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ABSTRACT

Aims. The X-ray—TeV connection and the evolution of the emittiragticle population is studied in high-energy peaked BL Lafeots, by
obtaining spectral information in both bands on sub-hauescales.

Methods. Simultaneous observations with HESShandraand the Bronberg optical observatory were performed on thé.d& object PKS
2155-304 in the night of July 29-30 2006, when the source nwetd a majory-ray outburst during its high-activity state of Summer 2006
This event took place about 44 hours after the other majdsuost of the night of July 27-28, which is known for its ultaf variability. An
unprecedented 6 to 8 hours of simultaneous, uninterrugeerage was achieved, with spectra and light curves mehsoren to 7 and 2 minute
timescales, respectively.

Results. The source exhibited one major flare along the night, at higligges. They-ray flux reached a maximum ef11 times the Crab flux
(>400 GeV), with rise/decay timescalesof hour, plus a few smaller-amplitude flares superimposederdécaying phase. The emission in
the X-ray and VHEy-ray bands is strongly correlated, with no evidence of |lage spectra also evolve with similar patterns, and are a\saft
(photon indexX™>2), indicating no strong shift of the peaks in the spectrargy distribution towards higher energies. Only at the flae&imum

is there evidence that theray peak is inside the observed passband,4@0—600 GeV. The VHE spectrum shows a curvature that ishlaria
with time and stronger at higher fluxes. The huge VHE vaneip-22x) are only accompanied by small-amplitude X-ray and optieailations
(factor 2 and 15% respectively). The source has shown fofittsietime in a high-energy peaked BL Lac object a large Commtominance
(Lc/Ls ~10) — rapidly evolving — and aubicrelation between VHE and X-ray flux variations, during a géeg phase. These results challenge
the common scenarios for the TeV-blazar emission.

Key words. Galaxies: active - BL Lacertae objects: Individual: PKS24304 - Gamma rays: observations - X-rays: galaxies

1. Introduction

Send offprint requests 1o luigi.costamante@stanford.edu orAmong blazars, high-energy peaked BL Lac objects (HBL,;
Rolf.Buehler@mpi-hd.mpg.de [Giommi & Padovani 1994) are characterized by the highest en-

* supported by CAPES Foundation, Ministry of Education offira ergy particles and most violent acceleration processethdn
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X-ray band, they have shown extreme spectral properties (smubling timescale) was not accompanied by detectabla-vari

e.g.,| Costamante etlal. 2001) and variability (e.g., Mkn,50tions in theRXTEband [(Krawczynski et al. 2004). True orphan
| 1998). At very high energies (VHE100 GeV), dou- events are quite difficult to explain with a standard SSCaden

bling timescales as short as a few minutes and flux variatiodswever, the generally sparse sampling does not allow the ex

of a factor of 10 in less than one hour have been observeldsion of lagged counterparts (Btazejowski et al. 200%)0win-

(Aharonian et dl._20074; Albert etlal. 2007). Their spectral terparts emerging in a different energy band (Krawczynsélle

ergy distribution (SED) is dominated by two broad peaks, 12004).

cated at UV-X-ray frequencies and in the GeV-TeV band. Their 2) Mkn 421 exhibited a quadratic relation between VHE and

overall properties and behaviour have been most succhssfiy-ray flux variations during both the risirand decayinghases

— though not exclusively — explained as synchrotron and igf a flare (Fossati et 04, 2008). This is not expecteldeif t

verse Compton (IC)demission froT a pog)ulation olf relativissource is in the Klein-Nishina (KN) regime.

tic electrons (see e.d., Ghisellini et al. 1998; SpadaléG.; - : Nk

Sikora & Madeiskil 20017 Ghisellini et al. 2002: Guetta tal A blazar is generally said to be “in the Klein-Nishina

?_gime” when the observegray emission is produced by TeV

2004, and references therein), which upscatter their o - - )
self-produced synchrotron photons (synchrotron seif-6 WiEctrons which do not upscatter their own self-produced sy

— : chrotron photons — since inhibited by the smaller crossia®c
;[Konig[1981] Maraschi etldl. 1992; Bloom & Mars¢ : \ :
SSC;LKoniglL1981] Maraschi etial. 199 _BIoom&Mars he6f the KN regime — but upscatter in the Thomson regime lower-

[1996) or external photons produced by different parts of % ergy photons produced by lower-energy eleciqase e.g

. - Ghisellini I . . el .g.,

jet (Georganopoulos & Kazar . . 200 [._1998). This condition changes the mapping o
Target photons can also be provided by the accretion disk synchrotron and Compton components, so that the twaspeak
broad line regl 'IC.)'IL(-S-LKQL&-QM 93 BLR%MM) or by a dusty tormg(grg[e not produced by electrons of the same energy. In this situ
1094 Wagner & Witz& 1995: Sikora eflal. 2002). In generél, ion, the VHE emission tends to track the X-ray synchrotron

. P ariations only linearly instead of quadratically, altiytwa flare
of these seed photons can contribute significantly to theymro ; - - :
tion of the observed SED, according to their energy denaity that is achromatically extended over a sufficiently widergpe

. . fange can still yield a quadratic increase (Fossatilét 8RO
f[hte comgxclfng franj[e. Ian.Blla hO\é)vet\;]e:j,.thetllaﬁk of e\f'dggﬁ qf?owever, the energy dependence of both synchrotron and IC
Intense difiuse external Tields (bo Irectly from aimaosa- cooling (x +?) prevents this relation during the decaying phase:
tureless optical-UV spectra and from Tebrays transparency ince higher-energy electrons cool faster than lowerggnelec-

arguments) has favoured the SSC model and external Com s. thev see a rouahlv constant seed-photon ener ensi
process on photons from different parts of the jet as the mog uIt’ing i% a mostly Iigeayr decrease. A qugdratic decre%aylstsg

likely channels. be achieved by imposing the strict Thomson condition, bat th

Prov!ding wo ha”d'?s on th? one electron diStril?UtiOQeems to require extremely large beaming factors for Mkn 421
responsible for both emissions, simultaneous obsention s [ 2005; Fossati eflal. 2008)

the X-ray and VHE bands represent both a powerful diag- To investigate these issues, a multiwavelength study ef sin

nostic tool and a very stringent testbed for the model itselﬁ - .
(Coppi & Aharonial 1999), especially during large flares whed'€ flares is essential. Although many efforts have been rade
gh|eve a good sampling, so far the short variability tiraéss

the emission from a single region is expected to dominate t o -
SED. Alternatively, hadronic scenarios explain theay peak ﬁave been d|ff|cu_lt to study, because of the lack of SG”B‘F“’“
the past-generation of IACTs. However, these are extreimely

i i 19 .
gebglamdﬁmgﬁ;o ev. teresting timescales: the results of HEGRA on Mkn 421, fer ex
g : i - ample, have already revealed an entire “zoo” of intra-nilginés
Imaging atmospheric Cherenkov telescopes (IACT) provu%ﬁ?h different rise and decay times (Aharonian &1 al, 2001b)

a unigue chance to study rapidly-variable sources-edy en- ".~ ° X e
ergies, thanks to their large collecting area. Multiwvauglf dicative of a complex interplay between accelerationdijen

campaigns performed on a few very bright sources (namé”wd cooling processes (eb“wmggg) )
Mkn501, Mkn421 and 1ES1959+650) have shown that X- When the IACT array HESS became operational, a project
ray and VHE emission are generally highly correlated (e.gvas therefore developed with specific ToO proposals, tcstive
Pian et al.[ 1998] Djannati-Atai_etlal. 1999: Aharonian et afate the fast variability imescales with a whole night (Be8irs)
[1999H,a[ Sambruna et al. 2000; Krawczynski ét al. PD02,[20®4 continuous, simultaneous observations during a brigray
[Btazejowski et al. 2005; Giebels etlal. 2007; Fossati @&2@08), State. To achieve this ainGhandrawas chosen because it is
down to sub-hour timescales with no evidence of significags| the only X-ray satellite capable of a full coverage of the entire
(Maraschi et di. 1999; Fossati etlal. 2004, 2008). Moredher, HESS visibility window during most of the year, and without
correlation seems to tighten when individual flares can g futhe interruptions on sub-hour timescales which are typatal
sampled|(Fossati et! 08). These results provide ssopg low-orbit satellites. The efforts paid off in July 2006, whthe
port to the idea that both emissions during flares are pratiuddBL PKS 2155-3044=0.116) became highly active at VHE,
by a single electron population (“one zone” SSC scenario). With a flux level a factor of-10 higher than its typical quiescent
On the other hand, the same campaigns have also unveildtyg 0f ~4 x 10" cm™?s~! above 200 GeV. PKS 2155-304 is
more complex and puzzling behaviour, which represents la chi@he of the brightest and most studied BL Lacs in the Southern
lenge to the SSC scenario. Two main problems have recer{ﬂgm'Spherev at every wavelength, and it can be detected by
emerged: HESS on almost a nightly basis since 2002 et al

1) the X-ray and VHE emissions do not always correla0058.b, and references therein).

(e.g., in Mkn 421 Btazejowski et &l. 2005). In particulsiE

flares seem touoccur %ISO without any visible X-ray counter-t ngte that this case is different from the condition where abe
part (50'05_‘”9d orphan” flares). The most St“k_lng exantile  servedy-rays are indeed produced by IC-scatterings occurring én th
been provided by 1ES 1959+650 during the high state of 20@ein-Nishina regime, or when the cooling itself is detemetd by
when a strong$ 4 Crab) and rapid TeV flare (7 hours ofKlein-Nishina losses, see e.g.. Moderski étlal. (2005).
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In the first days of activity, ToO observations were also-trigvith no ~-ray signal. In the analysis shown hetepse cuts
gered for other X-ray satellites suchRXTEandSwift to sam- and the reflected background method were applied for back-
ple the source behaviour over several days and weeks. Tihergriound substraction_(Aharonian et al. 2006b). Light curmd a
the early hours of July 28 2006, a giant outburst occurred sptectra were derived following the standard HESS analysis a
VHE (~100x above the quiescent level), with a peak flux oflescribed in this reference.

15 Crab above 200 GeV (corresponding to 9.9 Crab above 400 HESS observed PKS 2155-304 throughout the night of July
GeV) and repeated flares with doubling timescales of few mip9-30. A total of 15 runs (each 28 min long) were taken, all
utes (Aharonian et al. 2007a). Unfortunately, this dramatit- passing the standard quality criteria specifi.
burst occurred too early with respect to the already-trigdéut  (2006b). The total lifetime after dead-time correction$i§8
not-yet-started X-ray observations (which were acquirednf hours. A ~-ray excess of 32612 events was detected with
the night after). Therefore, the event of most exceptiomalVv a significance of 254 following Equation 17 in__Li& Ma

ability remained without multiwavelength coverage. (1983). The excess is point-like, taking into account thipo
Two days later however, on the night of July 29-30, thepread function of HESS, with a best fit position@fyoo =
source underwent a second major VHE flare, this time in ce1"58™52.6° + 0.1%,,, + 1.35,,, da000 = —30°13'29.8" +

incidence with our planne@handra-HESS ToO campaign, andy g7, + 207 . consistent with the position of PKS2155—

A . . . sys?
with the further coverage in the optical band provided by t 4 (o0 = 21"58M52.0651%, 62000 — —30°13/32.118"";

Bronberg Observatory in South Africa. Snapshot obsernatiqm [1998). Because of the Ion ;
X X ; . . g duration of the observa-
of few ks were also taken witRXTEandSwift This second out- tions, the zenith angle of the source varied strongly dutireg

burst has reached even higher fluxes than the firstoaé Crab . - L ;
LR . night, going from 53 at the beginning, to 8at the middle,

above 400 GeV). As a result, in this single night the mostéeng v\ 1 50 at the end of the night. Observations at larger

and sensitive X-ray/TeV campaign to date was obtainednduri

. enith angles imply a higher energy threshold of the anslysi
one of_the brightest states ever ob§erved from an HBL at \(Héor the ot?servati%r}:s disgussed he?g the energy threshdmi//a
This paper focuses on the multiwavelength results of this

. , X ; Hetween 200 and 700 GeV for the applied energy reconstruc-
_(lz_(;ptlonalltrngf}t,thpreS(hen}lng\;/SeEw O{.)t'.fal’ g(Prgé %Tég/ ';5 4dgtﬁon (Aharonian et dl. 2006b). This results in a tradeoffssn

e results of the whole activity o — e; : ; ;
tween July and October 2006 will be presented in forthcomi energy and time coverage for the analysis, as we discuss late
papers, together with the overall multiwavelength coverag

Since this is a very rich and complex dataset, the data h
been divided into several subsets of different time winddas
highlight specific aspects (e.g., different VHE threshpldge-

gration times, or X-ray coverage). These subsets and @i r
nale will be introduced in the relevant Sects., but a sumristry background rates in regions off the source. The differéatia

with corresponding time windows is given in Talile 1, for ref S
erence. Throughout the paper, the following cosmologieal pergy spectrun®(E) of PKS 2155-304 at VHE energies is gen-

_ _ lly steep, with a photon index of about 3.4 in a power-law
rameters are usedi, = 70 km s~! Mpc—!, QO = 0.3, and era < .
- . o del®(F) = dN/dE = ®,E~" (Aharonian et dl. 2008a,b,
Qx = 0.7. Conforming to the convention adopted in all pr mo . :
; ot e P 20074). The systematic error in the energy scale of the detec
vious HESS publications, unless otherwise indicated ratire ' the)refore tryansforms into an error “%%//0 i the overall
are given at the & confidence level for one parameterofmtere%ﬁJX normalization. The systematic error in the slope of dif-

give onfidence
(Ax* = 1.0). For simplicity, in the text the values of MJD areg o o) energy spectra is0.1 for the photon indexX' (see

"9 HESShasa systematic uncertainty in the normalizatiorsof it
KReray scale 0f&215%. The main source of this systematic error
aré uncertainties in the atmospheric conditions (for a ndere
tailed discussion see Aharonian etial. 2006b). During tig@tni
the atmospheric conditions were stable. This can be vetified
timescales shorter than one minute in the overall triggeraad

given as MIJD= MJD-53900. Aharonian et al. 2006b).
2. Observations and data reduction 22 Chandra
2.1. HESS PKS 2155-304 was observed wi@handra (Weisskopf et dl.

HESS is an array of four Imaging Atmospheric Cherenkd000) for a total duration of 30 ks with the Low Energy
Telescopes located in the Khomas Highlands of Namibiag23 Transmission Grating (LETG) spectrometer coupled with the
15°E, 1800 m a.s.l.). Each telescope has a surface area of #§4S-S detector (Obsld 6874; set-up with 1/8 subarray antt 6 a
m? and a total field of view of 5 A camera consisting of 960 tive chips, for a 0.7 s frametime). Because of difficultiepliac-
photo-multipliers is located at the focal length of 13 m. EEadng our constrained ToO observation within t@handrasched-
camera images the dim Cherenkov flashes from air-showersits, the observation started later than requested, migisiniiy st
VHE ~-rays in the atmosphere, collected by its mirrors (for morke 7 hours of the HESS window. Unfortunately, the main flare oc
details about the layout of the telescopes, Isee Eéféi@} etcurred in the first few hours of the HESS window. As a result,
(2003)). The camera images are calibrated following the prée rising part of the main VHE flare has no X-ray coverage.
scriptions in_Aharonian et al. (2004). The stereoscopiw\vié Data reduction was performed according to the standard
the air showers allows the reconstruction of the directibthe CXC procedures, using the CIAO software version 3.4 with the
primary~-ray with an accuracy o£0.1° following method 1 of corresponding Calibration Database CALDB version 3.3 an
Hofmann et al.[(1999). HEASOFT v6.3.2. Event files on timescales as short as 2 min-
The recorded signal in the field of view is dominated by thetes were obtained usirgntopy, which propagates all dead-

constant background from hadronic cosmic rays enteringthe time corrections correctly. Grating spectra were thenaetéd
mosphere. Most of the hadronic background can be identifiaith t gext r act and their ancillary files were generated with
from by the shape of the shower images and the arrival dinectif ul | gar f for each arm; then added together to obtain the first-
of the recorded showers. The remaining hadronic backgroumrdier spectrum. The scientific analysis was completed mam|
can be statistically removed by estimating it from sky regio the first-order spectrum, because of its higher S/N and photo
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statistics. A check was performed that the centroid of thes® 2.3. RossiXTE

obtained from the zero-order image was indeed coincidetht wi . . . .
the coordinates of the source on the detector. The respoase fie Part of the ToO campaign for a daily monitoririgossiXTE

: : : : _(Jahoda et al. 1996) pointed PKS 2155-304 twice during the
trix was produced usingkgr nf applied to the entire observa u ;
tion, since no difference was found from files created inedgtht  Mght of July 29-30, for a total exposure s22.6 ks (44 min-
epochs during the night. The analysis was optimized and pif€s)- Figl2 shows the epochs of RETEwindows with respect
formed only on the continuum properties: the study of thaltotimgew?xggawsHoEf%ﬁécv?f?a;‘gjsrglr'ggtﬁgxr\_’rehsé tl(;%g[rhi?srxgql;sg f
grating spectrum at its highest resolution is beyond thesad o : - : . ;
this paper and is left to future publications. The backgrband Nd discussed in_Foschini ef &l. (2007). Since $heft pass-
source spectra in each time-bin were then extracted wittogle 22nd mainly overlays th€handraband, we focus only on the
t g_bkg for use in XSPEC. RXTEspectrum, to extend the X-ray spectrum in theT hard band.

"The hundreds of spectra (one for each time bin, down to Ehe dat@ reduction and analysis were perf_ormed using FTOOLS

minute bins) have been routinely fitted in XSPEC version JZL.3V6'3‘2 with the standard procedures and f_||_ter|ng crite¥Gm-
using a source model plus photoelectric absorpti@bs), with mended by th&RXTEGuest Observer Facility a.fter.September
the equivalent hydrogen column density fixed at Galactioesl 20070. For a more accurate spectral determination, only the

(Ng = 1.69 x 1020 cm~2; Dickey & Lockmah 1990). This is PCU2 data were considered. The average net count rate from

; " i d at 6 cts/s/pcu, in the 3—20 keV band.
also theNy value obtained from the best fit to the total exposugge SOUrce IS measure PeE ;
with free absorption, to within 1 sigma. The integrated fluda gEeR(i(TEspectrum was thg? f'tte% in XSPEC togetgef W'tg
its error were calculated from the spectral fit using the gjec theChandraspectrum extracted from the same time window, 0b-

error routine in XSPEC. The error in the unabsorbed flux w. %mng a spectral measurement over two decades in enefy (0
then obtained from the percentage error of the absorbed. keV_). W_'thOUt. ad_Just_ments, the two specira have_ verylarrm
results of this procedure were later checked to be fully sterst normahzatlons., indicative of a very good inter-caliboatibe-
with the values from the specific Tcl routifié uxer ror . t ¢l tWeen the two instruments. To obtain the most accurate spect

recently provided by HEASARC with XSPEC v12, for Ca|cu|atgjheterrrllination, thERJ(;IJ'E]{_Chandhranormalizationl was ﬁ)éle? at h
ing the error in the flux from single components of the m;olelt e value measured Dy fitting the same power-'aw modet in the

In the following, all X-ray fluxes are quoted as unabsorbed vaVerapping energy range (37 keV), namely 1.08 (see[Sjt. 4

ues. The time analysis was also performed using the direcitco

rate and its error in the energy band of interest, for eack-timp 4. Optical data

bin, obtaining fully consistent results. The average caaité

observed from PKS 2155-304 in the LETG is 8 cts/s, rangitgptical observations in the V filter were performed using the

between 12 and 6 cts/s. These count rates allow the spettea t82 cm Schmidt-Cassegrain telescope at Bronberg Obseyyator

extracted down to 2—4 minute timescales with typically zo0dPretoria, South Africa (seee Imada etlal. 2008, for detaitsuab

2000 counts each. For the observed flux, the grating speatradpservations of variable sources with this telescopejerAde-

not suffer from pile-up problems: the total fraction of pitep biasing and flat fielding, data were analyzed using relajper-a

events estimated at the peak of the effective area (1-2 kal/) 4ure photometry with a K-type star of similar magnitude @)2.

source peak flux is less than 5%. Frames were taken every 30 s and then smoothed over 6 succes-
One of the calibration issues with the ACIS instrument iglve data points to calculate the mean value in each bin. Each

the excess absorption seen below 1 keV due to the buildR@nt of the optical light curve therefore has a time durat

of contaminants on the optical blocking filter. These coritanr~180s. ) ) o

nants (thought to be carbon compounds) cause a significant ab The comparison with the reference star shows that the rise in

sorption in the 0.3-0.4 keV range, which is taken into actou@ptical intensity is highly significant. The K-star lightrve is

by the calibration but which also severely reduces the counstant with an intrinsic scatter in the datapoints — usiey

rate in that range, yielding very few counts during shortaxpsame smoothing procedure — §0.02 mag. The errors were

sures. Therefore, for the spectra extracted on 2 and 4 mindgtermined from the variance of each 6 successive dataspoint

timescales, the interval 0.3-0.4 keV was excluded fromtiad-a for both the source and reference star. No time variabifitthe

ysis. At high energies, data were included in the fit up to the eintensity of the reference star is seen. The optical fluxeewe

ergy where positive net source counts were present. As & resgprrected for Galactic extinction withyA=0.071 mag.

short-timescale spectra were fitted in the range 0.23-0.8 &+

6 keV, while longer-exposure spectra could be fitted fron3 @2

8-9 keV. The spectra were generally rebinned to have more tha

30 counts per bin, using different schemes. A fixed coarse bin )

ning was used for all the spectra on short timescate§ min- 3. Temporal analysis

utes). Various checks have shown that, within the unceigsin 3.1 TeV light curves

the obtained results are independent of the adopted relginni =~ 9
The analysis of the totalhandraexposure shows evidenceThe measured VHE light curve in two-minute time bins is shown

of a slight residual excess absorption in the 0.3-0.4 kegeanin Fig.[1, divided into five different energy bands. The tinoec

not yet fully accounted for by the calibration. The effecdsall, erage increases with threshold energy, due to the aforésnent

and does not affect the fit values significantly. Nevertrglegenith-angle effect. A full coverage of the observationhisst

it was taken into account by simply adding an edge model @ached for an energy threshold of 700 GeV, while light csrrve

the carbon K edge, 0.31 keV, with a fixed valuerof= 0.4. (and spectra) down te300 GeV are obtained only for the cen-

These are the best-fit parameters obtained from the fit obthe fral five hours of the observing window (see Table 1). The dif-

tal Chandraspectrum (see Se€t. 4.2). ferent time windows have therefore been labelled accortting

2 see http://xspec.gsfc.nasa.gov/docs/xanadu/xspesrarhtm) 3 See http://www.universe.nasa.gov/xrays/programspxegdoc/bkg/bkg-2007-


http://xspec.gsfc.nasa.gov/docs/xanadu/xspec/fluxerror.html
http://www.universe.nasa.gov/xrays/programs/rxte/pca/doc/bkg/bkg-2007-saa/
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Fig. 1. VHE fluxes integrated in different energy bands, as a functibtime, in time bins of two minutes. The time windows
corresponding to the different energy thresholds are givérable[1 (labelled accordingly, from top to bottoi200 to T700).
The dotted lines mark the positions of rapidly varying egeni-top of the main flare (see text).

the respective energy thresholds (frdi@00 to T700), for ref- Nebula flux (Aharonian et al. 2006b) above the same threshold
erence. This peak flux is about 20% higher than the peak flux measured
The source underwent a major flare in the first hours of oguring the night of July 27-28, above the same threshe# (
servation, reaching a peak fluxe8.9 x10-1° cm=2s! (>400 Crab,~8 x10~'® cm~2s~! >400 GeV). The fluxes measured
GeV) at MJD45.90, corresponding te-11 times the Crab in these two nights (July 27-28 and 29-30) are the highest eve
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Table 1. Summary of the subsets of VHE data used in this paper (MMID-53 900).

Labef MJD*start MJD'end Duration En.thres. Ffty. Sect® notes
[hrs] [GeV]

T200 45.934618 46.107844 4.16 200 O1 8§31
T300 45913536 46.129121 5.17 300 01 §31
T300- X 45.923252 46.129121 4,94 300 [0 6 §3.3  T300 with X-ray coverage
T400 45.892483 46.150125 6.18 400 01 §3.1
T500 45.871450 46.171258 7.20 500 01 §31
T700 45.850393 46.171258 7.70 700 01 §31
T400- Peak 45.896643 45.920474 0.57 400 [0 8 §4.1  spectrum at the peak of VHE flare
T300- H gh 45.913530 45.970312 1.36 300 [ 7 §4.1  Average high-state spectrum insi@ig@00.
T300- Low 46.013252 46.129166 2.78 300 [0 7 8§4.1  Average low-state spectrum insi@800.
T300- Xmax 45.922130 45.944699 0.54 300 [0 2 §4.2  Highestsimultaneous X-ray/VHE state.
T400- Xm n  46.100000 46.150000 1.20 400 0o 2 84.2 Lowest simultaneous X-ray/VHE state.
T300- RXTE 46.016846 46.033328

46.084624 46.098698 0.73 300 0o 2 84.1  Sum of the 2 intervals with RXTE coverage.

& The T-label corresponds to the VHE energy threshold of thtagbt.
® Figure where the time intervals are indicated and the Sewravthey are first introduced.

observed at VHE from PKS 2155-304. The total amplitude tfiat the extrapolation from 500 GeV does not introduce diffe
flux variation during this night was about a factor-e20, above ences of more thar-2%. The 0.3 TeV fluxes were then cor-
400 GeV {400 covers both the highest and lowest flux epochs)ected for the absorption effect caused-y interactions with
similar to the flux variation observed in the night of July 28— the Extragalactic Background Light (EBL), using the model b
(~23x). [Franceschini et all_(2008) (discussed in Sect. 4.1.1). Gdrise-
The main flare seems to occur with similar rise and deponds to a low density of the EBL, close to the lower limits
cay timescales, of the order of 1 hour (half-to-maximum anebtained by galaxy counts. The plotted fluxes therefore @n b
plitudes, measured using a “generalized Gaussian” fumetgo considered as lower limits to the intrinsic VHE emissionfuod t
in |Aharonian et all_2007a). After the peak, the VHE flux desource. The X-ray fluxes at 0.3 keV were calculated with the
creased overall during the night reaching its minimum adouisame procedure, using the power-law spectrum fitted in efach o
MJD*46.12, but with two other smaller-amplitude flares supethe individual bins. Anticipating the result that both thelz and
imposed: a short burst around M5.96 of duration~20 min-  X-ray spectra are steep$2; see Sect. 4), the plotted"), fluxes
utes, and a longer flare or plateau between KMIEDO and 46.1, — at the low-energy end of the respective passbands — prawide
with a duration of 2—3 hours. estimate of the emission closer to the respective SED pbaks t
In addition, two further sub-flares are evident in all covthevF, fluxes in the hard band.
ered energy bands, around M3#5%.885 and MJDP45.920 (dot- Several remarkable features can be noted. The first is the
ted lines in FiglL). These structures have a durationId min, huge difference in amplitude between the variations in tineet
similar to the flares of the night of July 27-28. Although therenergy bands. In few hours, the VHE flux changed by more than
are hints of even shorter variability (few minutes), then#fig an order of magnitude, whereas the X-ray flux varied by only a
cance is limited. factor~2 and the optical flux by less than 15% (the contribution
of the host galaxy is negligible, see Sect. 6.3). The sourgs t
shows a dramatic increase in variability with photon energy
Secondly, the VHE emission dominates the energy output
The combined VHE, X-ray and optical light curves are showdy far in the three bands. In Figl 3, the comparison between th
in Fig.[2 andB. Significant flaring activity is visible in airee 0.3 TeV and 0.3 keV fluxes shows the evolution of the Compton
bands, but with different amplitudes. To emphasize theifipec dominance of the source, i.e. the ratio of the)l€ay luminosity
variability patterns, the vertical scales in Fig. 2 wereusthd to the synchrotron powet(/Ls). The~-ray luminosity dom-
differently for each band. Fi@] 3 shows instead the lighvear inates the synchrotron luminosity by a facteB close to the
on the same flux scale, but withvd,, representation. They cor-flare maximum, evolving rapidly towards comparable levels a
respond to slices of the SED at the three energies of 0.3 Téwe end of the night. This is the first time that such high and
0.3 keV, and 2.25 eV (i.e. 55@0. In this way, it is possible to rapidly variable Compton dominance is observed in an HBL, ir
highlight the overall changes and time evolution SED-wise. respective of the choice of EBL density. The swiftness of the
The 0.3 TeV fluxes were calculated from the integrateghanges in the-ray emission and SED properties also under-
>300 GeV light curve T300 window) using the average lines the danger in modelmg X-ray and VHE data tak_en even
power-law spectrum measured in the respective epochs (pamenly a few hours apart, during such events. As shown in[fig. 2,
the T300- Hi gh spectral index in the high state, and th&othRXTEandSwift observations occurred when the Compton
T300- Low index elsewhere, see Sect. 4.1). The same proéeminance had already decreased significantly.
dure was used to calculate the 0.3 TeV fluxes from &0 Thirdly, despite this difference in amplitude, the X-raydan
GeV light curve 500 window), during the epoch not coveredvVHE light curves are strongly correlated, with the X-ray smi
by T300 (empty circles in Fid.13). A comparison with the resultsion following closely the same pattern traced by the VHEtlig
of the >300 GeV light curve in the overlapping window showgurve (see next Sect.). The optical light curve, insteadsduot

3.2. Comparison with X-ray and optical light curves
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Fig. 2. Overall light curves of PKS 2155-304 in the night of Juljémarkable difference of the amplitudes and the dramaaiuev
29-30 2006, as seen by HESE700, upper panel)Chandra tion in the VHE/X-ray flux ratio. HESS_data (bIack): filled <ir
(lower panel, blue circles), and the Bronberg Observatopy ( cles are fluxes calculated from tA800 light curve (integrated
tical V band, red squares). Time bins of 4 minutes (3 for ttfgPOVe threshold); empty circles from th800 light curve (see
V band). The segments on the upper x-axis also show the tff§D)- The 0.3 TeV fluxes are corrected for intergalagtig ab-
intervals corresponding to theXTE exposure (R label), and SOTPtion with a low-density EBL model, while both X-ray and
the two intervals of theSwift pointing (S label) reported in optical fluxes are corrected for Galactic extinction£0.071).
Foschini et all.[(2007)The vertical scales diffein each panel,
and have been adjusted to highlight the specific varialypitty

terns. Lower panel: the left axis gives the integrated k&6 [1988). The error in the measured time lag is determined by sim
flux, the right axis gives the V-bandF, flux at the effective fre- ulations. Ten thou;and. I'ght. CUTVes were gerjerated by naryl
quency 550QR: both are in units of erg cm? s—'. The vertical each measured point within its errors. The_ent|re_ cormlmrp—_
line marks a visual reference time for the start of both the of€dure was repeated for each of these simulations, regutin
tical and VHE flares. The shaded bands mark the time inter gross correlation peak distribution (CCPD). The RMS of the
where theT300- Xmax andT400- Xmi n dataset are extracted©CPP then_ provides an estimate of the statistical error & th
(highest and lowest X-ray/VHE state; see Table 1). measured time lag (Maoz & Netzer 1989; Peterson et al. 1998).
The time binning of the light curves and the DCF introduces an
additional systematic error. The latter was estimated t8(he
) . by injecting various artificial time shifts into the origindHE
correlate on short timescales with the other two bands. Kewe photon list, smaller than the duration of the time bins, agd b
there is a rise ofv15% in flux, which appears to begln at themeasuring the relative shift of the CCPD.
same time as the_: main VHE flare. A conservgtwe estimate of the at VHE, the analysis was performed on the simultaneous
chance probability of coincidence —considering only th&dd  jight curves between 300-700 GeV and above 700 GeV in two-
this night—is of the order of a few percent. We discuss in -Seﬁginute time bins (Figz1). This choice yields a good compseni
8.2 the possible implications if this simultaneity is geTeui between event statistics, time coverage, and a maximunggner
difference between the bands. The resulting time lag betwee
the higher and lower energy band is 280y, £ 30sys) S (see
Fig.[4). This time lag does not differ significantly from zees
The degree of correlation and possible time lags between difr the flare of two nights before (Aharonian etlal. 2008b)] an
ferent light curves have been quantified by means of crosge derive a 95% confidence upper limit of 129 s. This value
correlation functions. The correlation analysis was penfed was calculated by assuming a Gaussian probability digioibu
between X-ray ang-ray light curves and between hard and sofiround the measured time lag. The width of the distributias w
energy bands within each passband. As main tool it was usst to be the linear sum of the statistical and systematar,err
the discrete correlation function (DCF) frdm Edelson & Kkol to be conservative. Afterwards symmetric intervals aroze
(1988). The DCF is especially suited to unevenly spaced, dateere integrated, until a 95% containment was achieved.
such as the VHE light curves, which have gaps of a few min- Inthe X-ray band, an analogous procedure was applied. The
utes every 28 minutes between the stop and start of congecutdtal Chandralight curve was divided into a soft (0.2—1.0 keV)
runs. The time lags between light curves are determinedtioebe and hard (2.0—6.0 keV) band. Because of the larger errors, in
maximum of a Gaussian plus linear function fitted to the @@ntrthis case 4-minute time bins were used. The measured time lag

peak of the DCF. This procedure is robust against spuricaisgeis (-82 + 202,+ £ 30y ) S. This value again does not differ
b

at zero time-tag caused by correlated errors (Edelson &ilkrokignificantly from zero, resulting in a 95% upper limit of 482

3.3. Inter-band time lags
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Fig. 4.Cross-correlation analysis of the hard versus soft band€a2—6 keV band.

VHE (upper panel) and at X-ray energies (lower panel). Upper

panels: (a) DCF of the 300-700 GeV and th#00 VHE band. . ) -

The line around the peak shows the best fit Gaussian plus 0+ 76sa: + 30sys) S, yielding a 95% confidence upper limit

ear function, with a maximum at 28 s. (b) Corresponding cros® @ time lag of 208 s. To test whether this result was caused by

correlation peak distribution (CCPD) of 10000 simulateghti &" averaging of lags with opposite signs, the correlatiayan

curves. The RMS of the distributions is 30 s. The dotted lindS Was also performed on sub-intervals, namely in thevater
marks the position of the maximum in (a). Lower panels: ( round the first small flare at MJB5.96 (MJD 45.94-46.0) and

DCF of the 0.2-1.0 keV and 2.0-6.0 keV X-ray band. The lingler MJD46.0. The two er_nissions are again highly correlated
around the peak shows the best fit Gaussian pius linear amcti(PCFmax ~ 0.9), with no evidence of time lags. The strong cor-
with a maximum at -82 s. (d) Corresponding CCPD of 10 ogglation is determined not merely by_ the oygrall decayiegdr
simulated light curves. The RMS of the distributions is 202 & both light curves, but also by their specific patterns: a/DC

The dotted line marks the position of the maximum in (c). max value of~ 0.7 — 0.8 is _stiII obt_ained after Whit_ening the
light curves by removal of either a linear or quadratic tred

the shortest timescales4—8 minutes), however, the VHE light
‘ " = ‘ ; curve shows few small flares apparently not mirrored in the X-
@ ol ©® ! ray band (see e.g. MJ@5.925 and 46.060 in Fif] 6). Although
this might indicate a more complex correlation on the fdstes
timescales, at present no firm conclusions can be drawrg sinc
the significance of these structures is low.

The correlation analysis was also performed using the task
CROSSCOR of the Xronos 5.21 package, which measures the
correlation function (CCF) with a direct Fourier algorithirhis
algorithm requires a continuous light curve without integrr

DCF
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3003 3005 10000 "1a06™ 2000”3000 “506"200"106™0" 105305~ 306 tions, therefore the few gaps were filled with the running mea
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value calculated over the 8 closest bins (e.g.. Ravasid et al
Fig.5. Cross-correlation between the X-ray and VHE ligH2004). The results are fully consistent with the DCF analyisk
curves: (a) DCF of the-300 GeV light curve and the LETG 0.2—dicating that the small gaps in the VHE light curves — the X-ra
6 keV band.The blue line shows the best fit Gaussian plustlindight curve is continuous — do not introduce significant afist
function, with a maximum at -10 s. (b) Corresponding cros$ions for such well sampled data.

correlation peak distribution of 10000 simulated light\@s. The cross-correlation analysis between VHE and X-ray light
The RMS of the distributions is 76 s. The dotted line marks thrirves was limited to the strictly simultaneous window,oid
position of the maximum in (a). artifacts in the lag determination due to the different Spens

and the light curves characteristics. Because both lightesu
have each one main flaring feature, the cross-correlation pe
The cross-correlation analysis between the X-rayamdy formed on different intervals tends simply to match the max-

emission was performed on the simultaneous light curvels witna of the two emissions in those intervals, irrespective of
two-minute time bins shown in Fi§] 6 (in thE300- X time the smaller amplitude patterns. This would yield an ar#fici
window). The resulting cross-correlation is shown in Hiy. Svindow-dependent “lag” with typically lower correlatiomalies
The two light curves overall are highly correlated, with axma (as is the case here, with a timespan~&200 s between the
imal correlation of DCE,.x ~ 0.9, and no significant lag is maxima of the overall VHE and X-ray light curves and lower
found. The time lag of the X-rays with respect to theay is DCF/CCF values-0.7).
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Fig. 7. Left panel: integral flux>300 GeV and photon index as a function of tinT8Q0 dataset). Horizontal error bars show the
time interval of each bin, going from 7 to 14 minutes beford after MJD'46.0. The shaded zones mark the two time-intervals
corresponding to the average high and low-state spectd fittTablé 2 T300- Hi gh andT300- Low, respectively). Right panel:
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4. Time-resolved spectral analysis the X-ray spectra extracted in exactly the same time bing, an
discussed in Sedi] 5.

A study of the spectral variations was also performed on the
T500 dataset, which allows the sampling of a wider time span
and in particular of both the rise and decay phases of the main
A search for spectral variations in the VHE data was perfarme-ray flare. However, the lower number statistics requiragés
by fitting a power-law spectrum to a fixed energy range in fixadtegration times, yielding a lower time resolution. Theuk
time bins. The unprecedented statistics of this datasetdlie is shown in Fig[B, where spectra were extracted in 14 and 28
sampling in 7 to 14-minute bins in tAG00 time window (Table minutes bins. The spectral variations follow the same pats
1). On these short integration times, the power-law fumctidor theT300 spectra, both in time and in the flux-index relation.
gives a statistically good description of the data. Thelteswe No significant spectral changes are observed between thg ris
shown in Fig[¥. The spectrum generally hardens with indngas and decaying part of the flare, with the possible exceptioa of
flux. The fit to a constant photon index results ig%probability hardening event that precedes the peak ofithay emission by
of only 1.6%. These spectra are also used for comparison wi28 minutes.

4.1. VHE spectra
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Table 2. Spectral fit of the measured VHE spectra extracted in diffieepochs (see Table 1).

PL fits (130 I Fo.3-3 Tev XE (dOf) PX2
cm?s 1 Tev! ergcnm 2 s!

T400- Peak  2.20+0.06 x107'°  3.46+0.04 - - 1.35x107%  3.66(11) 3x107°
T300- High  1.36+0.03x107'° 3.36+0.03 - - 7.88x1071°  43(12) 7x1077
T300-Low  4.89+0.15x10~ ' 3.51+0.03 - - 3.09x1071°  1.36 (12) 0.18
T200 7.46+0.12 %107 3.25+0.01 - - 4.06x1071% 16 (16) 0
T300- RXTE  4.78+0.30x10~!'  3.53+0.07 - - 3.07x1071°  1.4(11) 0.17
PL exp. cut. ) r Ecu(TeV) Fos—stev X2 (d.0.f) P
T400- Peak  5.96+1.19x107" 2.60+0.17 1.19-0.25 - 1.28x107%  0.38 (10) 0.96
T300-H gh 2.72+0.36x107'° 2.86+0.09 1.66:0.33 - 7.95x1071°  1.41(11) 0.16
T300-Low  7.08:1.25x107'' 3.26+0.12 2.92:1.42 - 3.08x107°  0.98 (11) 0.47
T200 2.1240.23x107'°  2.65:0.06 1.0#0.11 - 4.25x107"°  4.41(15) 2x107®
Log-parabolic ® r b Fos—stev X2 (d.o.f) P
T400- Peak  2.55+0.09x107'° 3.54+0.06 1.05:0.20 - 1.25x107%°  0.37 (10) 0.96
T300-H gh  1.46+0.04x107'° 3.53t0.05 0.62:0.11 - 7.94x1071°  1.35(11) 0.19
T300-Low  4.98:0.16 x10~ ' 3.66+0.07 0.410.16 - 3.08x107'°  0.76 (11) 0.68
T200 7.51+0.16 x10~*'  3.69+0.05 0.78-0.07 - 4.29x1071°  2.39 (15) 0.002
Broken PL i Iy I's Foreax(TeV)  Fosz stev X2 (d.0.f) P
T200 1.46+0.10x107° 2.73+0.05 3.6@:0.04 0.42£0.02  4.31x107'° 1.44(14) 0.12

The study of the spectral shape in more detail requirtse parameteb is larger) in the brightest state and decreases as
higher event statistics. To achieve this, the dataset wadeti the source dims. This represents direct proof that the turwa
into similar spectral states, namely a high and a low fluxestadf the VHE spectrum in PKS 2155-304 is also of intrinsic ori-
(T300- Hi gh andT300- Low, respectively; see Fifl 7). In ad-gin, inside the emitting region, and cannot be attributettely
dition, spectra were extracted in three other importanthpo to ~-y absorption on the EBL or on any local external field that
a) around the peak of theray emission (see Fifll 8), yielding ais constant on the observed timescales.
spectrum with a threshold of 400 GeV400- Peak); b) in the
central five hours characterized by a threshold as low as 200 G
(T200 dataset); c) in the epoch simultaneous with T Eex- Besides providing the widest energy coverage, TR0
posure T300- RXTE window, 44 minutes overall, see Table 1)spectrum allows a direct comparison with the spectrum mea-
where the combined X-ray spectrum can be measured ovesuzed during the first exceptional flare on the night of July 27
decades in energy. 28. The latter has the same energy threshold (200 GeV) and is

well described by a broken power-law(E) = &, E~' for

The results of the spectral fits are given in Telle 2, withg ~ g, and®(E) = &, E}EZTPE’H for E > Epreax )
selection shown in Fig.]9. The spectra present a signifio@mt Cyith ', — 2.71+0.06, 'y = 3_535:66_05, andBy eax = 430422
vature with respect to the pure power-law. Tyfeprobabilities  Gev. Fitting this function to th@200 spectrum yields almost
show that the latter is completely excluded in the high stated jdentical results, of the same break energy, slopes andgehan
is unlikely in the low state. The spectral curvature is gafigr in spectral index byAI' ~ 0.9 (Table[2). This shows that the
well described either by a power-law model with an exponegopyrce was in a similar state, even though the overall agerag
tial cutoff around 1 TeV @(E) = &y E-" e #/FPex ) or a normalization is about-30% lower than two nights before. As
log-parabolic function @(F) = &, £~ +t1e(E) ) Most for the July 27—28 night, th&200 spectrum is not well fitted
remarkably, the curvature of the spectrum is strongly dgia by a power-law model with exponential cutoff or a log-parabo
with time. In particular, the curvature is more pronoundesl,( function (F-test>99% compared to the broken power-law). Both
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Table 3.Spectral fit of the same VHE spectra given in TdBle 2, but coedefor EBL absorption (statistical errors only).

PL fits [oX I Fo.3-3 Tev XE. (dOf)
cm s 1Tev! ergcm 2 st
T400- Peak  7.18+0.19x107'°  2.66+0.04 - 3.01x107°  5.13(11)
T300- Hi gh  4.45+0.10x107'° 2.57+0.03 - 1.81x107°  4.95(12)
T300-Low  1.62+0.05x107'° 2.70+0.03 - 6.88x107'°  1.13(12)
T200 2.414:0.04 x107'°  2.53+-0.01 - 9.74x107'°  7.88(16)
T300-RXTE  1.59+0.10x107'°  2.72+0.07 - 6.84x1071°  1.17 (11)
PL exp. cut. il r Eo(TeV)  Fos smev X2 (d.o.f)

T400- Peak  2.38+0.48x107° 1.61+0.17 1.08:0.18 2.96x107°  0.31(10)
T300- High  9.14+1.15x107 ' 2.04+0.09  1.6:0.3 1.83x107%  1.50 (11)
T300-Low  2.3740.38x107'° 2.43+0.11 2.91.4  6.82x107'° 0.59(11)
T200 451+0.36 107" 2.16+0.05 1.74-0.24 9.69x107'°  1.99 (15)
Log-parabolic D r b Fos_stev X2 (d.0.f)
T400- Peak  8.67+0.30x107!° 2.73+0.06 1.23-:0.20 2.90x10"°  0.39 (10)
T300-H gh  4.82+0.13x107'° 2.73t0.05 0.6#0.11 1.82x107°  1.79(11)
T300-Low  1.66+0.05x107!° 2.83+0.07 0.38-0.14 6.81x107'° 0.51(11)
T200 2.44+0.01x1071% 2.7940.04 0.48:0.06 9.67x107'°  1.76 (15)

functions underestimate significantly theay flux at higher en- to these two levels. In the energy range around the starlight
ergies. peak (1-3um ), the residual uncertainty in the EBL absolute
normalization is of the order of 50% (from8 to ~12 nW
m~2sr—'at 2.2 micron, while our reference model gives 9.4 nW
m~2sr—1). This translates into a systematic uncertainty of the or-

The VHE vy-ray emission from extragalactic sources is expect&?r of AT" ~ +0.2 in the reconstructeg-ray s“pec.tru.m,; Namely,
to be attenuated by photon-photon interactions with the EB€ reconstructed spectra (which we call “intrinsic”) dissed
photons in the optical-to-IR waveband. The energy depereder the following Sects. can actually be up te0.2 steeper or
of the optical depth — which is determined by the spectrumftharder t_han_ |nd|cate(_1. Wh.en relevant, we take_ this systemat
diffuse background — causes a general steepening of theedmitincertainty into consideration, but as we show in the foitay
~-ray spectrum, more or less severe according to the energyy bH does not change the main properties of{heay spectrum and
considered (see e.d., Aharonfan 2001, and referencesrtheréompton peak frequency of PKS 2155-304.
At redshift 2=0.1186, this effect is substantial and must be taken
into account to study the true energy output, spectral pii o _
and location of the Compton peak in the Sﬁtm%t gl'.l'z' Absorption-corrected 1-ray spectra
[2005b] 20064a). Source diagnostic based on flux or spectial v&or the power-law spectra measured on short timescales (as
ability, instead, is unaffected, since intergalactic apgon is a given in Fig.[T), the intrinsic spectra are again well fittedeb
constant factor for all purposes related to blazar vaiigt{the power-law model with a slope that is typically harder b(.8
diffuse background varies only on cosmological timesgales (namelyi,; = I'ops — 0.8). The results of the fits to the spectra
The EBL waveband that affects the observed VHE band tiagth higher event statistics are provided in Talble 3. Evearaf
most is dominated by the direct starlight emission. To adrfi@ correction for the steepening induced by EBL absorptioa, th
EBL absorption, as reference we adopted the model of the EBtray spectra show clear evidence of curvature, and the power
spectral energy distribution by Franceschini etlal. (2008jch law model is excluded with high confidence for all states bat t
is based on the emission from galaxies. This model takes ilRXTEepoch (which has the lowest exposure). The spectral cur-
account the most recent results on galaxy properties and evature is well described by either the log-parabolic funmtir a
lution and is consistent with both the lower limits from soeir power-law model with an exponential cutoff around 1-2 Tew, f
counts — in the UV-optical (Madau & Pozzetti 2000) as well aall spectra, including th&200 dataset.
near—mid infrared wavebarld (Fazio ef al. 2004; Dole 6t &I6p0  When a spectrum shows a relatively uniform curvature as in
— and with the upper limits derived from the TeV spectra ofikig this case, however, the log-parabolic model is generatiepr
redshift blazars| (Aharonian etlal. 2006a, 2007b,c. 2002#. able. It has the advantage of providing a more direct measfure
similar in shape to both the model by Primack etlal. (2005) anige curvature in the true observed band, whereas the expahen
the “low—IR” calculation by Kneiske et al. (2004). The spact cutoff model tends to match a given curvature in the observed
were corrected by applying the optical depth calculatedtier passband by using a specific section of its cutoff region, and
average observed photon energy in each energy bin. pushing the power-law component outside the actual obderve
However, it is important to recall that a significant uncerange. This often yields artificial values for the slope, ethare
tainty in the SED of the EBL still remains, since it could beypically too hard. The log-parabolic fit allows also a gjtefor-
both lower and higher than assumed: either down to the abserd estimate of the location of the SED peakfz, defined by
lute lower limits given by HST galaxy counts (Madau & Pozzetl(E,...) = 2) from the curvature itself, with a minimum of free
[2000) (as in the model ly Primack etlal, 2005), or up to the uparameters. To this aim we used the functional form destiibe
per limits given by TeV blazars (Aharonian etlal. 2006a). $o eTramacere et al. (2007), whebend E,..,. are the independent
timate this uncertainty in both shape and normalizationalse free parameters instead bandI';r.v. The comparison of the
used the shape of the model lby Primack et al. (2005), rescatenivatures among different states and between the symohrot

4.1.1. Correction for intergalactic v-v absorption
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Fig. 10. Evolution of the X-ray spectrum with time, for the whdlhandraexposure. Left panel: each 8-min bin is fitted with a
single power-law model plus galactic absorption. The HE$®law ends at MJBP=46.16. Left lower panel: the colors and symbols
(in time sequence: red circles, magenta triangles, gregarsg, cyan triangles, blue circles) mark the differeneador the index-
flux correlation shown in the right panel. Right panel: fogaler visibility, the last two intervals (cyan trianglegdasiue circles)
are further binned into 16-minute spectra. There is a clearder when brighter” trend in the decaying phase of the liir@bch
(corresponding to the VHE window). The behaviour changélersuccessive rising phase: the X-ray spectrum contiroussten
while the flux increases, drawing a counter-clockwise patte

and IC components can also provide important clues about dred strictly coincident with the VHE time bins. The specterev
source emission regime (Thomson or KN) and the acceleratialh fitted using an equivalent hydrogen column density fixed a
mechanisms (Massaro ellal. 2006). Galactic valuesi(.69 x 102°cm~2) with different source models.

By comparing the spectra in the 3 different flux state@n short integration times<( 1 hr), a single power-law model
(T400- Peak, T300- Hi gh andT300- Low), one can see that provides s;atlstlcally good fits for all datasets, whiledevice c_>f
the curvature changes significantly along the night (at dicorfurvature is found only when larger exposures are considere
dence level> 99.99%) and so does the Compton peak energy. & & Wider energy band is available (for example includirg th
clear trend emerges: both the curvature paraneted E, ., in- RXTEdata).
crease with the VHE flux. At the maximum of the VHE flare, the ) o _ _
spectrum is strongly curved & 1.2 + 0.2), with the Compton The time eyoluhory in the X-ray spectrum during the entire
peak estimate at, &, = 500 & 50 GeV. As the flux decreases'Chandrapomtmg —vv_hlch extends fe_w hours beyond the end of
the curvature flattens (=0.62 to 0.35), while the IC peak shiftsthe HESS observation— is Shf?W” in Fig] 10. There is a clear
to lower energies (Eax = 260 & 35 GeV 10 Eyeqr = 70 + 50 trend of harder-whe.n-bnghter behaylour in the first pza‘rthe
GeV, respectively). A lower/higher EBL level does not chang‘rjataset’ corresponding to the decaying phase of the main VHE
these results substantially: a higher level yields similarva- aré. This behaviour is also followed by the small-ampléud
tures p=1.4, 0.76, and 0.48, respectively) and slightly higher |&ares, whose paths in the flux-index plane overlap tightiwi
peak energies because of the generally harder specira, & the overall trend of the decaying phase (Eid. 10 right panel)
580, 370, and 180 GeV, respectively). It is important to Heca _ _
that the absolute value of the curvatirelepends on the par- __However, the relation changes in the last part of the ob-
ticular choice of the EBL spectrum used, but not the trereffits S€rvation (MJD>46.16): as the X-ray flux starts to increase
This trend is opposite to what is generally observed andaege 292in. the spectral index continues to soften. This "saffeen-
for the synchrotron emission in TeV blazars. For example, pﬁghter_ behaviour in the rising phase of a new flare revaals
Mkn 421 the curvaturé decreases as both,&, and the flux change in COI’IdI'[_IOI’]$ f_or t_he emitting region. It_ is mdmat_r.)f
increasel(Massaro etlal. 2004). We also note that the spiestra SIOW acceleration/injection process, whose timescatens-
dex T does not correlate (and possibly anti-correlate) with trﬂﬂfab'e with the other timescales of the systé.(~ fcoot)-
curvatureb, in contrast to what is observed in the X-ray band fof N€ information about the flare then propagates from lower to

this (see next Sect.) and other HBL (Massaro 8t al.2004).  higher energies as particles are gradually accelerateti 6Kl
1998;| Ravasio et al. 2004). If the optical variations areciil

associated with the flaring zone, the optical data would sttpp
4.2. X-ray spectra this scenario as well, exhibiting increasing flux just beftire

X-ray rise at the end of th€handraobservation. Together, the
TheChandraspectra were extracted both by a uniform samplintgvo patterns of the X-ray data draw part of a counter-closlkewi
of the whole exposure, in different time bins (2-4-8-16 ni@s), loop in the flux—index plane (Fig.1LO).
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Fig. 11. Left panel:Chandraspectrum for the total exposure, fitted with a broken power{lus galactic column density. The
additional absorption feature in the 0.3-0.4 keV range i tuthe contaminants on the ACIS optical blocking filter, yet fully
accounted by the calibration. It can be accounted for willngle edge model at 0.31 keV angl...=0.4 (see text). Right panel: the
simultaneouhandra-RXTEspectrum in the common 44-min window. The plot correspondsgingle power-law with galactic
absorption, and the data/model ratio shows the clear ev@leicurvature (fit parameters are given in Table 4). RX& E/Chandra
normalization is fixed at 1.08, as derived from the fit in thertapping energy range (3—7 keV).

Table 4.Fit of the X-ray spectra simultaneous to the VHE data.

Broken-PL fits Exposure Band T Fireak s Fo5-5kev F5_ 10 kev X2 (d.o.f)
ks keV keV ergcm2s!
LETG T300- Hi gh 3.9 0.2-8 2.3540.03 1.004£0.07 2.6040.02 3.88x107'"° 1.45x107'° 0.65(204)
LETG T300- Low 9.4 0.2-8 24140.02 0.9540.06 2.714+0.02 2.78x107'° 9.19x107" 0.74 (204)
LETG T200 14.1 0.2-9 239+0.01 095+0.04 268+001 3.05x107'° 1.05x107'° 0.87(204)
LETG T300- RXTE 2.6 0.2-20 2.56+0.02 2.724+0.22 298+0.04 2.79x107'° 9.11x107' 0.69(117)
Log-parabolic fits Exposure Band T b Fo5-5 kev Fo_10 kev Xf (d.o.f)
LETG T300- Hi gh 3.9 0.2-8 24840.01 0.18 £0.03 - 3.88x107'" 1.41x107'° 0.69 (205)
LETG T300- Low 9.4 0.2-8 2.5740.01 0.21 £0.02 - 2.77x107'° 8.89x107'" 0.83(205)
LETG T200 14.1 0.2-9 2.55+0.01 0.2140.01 - 3.05x1071% 1.01x107'° 1.02 (205)
LETG T300- RXTE 2.6 0.2-20 2.56+0.01 0.25+0.02 - 2.81x1071% 8.92x10' 0.60 (118)

Fig.[13 shows the spectra of both the tdtalandraexposure vex shape and no signs of flattening at high energies (asahste
and theRXTEsimultaneous window. The results of the fits perfound in XMM-Newtonobservations performed in November
formed on the HESS -simultaneous datasets are given in@abl@006; Foschini et al. 2008; Zhang 2008). This means that the
All datasets correspond to strictly simultaneous windoweept peak of the synchrotron emission has not entered the oliberve
for the T300- Hi gh spectra, for which the X-ray window doesenergy range at any time, and that there is no sign of thelgessi
not include the first~10 minutes of the 1.3-hrs VHE window emergence of the IC component in the hard X-ray band.
above 300 GeV. Since there are no significant spectral clsange
at VHE in that window, the VHE spectrum can be considered to
accurately represent theray spectral shape in the X-ray win-
dow.

It is interesting to compare the curvature parameters and
SED peak location given by the log-parabolic fits. Both the

. _ . : spectral index and the curvature increases (slightly) edltix
For all spectrain Tabld 4, there is clear evidence of cureatl jo reases. This is also corroborated by the fits of spectra ex

and the single power-law model is rejectec_i with high Conf“.m’l':'ntracted in even shorter intervals at the two extreme of thay-
(F-test> 99.99%). The spectra show a continuous steepening tﬁt]x range (namelyT300- Xax and T400- Xni n). The log-
wards higher energies up to20 keV, which is well represented | .- /e it yields™ — 2.45 + 0.02 andb — 0.16 X 0.04 ver-

by both a broken power-law and log-parabolic models. A pew usl — 2.64+ 0 Ol_andb _ 0 24 4+ 0 071 réspectfvely for

law with an expor_1ential CL_Jtoff is excl_ud_ed aswell ¢ <0.009) an integrafed ﬂu>i~.“0 . :4'3'3 and i.6§10‘10 erg Cn’Tg

for the spectra with the highest statistid200 and total spec- 1 1o change in the two spectral parameters, however, is such

trum). The drop rate in th? cutoff region is S|gn|f|can1tl/)2/wkr that the estimate of the location of the SED peak remains basi
thane™#/F-w and also slightly slower thaa(#/F««)""", as  caly constant: for all spectra, the synchrotigg..;, falls within
indeed expected for the synchrotron emission of a partile dthe range 40-50 eV (with a typicald statistical error of:20
tribution with an exponential cutoff (Aharonian 2000). eV). In contrast to the behaviour iprays, in the X-ray band
As is clear from Fig[[10 and Tabld 4, during all times théhe photon index shows a positive correlation with the cumea
X-ray spectrum of PKS 2155-304 remains steep, with a coh-as typically observed for example in Mkn 421 (Massaro et al.
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Fig. 12. Plot of the simultaneous spectral and flux variability irk. PR
X . : ig. 13.Plot of they-ray vs. X-ray flux correlation, in a log-lo
the X-ray (blue circles) and VHE (red triangles) bands, ie thdiggram and unitg ofyerg om 5311. Different markers cgrre?

T300- X window. The spectra have been extracted in the same . : . )
time-bins, with integration times of 7 and 14 minutes (befand spond to the three different intervals shown in £ig. 12: g

. . . ircles), B (blue triangles) and C (green square). For Vigfar-
after MJD46.0, res_pectlvely). The vertical scales are dn‘ferelﬂwe’ t)he c(iotted Iine% sh)ow thre(egdiﬁere?wt sloges of tradicel
'ELeeft.\/ﬁlrEagr\wlg':gﬁsiﬁggcrgé\i/ng g ?ilrlﬁess).tr?epg(?rralz/aglea.léh?}ﬁ?{m . oc F2. For clearer visibility, the Y-scale corresponds to the
indices refer to the observed spectra; the correspondilgya of lia.rﬁ? é tk?eesi-(f_ifs/glli'ezoaﬁzati\?e%uiﬁd'lt:iere lation has the slope
after correction for EBL absorption can be obtained'gs, = ) 9 ' )

I'var — 0.8. Lower panel: integrated energy fluxes in the same

] 5N .
units of erg cm™ s~ . The range of the VHE scale is tebe 5 o\ o1ution follows the same overall pattern in the twoitis,
of the X-ray range (158 versus 2.). The vert|<_:al lines mark although with different amplitudes. The correlation caxéint
the three time-zones (A, B, and C) referred to in the text and between the X-ray angl-ray spectra is = 0.65, with a proba-
Fig.[13. bility P < 0.1% of a chance correlation.

The second property, as previously illustrated by Elg. 3, is

2004). The absolute values of the curvature are similardseth (hat the source shows amplitude variations much largesays

than in X-rays. This is now evident also for the spectra,alth
LL( al. 2008). ; O
found for most other HBL (Massaro etlal. 2008) not as dramatically as for the flux: the spectral variatiotdE

is about 3 times the variations in the X-ray badd {y»g ~ 0.65

5. X-ray vs. TeV correlations vs.AT'x ~0.21). . o
o The combination of such large-amplitude variability at VHE
5.1. Spectral variability with correlated but small-amplitude variations in X-rayslgis

The exceptionaj-ray brightness observed in this night, couple@n€ Of the most striking features of this dataset: the VHE flux
with the sensitivity of the HESS array and the continuouscov Varies more than quadraticallwith respect to the X-ray flux
age provided byChandra allows the emission in the two band<lUring a decaying phase
to be compared with unprecedented time resolution in the-spe
tral domain as well. 5.2. Cubic relation between X-ray and TeV fluxes

Fig.[12 shows the simultaneous flux and spectral properties )
measured in 7 and 14 minute time bins, in f@00- X win- Fig.[13 shows the VHE flux as a function of the X-ray flux,
dow. Inside this window, the VHE spectral index can be well & log-log diagram. The data are divided into three subsets
constrained0.1) over approximately a decade in energy (0.3CA", “B”, and “C”) corresponding to three characteristipechs:
2 TeV). The different binning was chosen to achieve compar@Poch “A’ covers the first 35 minutes of the simultaneous win-
ble S/N ratio during the night, and as a good compromise béow; epoch “B” corresponds to the full rise and decay phases o
tween spectral determination at VHE and time resolutioe (sé1e¢ small-amplitude flare at MJ@5.96; epoch “C” covers the
Sect. 4.1). Both X-ray and VHE spectra have been extracted'ginainder of the dataset, corresponding to the broader(#laee
exactly the same time bins. The spectra were fitted with desindrig.[12). ) ) . ) o
power-law model, which provides a good fit for each time bin. The data were fitted with a linear relationship in the log-log
The integrated energy fluxes were calculated using the fapecspace £, Fg), for the total dataset and in each subset sepa-
spectral value measured in each bin. rately. The results are reported in Table 5, together wighfitls

Two general properties can immediately be noted. The fist the same datasets with a finer sampling (4-minute bins).
is that the VHE emission shows a definite correlation with the The~-ray flux traces the variations in the X-ray flux far more
X-ray emission not only in flux but also spectrally. The spe¢han quadratically, namely approximatelyBsyr o F3. With
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Table 5. Values of the slopes of the correlationF’, o« F?. Table 6. Values of the slope3 of the correlationF, ~ FZ,
Fluxes integrated over each respective energy band (0e3/5 Kor fluxes integrated over different energy bands, as indita
and 0.3-3 TeV) and in strictly simultaneous bins. The patameThe 3-15 keV flux is obtained by extrapolation of the powev-la
is shown for fits performed with two different binnings (4 mirmodel in theChandra passband. Fit of the dataset “B+C” in the
and 7-14 min) and over three different intervals, as showfign 7-14 minutes binning.

2.
VHE bands
Datasets 4-minbins  7-14min bins X-ray bands 0.3-0.7 TeV >0.7 TeV
21 . . .
Z’” 2 io:go?r% 2 ngicgr(r)‘r) 0.5-5 keV 291 +0.12 4.11 £0.27
B 2794017 318 + 0.18 3-15 keV 1.87£0.08 2.70+0.20
C 2.83+0.17 3.14£0.18
B+C 3.13+£0.11  3.35£0.11

plitude of the variations changes with energy, and thusltpes

of the correlation can depend on the observed band.
the exception of the first few minutes of epoch A, all poirgsdn To quantify this effect, we also investigated the flux-flux re
a narrow path, also during the small flare on MabB.96 (epoch lation by extrapolating th€handraspectrum in thd*XTEband
B). In epoch A, instead, the two emissions do not seem to cépamely, integrating the best-fit model in the 3-15 keV range
relate. The lack of correlation is limited to a few points ané  and dividing the VHE range into soft and hard bands (0.3-0.7
shortinterval; however, one may speculate whether thisiised and>0.7 TeV, respectively). The result is shown in Tdble 6. The
by the rapid, low-significance structures in the VHE lightvey Same cubic correlation observed @handraand HESS trans-
which are not evident in X-rays (as discussed in Sect. 3.3). lates into a quadratic relation (in fact quite similar tottba-

One of these subflares is indeed present in epoch A aroifdved in Mkn 421) between the hard X-ray and soft VHE bands,
MJID, = 45.925 (see Fig[B), and its exclusion does bring thwhile an even steeper slopé ¢ 4) is obtained between the soft .
~-ray emission more in line with the X-ray pattern. This typé&-ray band and hard VHE band. We note however that the cubic
of v-ray subflares on top of correlated emissions have been flation is not simply the effect of a pivoting type of varilab
cently envisaged bly Ghisellini etlal. (2009), but more saresi ity seen in different energy bands. The VHE band is closer to
instruments are required to draw any conclusions. the IC peak (i.e the pivoting point) than the X-ray band to the

In the epochs B and C, the cubic correlation is obtainéyynchrotron one, thus the X-ray variations should be latyzm
by considering both the two zones separately and together, the VHE ones, in contrast tolwhat is observed. It is the entire
which an even steeper slope/®f= 3.35 is obtained. This cubic |C peak that has actually varied far more than the synchmotro
correlation is robust with respect to the inclusion or exn Peak, as shown also by the nearly constant and cubic values of
of single data points and, in particular, does not depenchen the correlation between corresponding bands (i.e., siftand
lowest VHE point. hard-hard, see Table 3).

The flux-flux correlation is plotted using the same units for Comparing these 2006 data (low state) with the X-ray/TeV
both X-ray and VHE bands, namely the integrated energy fluxégmpaign of 2003 (Aharonian et al. 2005b), the overall irigh
Compared to previous studies, which used the observed ev@fld in the X-ray (2-10 keV) and VHE-B00 GeV) bands is
rates, our approach is more consistent and it is allowed by gimilar (a factor of 2.7 and 5, respectively), and corresjsoto
good spectral determination in each time bin. However, we ra relationf’, oc F* between the two epochs. Thus PKS 2155~
mark that the measured relation does not depend significartP4 has varied its overall synchrotron and IC luminosity-sub
on the particular approach used (see discussim%kfﬁi equadratically on very long timescales, but super-quacktyion
2008): a cubic relation is also obtained by using the evaatra intra-night timescales, at least during this major flaringre.
both in the VHE band (as photons cfhs™!) and in the X-ray
band (count rate). o

The correlation found in the total dataset is less steep th@nSpectral Energy Distributions
in each subset, while in the B+C epochiitis slightly steepant : : :
for each of B and C separately. This can be caused by a pogs'|1-' X-rayhy-ray spectra pairs
ble shift in the flux-flux paths among different datasetsféyso To highlight the evolution of the SED during the night, a gaf
While individual paths still obey a specific steep trendetato-  of selected pairings of simultaneous X-ray and VHE spestra i
gether they can produce a flatter (or steeper) envelope.efhisshown in Fig[Th. The scales on both axes are kept the same for
fectwas indeed observed in Mkn 421 (Fossati et al. 2008)nwhigoth X-ray andy-ray energies, to enable visually a correct com-
considering data for different days. parison of the spectral slopes. For reference, a selecfibiso

During the decaying phase of a flare, a cubic relation bwsrical observations is also plotted, in particular theadiabm
tween they-ray and X-ray fluxes is not easy to explain even for the first X-ray/TeV multiwavelength campaign performed on
source in Thomson condition, if both fluxes sample the emissiPKS 2155-203 in October 2003 (Aharonian €t al. 2005b). These
beyond the respective SED peaks (Katarzynskilet al.|200S). data (obtained witiRXTEand HESS) correspond to one of the
the first time that such a steep slope has been observed inthistorically lowest states ever observed from this object.
history of the X-ray/TeV correlation studies, though iration The panels show the SED-snapshots taken in the bright-
of a super-quadratic relation was recently reported for kb est/hardest stateT800- Xmax), in the faintest/softest state
(Fossati et al. 2008), during single flares. (T400- Xmi n), and simultaneously with th&XTE pointing

These correlations have been studied so far mainly with tiE300- RXTE). In addition, Fig['I# also shows tAd00- Peak
RXTE -PCA instrument, which samples higher energies thapectrum (i.e., extracted around the maximum ofttray flare;
those observed here. If the spectrum changes with the fluk, a®e Tabl€I3 and Fifi] 8). This spectrum unfortunately lackayX-
with a “harder-when-brighter” behaviour as in this case,dm- coverage (th€handrapointing started a few minutes later), but
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Fig. 14.Gallery of simultaneous X-ray and VHE SED-pairs in differetates along the night. Left panel: maximuh800- Xnmax
blue triangles) and minimunT@00- Xni n, red squares) states (see Table 1 and Fig. 2). Right pameittaneoushandrarRXTE
and HESS spectrd800- RXTE, blue squares). For comparison, the following data arepitmed the VHE spectrum at the peak
of the~-ray flare T400- Peak; upper black squares); the multiwavelen®KTE-HESS campaign in 2003 (lower black circles;
[Aharonian et dl. 2005b); historical EUVE flux and BeppoSAXsipum (fronMH%% grey points). All VHEtaa

are corrected for EBL absorption according to Francesetial. (2008) (see Sect. 4.1.2).

it corresponds to the brightegtray emission ever recorded fromto the flare maximum (which occurred25 minutes before the
PKS 2155-304. start of the X-ray observation), one obtaibxsyr/Lx~14 at the
Both synchrotron and IC peaks do not shift across the ottare maximum. The F,, flux at the peak of the SE€an instead
served passbands, despite the large flux variations. Tiserdoe estimated from the log-parabolic fit, based on the assampt
no evidence of the dramatic changes displayed by Mkn 501tbat the curvature of the spectrum also remains the samieuts
1ES 1959+650. Only at the flare maximum does the Compttire observed energy band. Using the aforementioned progedu
peak become visible in the observed passband (betwd®® one obtains d.c/Ls ~5 in the simultaneous window, increasing
and~600 GeV, depending on the EBL normalization). The Xto ~6 at the flare maximum. The values are lower because the
ray spectrum hardens apparently pivoting around the UV bardtimate of the synchrotron peak energfb eV) locates the X-
This behaviour is typically observed also in Mkn 421, Mkn 50fay band farther away from the synchrotron peak than the VHE
and 1ES 1959+650, but in these sources the amplitude of thend is from the Compton peak-400-600 GeV).
spectral hardening tends to be significantly more pronadince This is the first time that such high-/Lg ratios are observed
leading to a shift of the synchrotron peak in the hard X-raytba in an HBL, irrespective of the amount of the intergalacticLEB
In the VHE band instead the behaviour is more complex, sinabsorption. While the Compton dominance can be up to 100 in
the hardening at higher fluxes is also accompanied by a strongowerful FSRQ, boosted by the IC emission on the intense-exte
curvature/cutoff (see Fifl_14, right panel). nal photon fields from the disk and the BLIR (Sikora et al. 1994;
The slopes of the X-ray (abovel keV) and VHE spec- [Ghisellini et al. 1998), so far it has been of the order of ynit
tra are very similar, going froni® ~2.6 (+ < 0.04) to 2.9 or less in HBL. High Compton dominances in HBL were pre-
(+ < 0.11) between the high and low states. Itis also interestingously obtained only in the presence of a very high dendity o
to note that the X-ray spectrum is significantly less curyexht the EBL [Aharonian et al. 2002a, 2006a), which is now consid-
the spectrum measured by BeppoSAX during the high stateesgd very unlikelyl(Aharonian et al. 2006a; Madau & Silk 2005
1998 [Chiappetti et al. 1999). While the slopes above few ké&fanceschini et al. 2008).
are quite similar (see Fif.114), the flare in this night seenas-c
acterized by a higher luminosity in the soft X-ray band.

6.3. Overall SED properties

The overall SED of PKS 2155-304 in the highest and lowest
states during this night is shown in Fig] 15, together withtdm
The time evolution of the/ F), fluxes close to the SED peaks iscal data. To plot they-ray spectral shape in more detail while
provided by Fig[B. As one can see, the/Lg ratio is of the preserving the amplitude variation, the VHE spectra shawn i
order of~8, but it is rapidly variable — on the same timescaldsig.[13 are thd300- Hi gh andT300- Lowaverage spectra de-
as the flux variations — decreasing to the usual valueSloih a scribed in Sect 4.1 (see Fid. 7 did 9), rescaled to matchdghe hi
few hours. est and lowest fluxes in the 4-minute light curve. Since withi
We estimated the Compton dominance using also the mdnese two subsets, the spectra are compatible with a canstan
detailed spectral shape obtained for ff@00- Hi gh dataset, value (see Fid.]7), this procedure should not introduceifsign
and renormalizing the flux to the 2 and 4-minute light curvesant distortions in the VHE spectral shape. For clearebiksi
Considering the integrated luminosity over a decade ingnerity, the SED focuses on data above 0! Hz, thus excluding
namely 0.3-3 TeV and 0.3-3 keV, thg,yr/Lx ratio is~10 the radio frequencies (VLBI range). With the flux and variabi
in the first minutes of the simultaneous window. Assuming thiy timescale £3 hrs) shown at optical (and higher) frequencies,
the cubic trend betweenray and X-ray fluxes is maintained upthe synchrotron emission coming from this region becomiés se

6.2. Compton dominance
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absorbed already at frequencies betoid!? Hz, and is thus not
expected to contribute significantly in the radio range.

From the results of the log-parabolicfits, it is possiblegti-e
mate the peak frequency and luminosity of both the syncbmotr

later than the VHE peak. The optical emission does not show
any correlation with the other two bands on short timescales

— When correlatedhe~-ray flux decreases as the cube of the

X-ray flux(Fyur o Fg®). This cubic relation holds both

and Compton emission. By considering the highest state, the during the overall decaying phase and considering shorter

synchrotron and Compton peak luminosities are estimated to

intervals separately.

at 1.5<10%% and 7<10*° erg/s, respectively, with peak frequen- — The X-ray andy-ray (> 300 GeV)spectra correlate as well

cies of ~50 eV and~260 GeV. Extrapolating the X-ray data

following similar patterns in their time evolution, but aga

with the observed trends up to the flare maximum, one obtains of different amplitudes. The VHE variationa\('vug =

1.6x10%6 and 9<10%° erg/s at~50 eV and~500 GeV, respec-
tively. In the lowest state, instead, the peak luminoshiesome
comparable (1.10% and 1.1x10%6 erg/s, respectively, at50

0.65) are wider by a factor of 3 than those in the X-ray band
(AT'x = 0.21).

— The ~-ray spectra are significantly curved, atigt curva-

eV and~70 GeV). As discussed in Sect. 4.1, even the lowest ture changes with timen correlation with the flux state: the

possible EBL density does not alter substantially thesmasts.

In the optical band, the contribution of the host galaxy ig-ne
ligible: the host galaxy is resolved in opticm%ﬁ;

[Falomd 1996) and NIR (Kotilainen etlal. 1998), and found to be-

a giant elliptical galaxy of M(R)=-24.4. This translatesaran
apparent m(V}: 15.7 — 15.8 using the typical colours for an
elliptical galaxy (V-R=0.61-0.71, Fukugita etlal. 1995p€eTop-

tical flux of PKS 2155-304 is thus always dominated by the jet

emission (see e.g., Dolcini etlal. 2007): the historicaiticurves
from long-term photometric monitoring in the V band showivar

ations in the ran%e 12.3-13.9 magnitudes (Carini & Mille92:9

7). During this night, the optical fluxésyw

higher the flux, the more curved the spectrum (the curva-
ture parameteb goes from1.2 + 0.2 at the maximum to
0.38 £ 0.14 in the low state).

The synchrotron and Compton peaks show no strong shift
in frequency across the observed bands, despite the dcamati
luminosity changes1(0x the quiescent stat20x in this
single night), remaining close to their historical valuesmm

the curvature of the spectra, the synchrotron peak can be es-
timated at~ 40 — 50 eV constantly along the night, while
the Compton peak shifts from 500 + 100 GeV at the max-
imum to~ 70711 GeV at the end of the night (uncertainties
given by the range on the EBL normalization).

high but still far from the highest fluxes observed from this 0 — A very large Compton dominanégobserved ¢ /Ls28).

ject. This is the first time that such a highc/Lg ratio is seen
In the X-ray band, instead, the flux is close to the high- inan HBL, irrespective of the level of intergalactic EBL ab-

est state observed historically, as measuredRBJE-PCA in sorption. However, it also evolves rapidly, decreasing in a

1996 (Fr_19 ~1.6x10710 erg cnr? s, [Urry et al.[1990). few hours to the more usual values9t.

PKS 2155-304 is observed frequently in the X-ray band, since X-ray and VHE spectra shows a similar “harder-when-

it is a calibration and monitoring source fofMM-Newton brighter” behaviour in the simultaneous window. The X-ray

Chandra and Swift but was never found at the level observed data alone also sample the start of another flare, character-

during this night, in the 2—10 keV band (see ¢.g. Donatolet al. ized instead by a “softer when brighter” behaviour.

[2001;[Massaro et al. 2008). Quite interestingly, tBeandra

spectrum in the highest state also seems to connect smoothlyy; ;

with the flux and spectrum measuredRYTE-HEXTE in 1996 Bliscussion

(Urry et al.[1999, butterfly in Fig—15). It is also interegfito  The results obtained from this campaign seem to both cofrobo

note that the extrapolation to lower energies of the loggpalic rate and challenge the one-zone SSC interpretation at the sa

fit for the averagd200 spectrum matches quite well the flux intime.

the optical band. On the one hand, the strong correlation between variations i

the X-ray and VHE bands — the emission follow the same vari-

ability patterns in terms of both flux and spectrum, and witho

apparent lags — do indicate that the same patrticle disiwibuin

) _ S ) the same physical region, is likely responsible for thevitgtin

Before discussing the implications in the context of blazgjpth energy bands. The simultaneity of the occurrence afphe

physics, it is useful to summarize the main observationakfintical and VHE flares also suggests that the emission in akthr

ings of this phenomenologically rich dataset. bands is responding to the same flaring event.

On the other hand, the cubic relation during the decaying

— Large-amplitudey-ray variations are accompanied by smalbhase cannot be easily accounted for within a one-zone SSC sc
X-ray and optical changes. In a few hours, theay flux nario. This is shown for example by Katarzynski €t al. (2005
changes by more than an order of magnitude, reaching aWwho investigated the different X-ray/VHE correlations ish
minosity of~ 10*7 erg/s, while the X-ray flux varies by only able in a one-zone SSC scenario, for a plausible range of phys
a factor~2 overall, and the optical V flux by less than 15%ical parameters and considering all possible combinatains

— The X-ray andy-ray emission correlate strongly, overall andluxes from both sides of the SED peaks. The relation between
on short (sub-hour) timescales. On very short timescal®sray and~-ray fluxes when both bands sample the emission
(few minutes), the behaviour might be more complex. above their respective SED peaks is typically less thanmtiad

— There is no evidence of time lags between the X-ray-@and Even imposing the Thomson condition for the IC scattering of
ray emissions, with a 95% upper limit 8f3 minutes for the X-ray photons, which in this case would require the extreme
overall light curve. In addition, no lags are found betweevalues of§ ~800 andB ~0.6 mG (see next par.), at most a
the hard and soft energies of each passband. guadratic relationship can be obtained, but not in the dagay

— The optical light curve shows &15% rise that appears tophase if the latter is due to radiative cooling. In generaire-
start simultaneously with the-ray flare, but develops on lations steeper than quadratic (cubic or even more) aresthde
much longer timescales, reaching a plateau about 2 hopossible, but only when the X-ray band corresponds to freque

7. Summary of the main observational findings
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ment of Thomson condition for X-ray photons.j form a closed

L | 47 system of three equations in the unknown variabl@seaming
factor), B (magnetic field), andr (size) of the emitting region

. (see e.g.. Katarzynski etlal. 2005, Appendix A). Theseemlu

can then be compared with the size of the emitting region ob-

\}@ tained from variability timescales < ct,.6(1 + 2)~1), and
AR ] with the condition that the cooling times of the electronstem
// !‘
/ \
\
|
|

ting at the peak+,qx) is equal to or shorter than the variabil-

45 ity timescales (Namelyy.oor < Ypear, S€€ €.gl, Tavecchio etlal.
[1698). '

With the parameters measured for this flave ¢ 50 eV,
d4sa v, ~05TeV,L, = 1.6 x 10* erg/s,L. = 1 x 10*" erg/s),
the Thomson limit for photons in the middle of ti@&handra

/ Vo ! passbandy, = 1 keV) requires that ~800, B ~0.6 mG

/ V' ‘ and R ~1x10'® cm. This solution seems unrealistic: besides

[erg cm™2 s7!]

v
|
—_
—-
T

Log vF

|
—
[

T
L

Lo \/ '] 43 ) : )
/ M | the quite extreme values of the beaming factor and severe effi
v ciency problems, it is not consistent with the VHE spectize T
15 20 25 X
Log v [Hz] Thomsony-ray spectrum should extend to 10 TeV with the same

slope shown by the X-ray spectrum up to 1 keV, in contrast to
Fig. 15. Synthetic SED of PKS 2155-304 showing the highebservations.
est and lowest simultaneous states during this night, heget  For electrons emitting at the SED peaks, instead, PKS 2155—
with historical data (shown in grey, see Chiappetti et aB%9 304 is almost certainly in the Thomson regime. The Thomson
[Bertone et al.._2000[_Aharonian ef al. _2005b, and referenaegjime is already satisfied fér~ 15, but the condition of trans-
therein). The hard X-ray data (butterfly) corresponds to theirency for 1-TeV photons (see elg., Dondi & Ghisellini 1995
RXTE-HEXTE spectrum in the high state of 19@ alBegelman et al. 2008) requirés> 30, adopting for reference
[1999). The right axis gives the luminosity scale in erg/gidist the variability timescale of the maimn-ray flare ¢,.,. ~1 hr).
state (blue triangles):300- Hi gh spectrum scaled to the high-The Thomson regime for the SED peaks is also indicated by the
est VHE flux in the 4-min light curve. Lowest state (red sgsgire absence of a significant changergf(< 1.5x) in the presence
;!'3r(])0- L0W§I_[?1€C§2um scaled to thhe |0W€StVHEdf_|UX in theb?-mi®f an inferrec~3x shift of .. Since in the KN regime the ratio
ight curve. The X-ray states in the corresponding time laires -1 ~1/2 ; i
practically equal to th&300- Xmmax andT400- Xni n spectra, Ve/Vs o Tpeak O Vs the F:hange e should.have been ac
which are thus plotted here. The dashed line shows the ome-zG°MPanied by an increase i by 9x (vs. v/3x in Thomson),

SSC fit of the 2003 multiwavelength campaign (black circle8ringing it well within theChandraband. _
/Aharonian et al. 2005b). Therefore, the SED peaks of PKS2155-304 are in the

Thomson regime, but a part of tlghandrapassband is most
likely affected by KN effects. Witlhh =100, consistency between

cies below or close to the synchrotron peak, as in the casesof 1€ Siz€ Of the emitting region estimated from both the olesir
ompton dominance and the variability timescale is obtine

1997 flare of Mkn 501 (see e al. 2001) ielding R ~1 x 10'¢ cm, B <5 mG and a Thomson condition

A further ingredient is therefore needed to obtain a cupﬁct v, < 0.3 keV. This is also the result obtained by an analysis

relation, in a one-zone SSC scenario. It is important to meimi . . .
here that “one-zone” does not mean the request that theeen; B the3 _ 4 plane following the analytical approach described

SED is produced by a single zone. It is generally understobdﬁmmg_elﬁlulg‘%)'

that the SED is always formed by the superposition of rasfati . Homﬁ/her, th'sk sciluttmn |sbn(_)t c0n5|s|tetnt W'ﬂ;] thte Ct(r)10“ntgh
from different zones along the jet, both in space (e.g., duor IMes of the peak electrons being equal to or shorter than the

emission has to come from a much larger region than for t geape timescales. Because of the low values of the magnetic
rapidly variable X-ray or optical emission, to avoid synainon "¢/d and high beaming factors, in all the above cases theggner
self-absorption) and in time (multiple injections). Whatgen- of the electrons cooling within the variability timescalé &

: p Py : tyard/(1 + 2)), either by synchrotron or IC, is extremely high,
erally tested with a “one-zone scenario” is the hypothdwis at namel 6 105. This value is well abov 9%10%
any given time — but during large flares in particular — it igon VYool = DX L7 Wer 800VEpear ~IX10
single region or population that dominates the entire tadia meaning that the whole electron distribution up to the eiesrg

output, determining both peaks of the SED. This scenario hsd%mpler? by our obsefrvations di?} notfhave Eme to EOOll; h

been very successful in explaining so far the spectral angde In the one-zone frameset, therefore, the peaks of the SED
ral properties of blazars, both among different objectsiarsth- cannot be explained .by radlz_;\tlve cooling. This result Istejul
gle sources during large flares, (e.g., Mkn 501, 1ES 1959}658%“3'“ from all previous estimates for the SSC paranseter

We now consider if this can also be the case for this flare bf<S 2155-304, and is mainly due to the increase by a factor
PKS 2155-304. ~10 in the separation between the synchrotron and Compton

peak frequencies.

8.1. One- SSC lysi .
ne-zone analysis 8.1.2. Expanding blob

8.1.1. Thomson condition and beaming factor
" n9 An intriguing possibility is to explain the observed decea

In a single-zone, homogeneous SSC model, the knowledge of i both synchrotron and IC emission as adiabatic cooling due
frequencies of the synchrotron and Compton SED peakarid to a rapid expansion of the emitting region from an initially
v, respectively), their luminositied.( andL.), and the require- very compact size (“explosion”), with the total number ofpa



The HESS Collaboration: Simultaneoyugay/X-ray/optical observations of PKS 2155-304 duringeaceptional flare. 19

ticles N roughly constant. This hypothesis has two immedi- B B R L R
ate advantages: 1) it accounts for the initial high value of L 1 47
the Compton dominance as well as its rapid decrease (since

in the Thomson limitL./L, = U! 4 /Us < NR™?(y?), -9F \%

where(~?) is the average over the electron distribution, see e.

— 46

[Ghisellini & Tavecchif 2008b); 2) it can explainin a natusaly —“ R

©

the change of curvature of the VHE spectra through a change@f 10 |- %

The initial region cannot be too compact, or otherwise |1;
would not be transparent tpray photons. However, in the case . 11
of PKS 2155-304, the steep and curved VHE spectra can allow
for a moderate amount of possible internal absorption toone ¢ & - {44
sidered ¢, ~1-2, as obtained for example with ~30-40),
without requiring anomalous spectral shapes. The optiepitd
T increases withy-ray photon energy as(v.,) = 7o(v,/v0)%, L 43
where« is the energy spectral index of the synchrotron target
photons £(v) « v, o = T' — 1), and has a radial depen- -13 ———— 1'5 — 2'0 — 2'5 —
dencex R~2, for a constantV. Therefore, internal absorption Log v [Hz]
can explain the stronger curvature in the brightest stateaan
rapid expansion would decrease the optical depth making-theFig. 16. Possible SED of the new flaring component in
ray spectrum less curved at lower fluxes, as observed. Intfect PKS 2155-304, which would vary “up and down” beneath the
observed change of curvature is opposite to that expeabed frpersistent emission of PKS 2155-304 (see text). Blue thésng
radiative cooling (e.g., Massaro eflal. 2008), though ifd¢also SED of the flaring component at the flux maximum inside
be due to a change of the maximum electron energy. the X-ray/VHE simultaneous window. Red squares: expected

To obtain the cubic correlation, however, one must assuneyel of the X-ray flux assuming a linear relation between X-
correlated variations of a second parameter, in order tit siiay and VHE flux variations. For reference, the sa@fendra
the radiative output from the IC to the synchrotron channél300- Xmax spectrum and optical data shown in Hig] 15 are
This can be achieved by varying the magnetic fiBldsee e.g. plotted as well (highest black points).

[Coppi & Aharoniah 1999): for a given particle injection, am i

crease of the magnetic field can lead to a reductioni—2)

of the flux of the inverse Comptomrays while increasing the For all of these reasons, it is very unlikely that both of the
synchrotron emission. peaks in the PKS 2155-304 SED during this night are produced

Using the same formalism as lin_Katarzyhski ét al. (2009)y the synchrotron and SSC emission of one single zone.
it is possible to find the relation that yields, o F2. The
evolution of the radius? and magnetic field3 can be param-
eterized asR = Ry(t/ty)” and B = By(t/to)~™ (see also 8.2. Two-SED scenario
Atoyan & Aharonian 1999). The adiabatic losses sustained Bysimpler and possibly more realistic explanation is predithy
the particles during the expansion are taken into accouith Wthe superposition of two SEDs, produced by two differenttemi
the values for the spectral indices before and after the syting zones. The first is responsible for the usual “persts®ED
chrotron peak ofy; =0.7 (assumed for the optical spectrumpf PKS 2155-304, which, presumably, peaks in the UV and at
anday, =1.4 (as measured in the X-ray band), respectively,aafew tens GeV, but with rather low VHE fluxes. It is typically
cubic correlation is obtained witln/r ~ —0.4 ( £0.1 consid- variable on longer timescales(.2—1 days), as shown for exam-
ering o; between 0.5 to 0.9). Namely, the magnetic figldst ple by the longASCA Bepp&AX , andXMM-Newtonobserva-
increase as the blob expands at a rdtex R—™/" = Rt0-4  tions (Tanihata et dl. 2001; Zhang ellal. 2002, 2006). Thers:c
and on the same timescales as the flux variations. This impl#one is responsible for the dramatic flaring activity of thight,
that the total energy of the magnetic field in the region mmst iand most likely of all the active period of July-August 2006.
crease substantially, 85 o RT3-%. Thus it should be created needs to be much more compact and have higher bulk motion to
either locally (presumably by turbulent dynamo effectsyuap- account for the much faster variability timescales (0.06+s).
plied from outside (see e.g., discussion in Atoyan & Ahaaani The true variations of the X-ray emission from this secontezo
1999). can therefore be as large as theay ones, but they are simply

However, such strong and rapid amplification of the mageendilutedin the “persistent” component, which have compa-
netic field seems not consistent with the optical data. Reguid rable or higher synchrotron fluxes. These variations aredéus
ations ofB within the emitting region are also bound to affect théully visible in the VHE band because there the contributibn
synchrotron emission before the peak, produced by pasticde the standard SED is at much lower fluxes.
yet cooled. With the previous parameters, the observed/ddca A two-zone scenario is rather common for explaining ma-
a factor 2 in the X-ray band would cause a decrease of the ofai- flares in blazars. The main novelty of this event with exgp
cal flux by~15% (comparé2(t) vs. F1(t) in[Katarzyhski et dl. to all previous HBL flares is that the bulk of the luminosity of
2005), and on the same timescales as the X-ray and VHE vatlae new component is now emitted in the Compton channel in-
tions. This disagrees with the optical light curve, whictsidl  stead of the synchrotron channel. The synchrotron emission
slightly rising (by ~5%) and then remains basically constarthis flare is not bright enough to “break through” the peesist
during the overall X-ray/VHE decay (see Hig. 2). While it tmig emission and thus dominate both peaks of the SED.
be possible to further trim this scenario to cancel out am¢va  Within this scenario, one can try to estimate the SED of this
ation in the optical band, this would require an extreme fineew component at its brightest state during the simultanebt
tuning. servations, assuming that the flux of the persistent comyase

internal transparency tg-y interactions. ]
A
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roughly constant. This is shown in FIg.]16. In theay domain, if the flaring region is close to the central engine. In the lat
the flux of the persistent component is supposed to be nbtgigiter case;y-vy interactions with these photon fields could leave
with respect to the observed flare. The spectrum of the flagng a distinct absorption feature imprinted onto the broaddban
gion is therefore given, to a first order, by the highest VHEest ray spectrum_(Aharonian etlal. 2008a), which the combined ob
directly observed (the same as in Figl 15). In the opticatlbah servations withFermi-LAT and IACT might be able to reveal
the maximum of the flare the detected variatior-155%, so the (Costamante et &l. 2007). More complex models with several i
flux in the flaring zone should lie15 of the observed flux. In the teracting zones or jet stratification have also been deeelgmnd
X-ray band, we have used the lowest-state spectrum obsatveckcently applied to the variability of PKS 2155-304 in 2086€
the end of the night as background file for the highest-stze-s e.g.[Boutelier et al. 2008; Katarzynski etlal. 2008). Thegras
trum. As a result, a spectrum with flu 5 5 = 1.98x1071% capable of reproducing some features of the present oligersa
erg cnm2 s~ ! is obtained, which is well fitted by a Iog-parabolide.g.@ﬁgﬁ%).

model withT' ey = 2.1740.06 and curvaturé = 0.224+0.11.
This gives the estimate for the synchrotron peak positionra
0.4 keV, which is also consistent with the optical flux beingaim

lower than the X-ray flux (see Fig.116). On a more general basis, it is interesting to compare this
This underlying SED yields comfortable values for th@are of PKS 2155-304 with the other major flaring events ob-
synchrotron-_Compton mode.lmlg, and t_)ecomes con5|ste.|hlt Wderved in both X-ray and VHE bands, namely from Mkn 421
the peak being due to radiative cooling. Such scenario alg2000 [Fossati et dl. 2008), Mkn 501 in 19t al
agrees with the spectral variations being larger in the V&b 2007 [Krawczynski et all 2002) and 1ES 1959+650 in 2002
than in the X-ray band (for the same diluting effect), and ldou (Krawczynski et al. 2004).
naturally account for the behaviour of the optical data al, we'  There are many common traits: they all display a pre-flare,
if the optical rise is indeed associated with the VHE flaree Th‘persistent" SED with the synchrotron emission peakinghia t
pptical band Woulql be reactinglto the electron injectiormmmris- UV/soft-X-ray band, a steep X-ray spectrum that hardenmdur
ing phase but not in the decaying phase, due to the much longgt fiare pivoting around the UV/soft-X-ray band, and a flare
cooling times. The variations at VHE can then be allowed {gminosity approximately one order of magnitude highemtha
scale linearly or quadratically with the X-ray variatiors, re- ¢ typical source luminosity. The mechanisms and progeoi

8.4. New mode of flaring in HBL

quired by the specific modeling. the flare injection thus seem common. It is the radiative wiutp
that now differs significantly.
8.3. Diagnostic of the flaring region In the previous events, such a high luminosity was emitted

. o mostly through the synchrotron process, leading to a diamat

Although the amplitude of the synchrotron variations oftle&  shift of the peak position in the SED according to the new peak
component is unknown, important constraints can still be dgequency of the emerging component. The typical Compten lu
rived on its properties in both cases of a quadratic or linelar  minosity, even at the flare maximum, has always been equal to
tionship between X-ray ang-ray fluxes. _ or less than the synchrotron power (using the same EBL model

With the new parameters, a quadratic decay obtained through all sources). In this event, instead, the bulk of the flare
radiative cooling is readily possible with a pure SSC scenaiminosity is emitted through the Compton channel, yieldintyo
because the peak of the synchrotron emission falls nowttjirecminor modifications of the overall synchrotron emission.
within the Chandrapassband. Indeed a solution in the Thomson - A pimodality therefore seems to emerge in the mode of flar-
regime can be obtained with the comfortable values &f 30, ing for HBL: either synchrotron dominated or Compton domi-
B ~1 Gauss, and,.q;, ~ 3 x 10°. However, the high Compton pated, with the most extreme example possibly being pravide
dominance requires the emitting region to be very compati, Wpy the “orphan flare” event of 1ES 1959+650, which likewise
R ~ 3 —5x 10" cm. The flare therefore would originate ingccurred during one single night (June 4, 2002).
a region whose size is of the same order as the Schwarzschildy; j5 intriguing to note that this difference might simply-de

radius of the putative central black hole, which is estiiate peng on the environment, namely on the location of the flaring
be~10”Mp, (see discussion in Aharonian efal. 2007a). zone with respect to the region responsible for the pertiste
o If |nstead the X-ray flux scaled linearly Wlth the VHE ﬂUX'SED: if the new injection/flare is taking place far away, thir
it implies that the new component has a high Compton donfige radiative interplay between the two zones, leading typ-
nance_(u 20) constant in time, _d_urlng all flux variations. Thisjg SSC-type flare. When the flare occurs close to it, or dose
behaviour points towards an origin of theray peak from exter- {ha plack hole where external fields are more intense, the out
nal Compton emission rather than a pure SSC mechanism.  ¢ome s external Compton-dominated flares. More campaigns
This is indeed expected in scenarios with a strong rgyrgeted on the intra-night variability are needed to askithis

diative interplay between different parts of the jet, SUth &sgye, put the diagnostic potential on the jet structure thed
the “Needle/Jet” model proposed by Ghisellini &Tavecbh'fbcation of the %-ray zone” is very promising.
(20084): a compact and fast region moving throughout a targe

jet sees the dense target field produced by the latter (wkich i

thought to be responsible for the persistent SED), boosiilg g Summary and conclusions

nificantly its Compton emission. Unlike the way it is enviedg

by the authors, however, the SED of such needle should aksdull night of simultaneous, uninterrupted observationghe
contribute significantly in the X-ray band, in order to expla optical, X-ray and VHE bands was performed during an excep-
the small-amplitude but correlated variability. Altervaty, the tionally bright state of PKS 2155-304 in July 2006. A samglin
dominant seed photons could come from regions further dowhboth light curves and spectra with unprecedented detaibi
inside the jet, where the flow has already strongly deceléained. For the first time among HBL, a high Compton domi-
ated (i.e., at the VLBI scalé, Georganopoulos & Kazanas|2008nce is observed, with a peak luminosity reaching*” erg/s.
Piner & Edwards 2004), or by circumnuclear radiation fieldhe variations in the X-ray and VHE bands are confirmed to be
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highly correlated, both in flux and spectrally, but they dolla eration of the equipment. The authors thank @endrateam for the help and
cubic relationship during the decay phase. Homogeneous ogigport during the prompt response to our ToO request, destieRXTEand
zone SSC scenarios do not provide a consistent exp|anmon&‘fwift teams. The authors wish to thank P. Coppi, G. Ghisellini anichfecchio

L . s for the support during the initial phases of the projectsTesearch has made use
both the observed SED and the Va”ab'“ty behaviour, |rtdlga of the NASA/IPAC Extragalactic Database (NED) which is @ted by the Jet

that a single particle population cannot be responsiblé@dn propulsion Laboratory, California Institute of Technofpgnder contract with

peaks of the SED during this night.

the National Aeronautics and Space Administration.

We have interpreted the data as the emergence of a new
component in the SED, strongly Compton-dominated and thus

without enough luminosity in the synchrotron channel toreve
come the “persistent” emission of PKS 2155-304. This ne

component must be either very compact — of the order of t
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