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Status of Experiments

MAGIC

H.E.S.S.

VERITAS

1% Crab 
(2x10-13 erg cm-2 s-1 

@ 1 TeV)
in 28 hrs

New config.: 
09/09

Start of routine 
stereo operation in 

1-2 months.

28 m telescope 
under construction.



TeV-Bright Radio Galaxies

TeV Observations:
HEGRA (2003), HESS (2006), VERITAS
(2008), MAGIC (2008)

M87 (R/O/X):

M87 (R/O/X):

Marshall et al. 2002

Cen A (R+O+X):

X-ray: NASA/CXC/CfA/R.Kraft et al.; Submillimeter: 
MPIfR/ESO/APEX/A.Weiss et al.; Optical: ESO/WF

3ʼ

TeV Detection:
Aharonian et al. 2009, ApJ, 695, L40



M87: Chandra Images of HST-1 X-ray Flare

D. Harris et al. 2008

Cheung et al. 2007

HST-1 VLBA

• X-ray flare coincides with brightening of knot HST-1c 
  and emergence of fast knot.

0.86’’, 60 pc



M87 Observations: TeV γ-Rays



M87 Observations: TeV γ-Rays

Acciari et al. 
2008, ApJ,679, 

397



M87 Observations: TeV γ-Rays

Acciari et al. 
2008, ApJ,679, 

397

HST-1: no 
X/TeV 

2007 and 
2008 data 

break 
correlation



M87 Observations: TeV γ-Rays
VERITAS

Aharonian et al. 2006

Acciari et al. 
2008, ApJ,679, 

397

1-day flares: 
c tfl = 3 Rg



50 light days,
76 Rg

C. Walker et al.



Acciari et al. 2009, 
Sci, 325, 444
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Flare comes 
from central 
resolution 
element 

50 Rg/sin θ!

50 light days,
76 Rg

Acciari et al. 2009, 
Sci, 325, 444



• Use γ-ray light curve as “source function” to inject electron 
population.

• Electron population cools adiabatically as plasma moves down 
“hollow cone”.

• Account for differences in δ and in light travel time.
• Acceptable model fits for 
α=5˚, θ=20˚, Γ = 1.01, βjet = 0.14, B = 0.5G. 

Modeled 43 GHz emission Acciari et al. 2009, 
Sci, 325, 444



Spruit, arXiv:0804.3096

Magnetic acceleration and confinement: 

Analytic calculations: 
• Bisnovatyi-Kogan and Ruzmaikin 1976, Blandford-
Znajek 1977, Blandford & Payne 1982, Li, Chiueh, 
Begelman 1992)

GR-MHD simulations:
• McKinney 2006, Kommissarov 2007, Krolik, Hawley, 
Hirose, 2007, and others.

Magnetically Driven Jet Formation

McKinney & 
Gammie 2004, 
ApJ, 611, 977.

log ρ

Jet accelerates within 
50Rg
sinθ

~ 150Rg



Giannios, Uzdensky, Begelman, 2009, 
MNRAS, 395, L29, arXiv0907.5005G

• Relativistic generalization of Petschek-type reconnection (Lyubarsky, 2005):

• Lorentz factor of minijets: 

• Magnetic energy density in mini-jets:

• Energy per particle before (after) reconnection: 

• Model explains fast time variability and γ-transparency of jets even though

• Reconnection: kink instabilities or B-field reversals in BH magnetosphere. 

Γco = σ

σ em ~
1
3

σmpc
2    σmpc

2( )

Fast TeV variability from misaligned minijets in the jet of M87 7
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Figure 5. Same as in Fig. 4 but with the magnetization of the minijet set
to σem = 1/3 and the observed emission from the nucleus assumed to
come from a larger region, Rsoft <∼ Rem. A power-law electron distribution
is assumed with index p = 3.2. For these parameter the EIC mechanism
dominates the gamma-ray emission. The green dash-dotted lines show the
synchrotron and inverse Compton emission from an identical blob beam-
ing within the jet axis as observed by an observer located at an angle
θ = 1/Γj = 11o (with respect to the jet axis).

smaller values of σem the synchrotron and SSC components be-
come weaker but the TeV emission remains practically the same.
The TeV spectrum is rather well decribed with a power-law model
with photon-number index Γ " −2.3. The slope of the TeV spec-
trum depends on the spectrum of the soft seed photons (observed to
be Fsoft(E) ∝ E−1) and the index p of the electron distribution (set
to p = 3.2). At E ∼ 3 × 1014 eV the spectrum steepens because the
energy density of the available soft seed photons with Es <∼ 10−3 eV
for scattering in the Thomson regime drops rapidly with decreasing
energy.

The slope of the TeV emission spectrum is compatible with
that observed during the fast TeV flaring in 2005 (Aharonian et
al. 2005) and 2008 (Albert et al. 2008). During the TeV flares the
∼ 100 MeV flux approaches the upper limits set by EGRET (see
Fig. 5). If M87 is currently in a high GeV-TeV state, we predict
that FERMI should soon have a significant detection of the nuclear
emission.

During flares, the synchrotron emission from the minijet dom-
inates the nuclear emission in the X-rays, provided that σem >∼ 0.1.
In this case, simultaneous X-ray flares of moderate strength are
expected. Unfortunately, there have been no X-ray observations
strictly simultaneous with the TeV flares. On the other hand, mon-
itoring of the nucleus in X-rays in 2008 revealed that it was in a
high X-ray state around the time of the TeV flares. Simultaneous
multi-wavelength observations can greatly constrain magnetization
of the emitting region.

In Fig. 5, we also show for comparison the emission expected
from M87 if it were observed at an inclination θ = 1/Γj ∼ 11o,
i.e., at α = 1. In that case, the flares would be more powerful,
powered by minijets emitting within the jet axis, and have observed
durations of ∼several hours. The synchrotron emission would peak
in the extreme UV and the inverse Compton component at ∼ 100
GeV. Both the timing and spectral properties would look similar to
those of a low luminosity, high-frequency BL Lac (HBL) object.
Note, however, that in HBLs the inverse Compton peak is typically

not as pronounced with respect to the synchrotron one as that of
Fig. 5.

3.3.1 Escape of the TeV photons

The spectrum of the TeV emission from M87 does not show any
signature of absorption up to ∼ 10 TeV. In this section, we examine
the conditions under which the TeV emission from a misaligned
minijet escapes pair creation in the region where it is produced.

The dominant source of infrared-optical photons that can pair
create with the TeV photons is the ambient nuclear emission3. The
size of the emitting region (which likely depends on the wave-
length of the emission) and the location and direction of the minijet
determine the typical angle θint at which the TeV photons inter-
act with soft photons. For a rough estimate of this angle we set
Rsoft <∼ Rem, resulting in θint ∼ 60o. The pair-creation cross section
peaks at σγγ ∼ σT/5 for photons with total energy ECM ∼ 4mec2

in the center of mass frame. The center-of-mass energy of a hard
photon Eh and a soft photon Es that form an angle θint ∼ 60o is
ECM =

√
2EhEs(1 − cos θ) ∼

√
EhEs. The γγ annihilation cross

section peaks at soft photon energy Es " 4/Eh,1TeV eV. Since the
number density of soft photons increases at the lower energies,
∼10 TeV photons are the most likely to be absorbed by ∼ 0.4
eV target soft photons. The number density of soft photons is
Ntarget = LIR/4πR2

emcEs , where LIR ∼ 1041 erg/sec is the near-
infrared luminosity of the nucleus (see Figs. 4, 5). Thus, the an-
nihilation optical depth is

τγγ = NtargetσγγRem " 1LIR,41Eh,10TeV/r2. (10)

From this expression we conclude that for Rsoft <∼ Rem, the ∼ 10
TeV photons marginally avoid significant attenuation if the minijet
forms at Rem ∼ 100Rg. If, however, Rsoft is much smaller than Rem
then escape is possible from smaller radii.

4 DISCUSSION/CONCLUSIONS

M87 is a well studied case of a misaligned AGN jet. Both the
nucleus of M87 and the knot HST-1 have variable emission on
timescales of weeks to months, in particular in the X-rays (e.g.,
Harris et al. 2009). More impressively, M87 reveals compact TeV
emitting regions by producing flares on ∼ 1 day timescales (Aharo-
nian et al. 2006; Albert et al. 2008). VLBI observations during and
after the 2008 TeV flares showed the ejection of two blobs within
a distance of ∼ 100Rg from the black hole, strongly suggesting the
nucleus as the source of the flare (Acciari et al. 2009).

The TeV flares may originate from the magnetosphere of the
black hole (Levinson 2000; Neronov & Aharonian 2007) or a
complex jet geometry (spine/layer interaction [Tavecchio & Ghis-
ellini 2008]; collimating jet [Lenain et al. 2007]; decelerating jet
[Georganopoulos et al. 2005]). Still, in models in which the jet is
misaligned with respect to our line of sight, the Doppler factor of
the emitting material is δ ∼ 1, implying the need to explain a very
compact emitting region of length scale lem <∼ 5Rg and the lack of
TeV absorption.

Rapid gamma-ray flaring has been observed frequently in

3 The synchrotron photons from the minijet may, in principle, also con-
tribute to the TeV absorption. In practice, however, the strong beaming of
the minijets toward the observer guarantees that the synchrotron photons
can be ignored as a source of opacity.

c© 2009 RAS, MNRAS 000, 1–??
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2 min bins

Whipple/VERITAS Observations of 
Mrk 421 in 2007 & 2008
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Fig. 1.— The Mrk 421 light curves measured by different experiments (see Sec. 2) in 2006-2008. Shown

are the radio band (upper panel), the optical band (second panel), the X-ray band (third & fourth panel)

and the TeV band (bottom). Some of the RXTE/ASM and Swift/BAT flux points have been rebinned for

better visibility. Two phases of activity can be identified in the X-ray and TeV bands (summer 2006 and

spring/summer 2008). During the recent active phase a very good X-ray/VHE coverage was achieved, where

the X-ray observations were partly triggered by VERITAS. Figure 2 shows a blow-up of the 2008 flaring

state. Cross-correlations of the different wave bands are discussed in Sec. 3.4.
9

Beilicke, H.K., et al. 2009• Rich data set,
• Evidence for X/TeV correlation.



than an hour, so that a detailed comparison
has to be restricted to closely-simultaneous
data, see Sec. 3.4.

Mention MAGIC triggers at some points.

3.2. Temporal and Spectral Variability in
the TeV γ-Ray Band

Flux variability. Except for the high state in
May 2008 (phase 2, Fig. 3), flux variations on time
scales of 1-2 days are found in the TeV band. Ex-
cept for two nights, no significant TeV flux varia-
tion is observed within individual nights5.

Discuss variability on different time scales,
show short light curve, refer to 10Crab flare light
curve.

Spectral variability. To investigate a possible
change of the spectral shape as a function of flux
level, the data are divided into subsets according
to different flux levels. The separation into the flux
intervals is chosen such that a reasonable statistics
is guaranteed for each subset. An energy spectrum
is derived for each subset and is subsequently fit
by a power-law function with exponential cutoff
dN/dE = I0 · (E/1TeV)−Γ · exp(−E/Ecut). A fit
of a simple power-law function can be excluded
with high confidence for all of the spectra. The
results of the fits are summarized in Tab. 2 and
the energy spectra are shown in Fig. 4. No cor-
relation between the cutoff energy Ecut and the
flux normalization I0 can be claimed. The spectra
are also fitted with the same function by fixing
the cut-off energy to Ecut = 4TeV (Tab. 2). A
clear hardening of the spectrum with increasing
flux level can be seen, see Fig. 5. A linear cor-
relation is clearly dis-favoured (χ2/dof = 44.6/5,
p = 1.7 · 10−08) as compared to a quadratic rela-
tionship Γ(Φ) = a ·Φ + b ·Φ2 with a = 2.70± 0.04
and b = (−5.3 ± 0.6) · 109 (χ2/dof = 13.2/4,
p = 0.01). The results are in good agreement with
the results obtained with the Whipple 10m tele-
scope (Krennrich et al. 2002).

Mrk 421 is detected by VERITAS (on average)
with a statistical significance well above 10 stan-
dard deviations per run, even for runs with a du-
ration of only 10 min. This allows to derive energy

5It should however be mentioned, that the observation time
during individual nights often did not exceed 10− 20 min

spectra on time intervals of 10 min or less. Any en-
ergy sprectrum which meets the following require-
ments is fit by a power-law with exponential cutoff
(the cutoff energy being fixed to Ecut = 4TeV): (i)
A differential flux point is only considered in a fit
if the statistical significance of the excess exceeds
2 standard deviations. (ii) An energy spectrum is
only fit if at least four differential flux points ful-
fill the first criterium. The results of the energy
spectra derived for the individual runs confirm the
trend which has been found already in the data
sets divided according to the different flux levels,
see Fig. 5.

3.3. Temporal and Spectral Variability in
the X-ray Band

Flux variability. Although the X-ray fluxes fol-
low a global envelope, flux variations by a factor
of two can be observed on time scales of a few days
up to a week. In the optical band, flux variations
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Fig. 5.— Photon index Γ vs. flux normaliza-
tion I0 obtained from a power-law fit with ex-
ponential cutoff (fixed to Ecut = 4TeV). Each
grey data point corresponds to a data run with
a duration of 10 to 20min. The black points
correspond to the values obtained from the fits
to the spectra grouped according to their flux
states (compare with Fig. 4 and Tab. 2). Results
obtained from earlier Whipple 10m observations
(Krennrich et al. 2002) are shown for reference.
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are observed on longer time scales on the order
of months. No significant flux variations can be
observed at radio energies. The flux correlations
between the different energy bands are discussed
in Sec. 3.4.

For all but one case the RXTE observation ex-
posures were lower than 1.5 hours. The Swift
observations had a far larger range in exposures,
from 15 minutes in many observations, to over 40
hours in seven observations. An investigation of
two example observations showed significant vari-
ability in both a short RXTE PCA observation,
and a long Swift XRT observation. The Swift ob-
servation spanned nearly 3 days, with clear flaring
in the rates on hour time-scales. The RXTE PCA
light curve shows a steady decline in the count rate
over a 20 minute period.

Do more detailed studies, add plots...

Energy spectra. The RXTE PCA spectra were
fit in an energy range of 3−20 keV, where the Swift
XRT spectra were fit between 0.4 − 10 keV. Two
models were tested to best fit the data: a power
law and a log-parabolicmodel. Both models ac-
count for absorption assuming a fixed galactic col-
umn density of 1.61 × 1020 cm−2 (Lockman and
Savage 1995)) Not really as mentioned before...
Both spectra are shown fit with the absorbed log-
parabolic model, which uses an energy dependent
photon index Γ = a + b × log(E/E0). The pa-
rameter b defines the curvature in the logarith-
mic parabola, and a is the spectral index at E0.
The mean reduced 2 value from log-parabolic fits
to Swift XRT data of 1.20, and to RXTE PCA
data of 0.87 is significantly lower than the re-
spective mean reduced 2 values from power law
fits of 1.80 and 1.35. Hence, the integral flux
from 2−0 keV was calculated for each observation

12

Beilicke, H.K., et al. 2009

Whipple/VERITAS Observations of 
Mrk 421 in 2007 & 2008

• Spectrum hardens with increasing flux but the trend “saturates”.



Suzaku Observations of Mrk 421 in May, 2008

3.8 days

f(2-10 keV)/f(0.5-2 keV)

Garson, H.K., 2009



Suzaku Observations of Mrk 421 in May, 2008

Garson, H.K., 2009



Suzaku Observations of Mrk 421 in May, 2008

Garson, H.K., 2009

Different behavior in different flares...



PKS 2155–304 in July 2006
The HESS Collaboration: Simultaneous γ-ray/X-ray/optical observations of PKS 2155–304 during an exceptional flare. 7

Fig. 2.Overall light curves of PKS 2155–304 in the night of July
29-30 2006, as seen by HESS (T700, upper panel), Chandra
(lower panel, blue circles), and the Bronberg Observatory (op-
tical V band, red squares). Time bins of 4 minutes (3 for the
V band). The segments on the upper x-axis also show the two
intervals corresponding to the RXTE exposure (R label), and
the two intervals of the Swift pointing (S label) reported in
Foschini et al. (2007). The vertical scales differ in each panel,
and have been adjusted to highlight the specific variability pat-
terns. Lower panel: the left axis gives the integrated 0.5-5 keV
flux, the right axis gives the V-band νFν flux at the effective fre-
quency 5500 Å; both are in units of erg cm−2 s−1. The vertical
line marks a visual reference time for the start of both the op-
tical and VHE flares. The shaded bands mark the time interval
where the T300-Xmax and T400-Xmin dataset are extracted
(highest and lowest X-ray/VHE state; see Table 1).

correlate on short timescales with the other two bands. However,
there is a rise of ∼15% in flux, which appears to begin at the
same time as the main VHE flare. A conservative estimate of the
chance probability of coincidence –considering only the data of
this night– is of the order of a few percent. We discuss in Sect.
8.2 the possible implications if this simultaneity is genuine.

3.3. Inter-band time lags

The degree of correlation and possible time lags between dif-
ferent light curves have been quantified by means of cross-
correlation functions. The correlation analysis was performed
between X-ray and γ-ray light curves and between hard and soft
energy bands within each passband. As main tool it was used
the discrete correlation function (DCF) from Edelson & Krolik
(1988). The DCF is especially suited to unevenly spaced data,
such as the VHE light curves, which have gaps of a few min-
utes every 28 minutes between the stop and start of consecutive
runs. The time lags between light curves are determined to be the
maximum of a Gaussian plus linear function fitted to the central
peak of the DCF. This procedure is robust against spurious peaks
at zero time-tag caused by correlated errors (Edelson & Krolik

Fig. 3. Light curves of the νFν flux at 0.3 TeV, 0.3 keV, and
5500Å in 4-minute bins, plotted on the same flux scale. The
right axis reports the corresponding luminosity scale. Note the
remarkable difference of the amplitudes and the dramatic evolu-
tion in the VHE/X-ray flux ratio. HESS data (black): filled cir-
cles are fluxes calculated from the T300 light curve (integrated
above threshold); empty circles from the T500 light curve (see
text). The 0.3 TeV fluxes are corrected for intergalactic γ-γ ab-
sorption with a low-density EBL model, while both X-ray and
optical fluxes are corrected for Galactic extinction (AV=0.071).

1988). The error in the measured time lag is determined by sim-
ulations. Ten thousand light curves were generated by varying
each measured point within its errors. The entire correlation pro-
cedure was repeated for each of these simulations, resulting in
a cross correlation peak distribution (CCPD). The RMS of the
CCPD then provides an estimate of the statistical error in the
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 to be 30 s
by injecting various artificial time shifts into the original VHE
photon list, smaller than the duration of the time bins, and by
measuring the relative shift of the CCPD.

At VHE, the analysis was performed on the simultaneous
light curves between 300–700 GeV and above 700 GeV in two-
minute time bins (Fig. 1). This choice yields a good compromise
between event statistics, time coverage, and a maximum energy
difference between the bands. The resulting time lag between
the higher and lower energy band is (28± 30stat ± 30sys) s (see
Fig. 4). This time lag does not differ significantly from zero, as
for the flare of two nights before (Aharonian et al. 2008b), and
we derive a 95% confidence upper limit of 129 s. This value
was calculated by assuming a Gaussian probability distribution
around the measured time lag. The width of the distribution was
set to be the linear sum of the statistical and systematic error,
to be conservative. Afterwards symmetric intervals around zero
were integrated, until a 95% containment was achieved.

In the X-ray band, an analogous procedure was applied. The
total Chandra light curve was divided into a soft (0.2–1.0 keV)
and hard (2.0–6.0 keV) band. Because of the larger errors, in
this case 4-minute time bins were used. The measured time lag
is (-82 ± 202stat ± 30sys ) s. This value again does not differ
significantly from zero, resulting in a 95% upper limit of 482 s.

July 29/30, 2006
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Fig. 15. Synthetic SED of PKS 2155–304 showing the high-
est and lowest simultaneous states during this night, together
with historical data (shown in grey, see Chiappetti et al. 1999;
Bertone et al. 2000; Aharonian et al. 2005b, and references
therein). The hard X-ray data (butterfly) corresponds to the
RXTE -HEXTE spectrum in the high state of 1996 (Urry et al.
1999). The right axis gives the luminosity scale in erg/s. Highest
state (blue triangles): T300-High spectrum scaled to the high-
est VHE flux in the 4-min light curve. Lowest state (red squares):
T300-Low spectrum scaled to the lowest VHE flux in the 4-min
light curve. The X-ray states in the corresponding time bins are
practically equal to the T300-Xmax and T400-Xmin spectra,
which are thus plotted here. The dashed line shows the one-zone
SSC fit of the 2003 multiwavelength campaign (black circles,
Aharonian et al. 2005b).

cies below or close to the synchrotron peak, as in the case of the
1997 flare of Mkn 501 (see e.g., Tavecchio et al. 2001).

A further ingredient is therefore needed to obtain a cubic
relation, in a one-zone SSC scenario. It is important to remind
here that “one-zone” does not mean the request that the entire
SED is produced by a single zone. It is generally understood
that the SED is always formed by the superposition of radiation
from different zones along the jet, both in space (e.g., the radio
emission has to come from a much larger region than for the
rapidly variable X-ray or optical emission, to avoid synchrotron
self-absorption) and in time (multiple injections). What is gen-
erally tested with a “one-zone scenario” is the hypothesis that at
any given time – but during large flares in particular – it is one
single region or population that dominates the entire radiative
output, determining both peaks of the SED. This scenario has
been very successful in explaining so far the spectral and tempo-
ral properties of blazars, both among different objects and in sin-
gle sources during large flares, (e.g., Mkn 501, 1ES 1959+650).
We now consider if this can also be the case for this flare of
PKS 2155–304.

8.1. One-zone SSC analysis
8.1.1. Thomson condition and beaming factor

In a single-zone, homogeneousSSCmodel, the knowledge of the
frequencies of the synchrotron and Compton SED peaks (νs and
νc, respectively), their luminosities (Ls and Lc), and the require-

ment of Thomson condition for X-ray photons (νx) form a closed
system of three equations in the unknown variables δ (beaming
factor), B (magnetic field), and R (size) of the emitting region
(see e.g., Katarzyński et al. 2005, Appendix A). These values
can then be compared with the size of the emitting region ob-
tained from variability timescales (R ≤ ctvarδ(1 + z)−1), and
with the condition that the cooling times of the electrons emit-
ting at the peak (γpeak) is equal to or shorter than the variabil-
ity timescales (namely, γcool ≤ γpeak; see e.g., Tavecchio et al.
1998).

With the parameters measured for this flare (νs " 50 eV,
νc " 0.5 TeV, Ls = 1.6 × 1046 erg/s, Lc = 1 × 1047 erg/s),
the Thomson limit for photons in the middle of the Chandra
passband (νx = 1 keV) requires that δ ∼800, B ∼0.6 mG
and R ∼1×1015 cm. This solution seems unrealistic: besides
the quite extreme values of the beaming factor and severe effi-
ciency problems, it is not consistent with the VHE spectra. The
Thomson γ-ray spectrum should extend to 10 TeV with the same
slope shown by the X-ray spectrum up to 1 keV, in contrast to
observations.

For electrons emitting at the SED peaks, instead, PKS 2155–
304 is almost certainly in the Thomson regime. The Thomson
regime is already satisfied for δ ≈ 15, but the condition of trans-
parency for 1-TeV photons (see e.g., Dondi & Ghisellini 1995;
Begelman et al. 2008) requires δ ! 30, adopting for reference
the variability timescale of the main γ-ray flare (tvar ∼1 hr).
The Thomson regime for the SED peaks is also indicated by the
absence of a significant change of νs (< 1.5×) in the presence
of an inferred ∼3× shift of νc. Since in the KN regime the ratio
νc/νs ∝ γ−1

peak ∝ ν−1/2
s , the change in νc should have been ac-

companied by an increase in νs by 9× (vs.
√

3× in Thomson),
bringing it well within the Chandra band.

Therefore, the SED peaks of PKS 2155–304 are in the
Thomson regime, but a part of the Chandra passband is most
likely affected by KN effects.With δ !100, consistency between
the size of the emitting region estimated from both the observed
Compton dominance and the variability timescale is obtained,
yielding R ≈1 × 1016 cm, B "5 mG and a Thomson condition
at νx " 0.3 keV. This is also the result obtained by an analysis
on the B − δ plane following the analytical approach described
in Tavecchio et al. (1998).

However, this solution is not consistent with the cooling
times of the peak electrons being equal to or shorter than the
escape timescales. Because of the low values of the magnetic
field and high beaming factors, in all the above cases the energy
of the electrons cooling within the variability timescale (t′ =
tvarδ/(1 + z)), either by synchrotron or IC, is extremely high,
namely γcool > 6×106. This value is well above γpeak ∼9×104,
meaning that the whole electron distribution up to the energies
sampled by our observations did not have time to cool.

In the one-zone frameset, therefore, the peaks of the SED
cannot be explained by radiative cooling. This result is quite
different from all previous estimates for the SSC parameters in
PKS 2155–304, and is mainly due to the increase by a factor
∼10 in the separation between the synchrotron and Compton
peak frequencies.

8.1.2. Expanding blob

An intriguing possibility is to explain the observed decrease
of both synchrotron and IC emission as adiabatic cooling due
to a rapid expansion of the emitting region from an initially
very compact size (“explosion”), with the total number of par-

Aharonian et al. 2009
Problems fitting with 1-zone SSC models 

⇒ EC models, or 2-zone models. 



PKS 2155–304 in August/
September 2008
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Multiwavelength observations of PKS 2155-304 with H.E.S.S.,
Fermi-LAT, RXTE, Swift and ATOM.
Lucie Gérard∗, for the H.E.S.S. and Fermi collaborations

∗Astroparticle et Cosmologie (APC), CNRS/IN2P3, Universié Paris 7 Denis Diderot, France

Abstract. In August 2008, the first joint observing
campaign between a ground-based Very High Energy
(VHE) γ-ray telescope (H.E.S.S.) and the Fermi-LAT
took place, with simultaneous observations of the
AGN PKS2155-304. This 11-day multi-wavelength
campaign also included RXTE and ATOM for the X-
ray and optical coverage, respectively, and a trigger
of Swift observations in the final nights. PKS 2155-
304, which is one of the brightest AGN at VHE, was
found to be in a low state close to the quiescent
state but nonetheless provided us with precious and
unexpected information. Indeed, for the first time, a
quantitative correlation was measured between the
VHE and the optical fluxes variabilities of an AGN.
In contrast to what was observed during the 2006
flare, no correlation between X-ray and VHE fluxes
was measured, which is interpreted as Klein-Nishina
effects preventing the highest energy electrons to
scatter via Inverse Compton. If the double peak
structure of the SED is well reproduced by a one zone
homogeneous SSC models, this simple picture fails
to explain the correlation pattern observed between
different waveband and its flux level dependency.
Keywords: γ-ray, AGN, multiwavelength

I. INTRODUCTION
Active Galactic Nuclei are variable objects emitting

over the entire electromagnetic spectrum. For these
reasons, simultaneous multiwavelength campaigns are
crucial to improve our understanding of those objects,
Indeed, the accelerations mechanisms in the blazar’s
jets can be probed by matching the emission model’s
spectral and temporal prediction with data. At VHE,
the detection of such objects generally happens dur-
ing a flaring episode. But with the new generation of
Cherenkov telescopes VHE low flux states of some
AGN became accessible. PKS 2155-304, a blazar at
z=0.116, is a source whose VHE quiescent state as been
observed and recently characterized (see [4] and [5]) and
is detectable by H.E.S.S. within one hour. This bright
source, extensively covered from radio to TeV energies
over the past 20 years (see [6] and refereces therein) is an
ideal and sure target for multiwavelength observations.
Nonetheless, given the lack of sensitive observatories
in the GeV domain, the emission models still predict
a wide variety of fluxes in the 100MeV–10TeV energy
range. Crucial information is expected from the Fermi
Gamma-ray Space Telescope whose sensitivity is greatly
improved over EGRET’s one.
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Fig. 1. Nightly lightcurves of, from top to bottom: H.E.S.S. (32.9
hours), Fermi-LAT (7.7 × 108cm2 s exposure), RXTE (75 ks) and
Swift (5 ks) and ATOM (106 observations, B: blue circles, V: green
squares, R: red triangles). The Fermi and RXTE/Swift panels also
show the nightly spectral index measurements (red). Vertical bars
show statistical errors only. Horizontal bars shown only on Fermi and
RXTE/Swift panels represent the integration time.

The first Fermi and H.E.S.S. simultaneous obser-
vations targeted PKS 2155-304. This 11-day campaign
– involving ATOM, RXTE and Swift for the optical
and X-ray observations respectively – provided the first
continuous MeV–TeV spectral energy distribution re-
solving the Inverse Compton (IC) or hadronic peak.
Also, PKS 2155-304 was caught in a low flux state which
offers the possibility to compare its behaviour with that
observed during the previous campaign, in 2006, while
the source was flaring.

II. OBSERVATIONS AND ANALYSIS

PKS 2155-304 was observed during 11 days from
August 25 to September 6 (MJD 54704-54715). For
details and technical issues please see [1]. The resulting
lightcurves are presented in Fig. 1. Nightly flux vari-
ability is detected in the VHE, X-ray and Optical bands.
Spectral variability is observed for the Fermi spectrum,

L. Gerard for the Fermi LAT team, and 
the H.E.S.S. Collaboration (2009)

γ1 = 1.4×104, γ2 = 2.3×105 
γmax = 106.5, B= 18mG



L. Reyes for the Fermi LAT team, and 
the VERITAS Collaboration (2009)
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γ-rays from Starburst Galaxies

• High star formation rate: ~10x Milky Way

• High supernova rate: ~0.1 to ~0.3 / year

• High CR density: ~100x Milky Way
• Inferred from intense radio-synchrotron emission

• High gas density: ~150 particles / cm3

• CR hadrons + gas => pions => γ-rays

• CR electrons + ambient photons => γ-rays

• HEGRA & Whipple: VHE flux <10% Crab

Theoretical predictions:

Akyüz 1991, Völk et al. 1996, Pohl 
1996, Paglione 1996,  Völk 2003, Torres 
et al. 2004, Zirakashvili & Völk 2005.



γ-rays from Starburst Galaxies

• VERITAS (2007-09):  ~137 hrs of M82 observations,

• Standard VERITAS analysis + “hard cuts”:

• Eth ~ 700 GeV;  NB: Sensitivity less at θ ~ 39º

• The results are embargoed by the Nature news embargo policy.



γ-rays from Starburst Galaxies!

Acero et al. 2009,  science.1178826



Summary - TeV γ-Ray Observations 
of Extragalactic Objects 

• M87: 
  - Excellent laboratory: proximity and MBH=6⨉109 M☉
       (Cen A: 5.5 ± 3.0 × 107 M☉) 
  - Evidence that γ-ray emission comes from jet collimation region, 
     < 50 Rg / sin θ from the supermassive Black Hole.
• Blazars: 
  - 24 sources, FSRQs, LBLs, IBLs, HBLs.
  - Broadband observations: 
    Simple 1-zone SSC models do not work (Mrk 421, 1ES1959+650, PKS 2155–304)

    Flare to flare variations make it difficult to break model degeneracies.
    More exciting Fermi/TeV results soon. 
• Starburst galaxies are a new class of  VHE γ-ray emitters.


