it is worth
noting that the orbit 174 observation may sample only a decay-
ing phase of a possible major flare. During orbit 174 the UV
variations closely follow the X-ray ones with no measurable lag,
while during orbit 087 the UV emission weakly correlates with
the X-ray one. This difference might be due to the smaller am-
plitude of variability in orbit 087 than in orbit 174, if indeed
small-amplitude variability is not correlated as strong as large-
amplitude variability events. Furthermore, the HR analysis shows
that the UV/X-ray spectra during orbit 087-2 are significantly
harder than those during orbit 174. Nevertheless, in both cases
the clear energy dependence of the variability amplitude found
in the X-rays can be extrapolated to the UV wavelengths. This
is consistent with what would be expected if both bands are dom-

inated by a single synchrotron component. The HR analysis in-
dicates that the UV/X-ray spectra harden with increasing X-ray
brightness during both orbits, although with different amplitudes
of spectral changes with fluxes. Finally, during orbit 362 (2001
November 30), the source did not show pronounced optical vari-
ability, while an intense X-ray flare (more than 40% variability
amplitude from minimum to maximum count rates) occurred in
the same time interval as the optical observations.

4.2. Comparison with Previous
Multiwavelength Observations

The XMM-Newton multiwavelength observations of PKS
2155�304 revealed that the UV variability may correlate with
the X-ray variability with no measurable lags in the two epochs
separated by about half a year. This is different from the complex
behavior of the correlations between the UVand X-ray variations
obtained from the two previous extensive multiwavelength obser-
vations of the source in 1991November and 1994May, coordinated
with IUE, Röntgensatellit (ROSAT ), ASCA, and ground-based
telescopes. During�4.5 days of observations in 1991 November,
the source showed highly correlated and achromatic variations of
small amplitude at optical, UV, and X-ray wavelengths, charac-
terized by multiple flares of roughly the same amplitude and du-
ration. The X-ray variations probably led the UVones by a couple
of hours (Edelson et al. 1995). In contrast, during�10 days of the
UVobservations in 1994 May with IUE and EUVE, and�2 days
of the intense X-ray observations with ASCA (this campaign also
involved observations with ROSAT and ground-based radio, in-
frared, and optical telescopes), the source showed a well-defined
flare whose properties strongly depend on photon energy. With
increasing wavelengths, the variability amplitude significantly
decreased, and the temporal profile of the flare broadened. The
variations at different wavelengths were strongly correlated at sig-
nificant lags, and the lags became larger with larger differences in
wavelengths. Specifically, the UV variations lagged the X-ray
ones by �2 days (Urry et al. 1997).
The first simultaneous multiwavelength campaign involving

very high energy (VHE) �-rays (with HESS) were performed in
2003 October and November (Aharonian et al. 2005b). The ob-
servations showed that the source was variable during a low state.
However, the VHE �-ray variations were clearly more intense
than those in the X-ray and optical bands, and no correlations be-
tween themwere detected over the timescales of the observations.
The XMM-Newton orbit 362 observation may repeat a similar
phenomenology on short timescales: a well-resolved major X-ray
flare was not followed by a corresponding optical flare.
The XMM-Newton observations are superior to the other mul-

tiwavelength observations for two reasons. (1) Because IUEwas
a geostationary satellite with 96 minute time resolution required
to get a UV spectrum, and ROSAT and ASCA were low Earth
orbit satellites (�1.6 hr period), the observations with themwere
characterized by low time resolution and/or periodical gaps.
XMM-Newton is a high Earth orbit satellite (�2 day period), so
the observations with it can be almost continuous. This implies
that the temporal resolution of OM is much higher than that of
IUE: the typical binning time is �15 and �96 minutes for OM
and IUE, respectively. (2) The signal-to-noise ratio of the pnX-ray
observations is much higher than those of ASCA and ROSAT.
However, the observation length is �1 day for XMM-Newton
and several days for IUE/ASCA. Therefore, XMM-Newtonmostly
characterized the intraday multiwavelength variability with the
highest temporal resolution, while the other coordinated UV/X-ray
observationsmainly emphasized extensive interdaymultiwavelength
variations of the source. If the 2 day delay of UV versus X-rays

Fig. 5.—Orbit 362 observation. The OM V, U, B (gray circles), and pn 0.6–
0.8 keV (black circles) light curves are normalized to their respective averages.
The light curves are binned over 800 s. [See the electronic edition of the Journal
for a color version of this figure.]
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were present during the XMM-Newton observations, it would not
have shown up because those were much shorter than 2 days.
However, it is also possible that the UV/X-ray correlation and
lag may change with time.

4.3. Physical Implications

The multiwavelength observations obtained so far showed that
the UV and X-ray emission of PKS 2155�304 have consistent
variability properties, i.e., the systematic dependence of the var-
iability amplitude on energy, from UV to X-rays, and the simi-
lar trends of the UV and X-ray light curves. These similarities/
consistences imply a common origin, plausibly synchrotron radi-
ation, for the emission in these bands. However, these observa-
tions also showed different patterns of multiwavelength variations,
namely, changes of UV/X-ray lags and detailed differences of the
UV/X-ray variability on the short timescales. These differences
indicate that the constraints on the radiation models would be diff-
erent at the different energy bands from epoch to epoch, requiring,
e.g., changes in the parameters characterizing the emitting region,
different mechanisms operating at different times, and/or different
dynamical timescales in the UVand X-ray bands.

In the simplistic homogeneous scenario, the synchrotron
emission is initiated by a single injection of high-energy elec-
trons in a magnetized volume, followed by energy-dependent
cooling: the higher the energy, the faster the cooling. An in-
stantaneous acceleration of high-energy electrons is a repre-
sentation of such injection. The observed variability properties
of the source will depend on the details of the acceleration (e.g.,
Katarzyński et al. 2005), and the energy that is first emitted will
depend on the balance between the acceleration and cooling
timescales of the relativistic electrons. Within such a scenario
attempts have been made to interpret the remarkably different
interband (especially X-ray) time lags detected at different ep-
ochs (e.g., Kirk et al. 1998). The energy-dependent amplitude of
variability is a natural result of the energy-dependent cooling.
When cooling is responsible for the variability behavior, the
observed soft lags—i.e., the low-energy variations lagging the
high-energy ones—provides a way to estimate the physical pa-
rameters of the emitting region (e.g., Zhang et al. 2002).7 In the
observer’s frame, we have

B�1=3 ¼ 209:91
1þ z

El

� �1=3
1� (El=Eh)

1=2

�soft

" #2=3

G; ð1Þ

where z is the source’s redshift, B is the magnetic field (in gauss),
� is the bulk Doppler factor of the emitting region, and �soft is the
observed soft lags (in seconds) between the low (El) and high
(Eh) energy (in kilo–electron volts), respectively. Equation (1)
implies that the larger the lag, the smaller the combination of B
and �. If, as often assumed, � (�10) does not change significantly
with time, the lag is closely related to B as B / ��2=3

soft . In order to
be confident about whether B does change significantly with
time, one needs proper measurements of the lags with observa-
tions obtained at different epochs. However, as we stated in x 4.2,
the UV and X-ray light curves obtained with XMM-Newton are
not comparable with those obtained during previous coordinated
multiwavelength observations. In particular, the XMM-Newton
orbit 174 observations may sample only the decaying phase of a
major flare, while the 1994 May campaign caught a complete
flare. The UV/X-ray lags measured from these two campaigns
may thus have different meanings. Therefore, it is still premature
to conclude that the significantly different UV/X-ray lags mea-
sured between the two sets of observations indicate intrinsic
changes of B.

Furthermore, the interpretation of the observed lags may be
very likely affected by, e.g., inhomogeneous emitting region(s),
such as in a stratified shock model or in an energy-dependent
volume. The achromatic multiwavelength variability showing a
quasi periodicity in 1991 November, at odds with the predictions
of simple synchrotron emission models, could even have been
caused bymicrolensing by stars in an intervening galaxy (Treves
et al. 1997) or associated with helical trajectories of moving
knots in a relativistic jet (Urry et al. 1993, 1997).

All the results appear to indicate that the variability behavior
observed so far does not provide robust constraints to test or
pin down the physical properties of the emitting region. Well-
defined major flares, possibly produced by a single variability
episode, might still provide the most favorable situation to probe,
e.g., any connection between the sign of the lag and the rise and
decay of the flux, and any relation between the lag (sign) and the
peak energy of the synchrotron emission.
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