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High-energy gamma rays
In addition to charged particles we obtain information on 
the high-energy universe from gamma rays.
E ~100 MeV --> 50 TeV

Production & interaction
1) synchrotron radiation of electrons in B fields

Depending on the energy of the electron and the 
strength of the B field, the energy of photons ranges 
from radio (meV) to ~10 MeV

radiation is polarized
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2) Inverse Compton scattering
energy of electrons is transferred to photons
“heating of photons through electrons“

3) Hadronic interactions

requires the presence of hadronic particles

2

temperature (kinetic energy) of photons
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4) Bremsstrahlung
e+target --> Bremsstrahlung                   (power law)

5) important combination of 1) and 2)
synchrotron self compton (SSC)

the photons for inverse Compton scattering are 
produced in-situ

typical form of spectrum

E� ⇡ Ee
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E� ⇡ 10� 20 GeV

Measurement of photons
1) detection in space

Fermi satellite
electromagnetic calorimeter
10 layers of Pb converter
interspaced with 12 layers of Si strip detectors

electromagnetic cascade
--> trajectory
--> 

up to

� ! e+e�
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2) atmospheric Cherenkov telescopes

total number of phortons --> E0

field of view ~4°

stereo observations 
--> 3 dim trajectory of shower in atmosphere
--> direction of the incoming photon

IACT = Imaging Atmospheric Cherenkov Telescope
10

mirror

camera (PMT)
image of shower is 
recorded with a fast 
camera (PMT)



H.E.S.S. telescope, Namibia



H.E.S.S. telescope, Namibia



H.E.S.S. telescope, Namibia



stereo observation



high background of hadronic particles
reduction through two effects:
1) hadronic particles produce only 1/3 Cherenkov light 

as photons of the same energy

2) pattern recognition in Cherenkov image

e/m cascades produce „smoother“ images
hadronic interaction length
vs
radiation length

hadronic particles at 
same number of 
Cherenkov photons 
are only 

times more abundant
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gamma-hadron separation
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Complementarity of gamma-ray instrumentsComplementarity of gamma-ray instruments

- Space-based detectors - continuous full-sky coverage in GeV

- Ground-based detectors have TeV sensitivity
• Current Imaging Atmospheric Cherenkov Telescopes (IACTs) have 

excellent energy and angle resolution, but FoV of 0.003 sr and duty cycle of 10%
• Particle detectors have an aperture > 2 sr and duty cycle of 90% but angular 

resolution of ~0.6° (@ 1 TeV)
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INSTRUMENTS
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The Cherenkov Telescope Array (CTA)The Cherenkov Telescope Array (CTA)

> 1200 members 
194 Institutes from 31 countries 

2 sites selected: 
North (La Palma, Spain)
South (Paranal, Chile)

Initial construction could start in 2016
Early science: towards the end of the decade

CTA South

46, 47, 58, 61, 62, 63, 65, 78, 83, 202, 204, 209, 210, 236, 249, 252, 264, 265, 274, 276, 294, 305, 318, 329, 370, 372, 395, 424, 465, 469, 506, 
556, 603, 605, 610, 629, 665, 673, 674, 684, 699, 723, 736, 773, 824, 862, 882, 900, 954, 965, 1052, 1057, 1058, 1101, 1179, 1319, 1324, 1397



diffuse gamma radiation
1) radio wavelengths

synchrotron radiation from electrons in B fields
intensity
halo of galaxies are more extended than the visible 
region
--> confirmation that cosmic rays (electrons)   
      propagate in the galactic halo

2) also diffuse gamma radiation observed E>100 MeV
origin:

--> direct hint that cosmic rays (hadrons) are not a 
local phenomenon
they propagate in the halo of the Milky Way and they 
exist in other galaxies 

/ B⇢e

CR+ ISM ! ⇡0 ! � + �



diffuse radio background of the Milky Way



The Fermi All Sky Map, showing the diffuse galactic 
gamma-ray background from the Milky Way. 

Courtesy of NASA/DOE/International LAT Team



Fermi’s Large Area Telescope shows that an intense star-forming region in the Large 
Magellanic Cloud named 30 Doradus is also a source of diffuse gamma rays. Brighter 

colors indicate larger numbers of detected gamma rays.
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point sources
1) galactic sources

supernovae

1995 first hint that electrons are accelerated in B 
fields of SNR
synchrotron radiation
from x-ray spectrum ! Ee ⇡ TeV

SN 1006
ASCA x-ray



H.E.S.S.  supernova remnant RXJ 1713

OG 1 Page 28

OG 2.2:  Galactic SourcesOG 2.2:  Galactic Sources
RXJ 1713RXJ 1713--394394

HESS:   Morphology does not change with energy.

Spatially resolved
spectra:

Spectra do not 
appreciably change
over remnant !OG 1 Page 28

OG 2.2:  Galactic SourcesOG 2.2:  Galactic Sources
RXJ 1713RXJ 1713--394394

HESS:   Morphology does not change with energy.

Spatially resolved
spectra:

Spectra do not 
appreciably change
over remnant !

spectral 
index as 
expected 
from 1st order 
Fermi 
acceleration 
~ -2.1
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2004: H.E.S.S. telescopes
observation of SNR RXJ1713

observed spectrum:

- acceleration of electrons:
SSC, i.e. inverse Compton effect
of    s on TeV electrons

- acceleration of hadrons (nuclei):
    s originate from      decay

which process dominates?
 

�

� ⇡0



H.E.S.S. Experiment
Namibia
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Acceleration of particles in supernova remnant

SNR RX J1713.7-3946
H.E.S.S.: TeV-Gamma rays

ASCA: X-rays (keV)

F. Aharonian et al, Nature 432 (2004) 75
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H. Völk & E.G. Berezhko, A&A 451 (2006) 981

Acceleration of particles in supernova remnant

SNR RX J1713.7-3946
H.E.S.S.: TeV-Gamma rays

ASCA: X-rays (keV)
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Acceleration of hadrons (H. Völk et al)

Accelerated cosmic rays modify the B field at the SNR 
(self amplification)
--> B field in SNR is (much) larger than in ISM
~100 µG instead of ~3 µG

--> effective production of synchrotron radiation
--> observed flux of x rays and radio can be explained by 
a moderate electron number density

19

--> fraction of inverse Compton 
contribution is relatively small
--> most likely the observed TeV 
gamma rays are from     decay
--> hint for the acceleration of 
hadrons in SNR

⇡0

BUT: is self amplification realized in nature?



Christian Stegmann, Astroparticle Meeting, Nijmegen, March 2010

RX J1713.7-3946

RX J1713.7-3946
Berezkho & Völk
astro/ph-0602177

Synchrotron

Elektron IC

d  = 1 kpc
E  = 1.8.1051 erg
M  = 3.5 M¤
ρ(r) = 0.01 … 10 /cm3

B  = 126 μG
e/p = 10-4

~B2

~10 μG



Christian Stegmann, Astroparticle Meeting, Nijmegen, March 2010

RX J1713-3946 seen by Fermi

Fermi-LAT Collab.
S.Funk
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ABSTRACT

The middle-aged supernova remnant (SNR) W44 has recently attracted attention because of its relevance regarding the origin of
Galactic cosmic-rays. For the first time for a SNR, the gamma-ray missions AGILE and Fermi have established the spectral continuum
below 200 MeV, which can be attributed to a neutral pion emission. Confirming the hadronic origin of the gamma-ray emission
near 100 MeV is then of the greatest importance. Our paper is focused on a global re-assessment of all available data and models of
particle acceleration in W44 with the goal of determining the hadronic and leptonic contributions to the overall spectrum on a firm
ground. We also present new gamma-ray and CO NANTEN2 data on W44 and compare them to recently published AGILE and Fermi
data. Our analysis strengthens previous studies and observations of the W44 complex environment and provides new information for
more detailed modeling. In particular, we determine that the average gas density of the regions emitting 100 MeV–10 GeV gamma-
rays is relatively high (n ⇠ 250–300 cm�3). The hadronic interpretation of the gamma-ray spectrum of W44 is viable and supported
by strong evidence. It implies a relatively large value for the average magnetic field (B � 102 µG) in the SNR surroundings,which
is a sign of field amplification by shock-driven turbulence. Our new analysis establishes that the spectral index of the proton energy
distribution function is p1 = 2.2 ± 0.1 at low energies and p2 = 3.2 ± 0.1 at high energies. We critically discuss hadronic versus
leptonic-only models of emission taking radio and gamma-ray data into account simultaneously. We find that the leptonic models are
disfavored by the combination of radio and gamma-ray data. Having determined the hadronic nature of the gamma-ray emission on
firm ground, a number of theoretical challenges remain to be addressed.

Key words. acceleration of particles – astroparticle physics – shock waves – radiation mechanisms: non-thermal –
ISM: supernova remnants – gamma rays: ISM

1. Introduction

Cosmic-rays (CRs) are highly energetic particles (with kinetic
energies up to E = 1020 eV), which are mainly composed of
protons and nuclei with a small percentage of electrons (1%).
Currently, the CR origin is one of the most important prob-
lems of high-energy astrophysics, and the issue is the subject
of very intense research (Fermi 1949; Ginzburg & Syrovatskii
1964; Berezinskii et al. 1990). For recent reviews, see Helder
et al. (2012) and Aharonian (2012). Focusing on CRs produced
in our Galaxy (energies up to the so-called “knee”, E = 1015 eV),
strong shocks in supernova remnants (SNRs) are considered the
most probable CR sources (e.g., Ginzburg & Syrovatskii 1964).
This hypothesis is supported by several “indirect” signatures
which indicate the presence of ultra-high energy electrons (re-
cent review in Vink 2012). However, the final proof for the ori-
gin of CRs up to the knee can only be obtained through two
fundamental signatures. The first is the identification of sources
emitting a photon spectrum up to PeV energies. The second
is the detection of a clear gamma-ray signature of ⇡0 decay
in Galactic sources. Both indications are quite di�cult to ob-
tain. The “Pevatron” sources are notoriously hard to find (see

Aharonian 2012, for a review), and the neutral pion decay signa-
ture is not easy to identify because of the possible contribution
from co-spatial leptonic emission. Hadronic (expected to pro-
duce the ⇡0 decay spectral signature) and leptonic components
can in principle be distinguished in the 50–200 MeV energy
band, where they are expected to show di↵erent behaviors.

Over the last five years, AGILE, Fermi-LAT and ground tele-
scopes operating in the TeV energy range (HESS, VERITAS,
and MAGIC) collected a great amount of data from SNRs (Abdo
et al. 2009, 2010a,b,c,e,d, 2011; Acciari et al. 2009; Tavani et al.
2010; Acciari et al. 2010, 2011; Aharonian et al. 2001, 2007,
2008; Aleksic et al. 2012; Giordano et al. 2012; Giuliani et al.
2010; Hewitt et al. 2012; Katsuta et al. 2012; Lemoine-Goumard
et al. 2012), providing important information and challenging
theoretical models. For example, most of the observed SNRs ap-
pear to have a spectrum that is steeper than the one expected
from linear and non-linear di↵usive shock acceleration mod-
els (DSA) of index near 2 (and possibly convex spectrum Bell
1987; Malkov & Drury 2001; Blasi et al. 2005). The SNR W44
is one of the most interesting SNRs observed so far; it is a
middle-aged SNR, bright at gamma-ray energies, and quite close
to us. Its gamma-ray spectral index (indicative of the underlying
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Fig. 4. Our best hadronic model, H3, of the broadband spectrum of the SNR W44 superimposed with radio (data points in green color) and gamma-
ray data of Fig. 1 (in blue and cyan color). Proton distribution in Eq. (3) with index p1 = 2.2 ± 0.1 (for E < Ebr) and p2 = 3.2 ± 0.1 (for E > Ebr)
where Ep

br = 20 GeV. This model is characterized by B = 210 µG and n = 300 cm�3. The yellow curve shows the neutral pion emission from
the accelerated proton distribution discussed in the text. The black curves show the electron contribution by synchrotron (dot) and bremsstrahlung
(dashed) emissions; the IC contribution is negligible. The red curve shows the total gamma-ray emission from pion-decay and bremsstrahlung.
Left panel: SED from radio to gamma-ray band. Right panel: only gamma-ray part of the spectrum.

Table 2. Leptonic model parameters.

Models p01 p02 Ee
br Ke

[GeV] [1/MeV/cm�3]
L1 1.74 4.2 ± 0.1 8 ± 1 4 ⇥ 10�14

L2 �2.5 ± 0.1 3.4 ± 0.1 0.5 ± 0.1 1 ⇥ 10�11

Notes. p01 is the electron spectral index before the break, p02 is the elec-
tron spectral index above the break, Ee

br is the electron break energy,
and Ke is the electron normalization constant.

Our assumption is that the same electron population pro-
duces both the gamma-ray and the radio fluxes through
bremsstrahlung and synchrotron emissions, respectively. The
spatial co-existence of radio filaments and sites of gamma-ray
emission justifies this hypothesis. We fix the gaseous density
value, n = 300 cm�3, from NANTEN2 data.

Our first leptonic-only model was developed (L1, see
Table 2) by fixing the electron spectral index at the value found
from radio data analysis by Castelletti et al. (2007); p01 = 1.74
for E < Epeak. We found a high energy electron spectral in-
dex p02 = 4.2 ± 0.1 above an energy break Ee

br ⇠ 8 GeV and
a magnetic field B ⇠ 25 µG. However, fixing p01 = 1.74, we can
fit radio synchrotron data, but we cannot fit it in any way the
low-energy gamma-ray data (see Fig. 5).

The second leptonic-only model was developed to fit
gamma-ray data with the Bremsstrahlung emission (L2, see
Table 2) by changing the electron spectral index. We can fit
low-energy gamma-ray data with an index p01 = �2.5 ± 0.1 for
E < Ee

br, which is very hard to explain. The other parameters
found are p02 = 3.4 ± 0.1 for E > Ee

br, Ee
br ⇠ 500 MeV, and

B ⇠ 40 µG.

5. Discussion

5.1. Models

Gamma-ray emission from SNRs can be produced in general
by three di↵erent mechanisms: (1) relativistic bremsstrahlung
from electrons interacting with surrounding medium; (2) inverse
Compton emission from electrons that scatter soft photons (e.g.,s

cosmic background radiation and interstellar radiation field); and
(3) proton-proton interaction producing ⇡0, which subsequently
decays into two gamma-ray photons. To find an unambiguous
signature of accelerated hadrons in W44, we need to clearly
identify these di↵erent contributions in the high energy spec-
trum. As in G11, we model the gamma-ray data by consider-
ing all possible emission mechanisms. We fix two important pa-
rameters obtained from radio and mm-CO data. Multifrequency
radio data (Castelletti et al. 2007) provide the radio photon in-
dex ↵ = 0.37, which implies an electron index p0 = 1.74, for en-
ergies less than the synchrotron peak. By using NANTEN2 tele-
scope data, we can also fix the SNR average density in the region
of gamma-ray emission at nav = 300 cm�3.

5.1.1. Leptonic-only model failure

Our aim is to test whether a leptonic-only model can explain
the gamma-ray emission from W44. We assume that the same
electron population produces both the radio and the gamma-ray
emissions. We assume a broken power-law electron distribution
with inverse Compton and Bremsstrahlung components.

– L1 model: we use the index p01 = 1.74 as a parameter,
which is obtained from radio synchrotron data (Castelletti
et al. 2007). Relativistic bremsstrahlung has the same elec-
tron index (Blumenthal & Gould 1970). Consequently, an
index p01 = 1.74 cannot explain the low-energy gamma-ray
data in any way (Fig. 5, black curve). Moreover, the rela-
tion between density and magnetic field (see Appendix C)
constrains the synchrotron peak; fixing the medium den-
sity to the average value found in Yoshiike et al. (2013),
n = 300 cm�3, we cannot fit in a good way the W44 radio
emission for any magnetic field value. The best model gives
a B = 25 µG. Changing the density value does not improve
the fit.

– L2 model: in this case, we do not apply the radio con-
straint on the electron spectral index to fit the low-energy
gamma-ray data. We find that only an index p01 = �2.5 ± 0.1
can explain the gamma-ray spectrum decay at E < Ee

br with
Ee

br = 500 MeV with an index p02 = 3.4 ± 0.1 for E > Ee
br.

In this case, the W44 gamma-ray emission can be explained,

A74, page 6 of 12



HESS: Acceleration of Petaelectronvolt 
protons in the Galactic Centre

Nature 531, 476 (2016)

Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right

panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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HESS: Acceleration of Petaelectronvolt 
protons in the Galactic Centre

Nature 531, 476 (2016)

Here we report deep gamma-ray observations with arcminute 
angular resolution of the Galactic Centre regions, which show the 
expected tracer of the presence of PeV particles within the central 10 
parsec of the Galaxy. We argue that the supermassive black hole 
Sagittarius A* is linked to this PeVatron. Sagittarius A* went through 
active phases in the past, as demonstrated by X-ray outbursts and 
an outflow from the Galactic Center. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have plau- 
sibly been more active over the last ~ 106−7 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of PeV Galactic cosmic rays.
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Figure 2: Spatial distribution of the CR density versus projected distance from Sgr A*. The vertical and horizontal
error bars show the 1� statistical plus systematical errors and the bin size, respectively. A fit to the data of a 1/r (red
line, �2/d.o.f. = 11.8/9), 1/r2 (blue line, �2/d.o.f. = 73.2/9) and an homogeneous (black line, �2/d.o.f. = 61.2/9)
CR density radial profiles integrated along the line of sight are shown. The best fit of a 1/r↵ profile to the data is found
for ↵ = 1.10± 0.12 (1�).The 1/r radial profile is clearly preferred by the H.E.S.S. data.
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Figure 3: VHE �-ray spectra of the diffuse emission and HESS J1745-290. The Y axis shows fluxes multiplied by
a factor E2, where E is the energy on the X axis, in units of TeVcm�2s�1. The vertical and horizontal error bars show
the 1� statistical error and bin size, respectively. Arrows represent 2� flux upper limits. The 1� confidence bands of
the best-fit spectra of the diffuse and HESS J1745-290 are shown in red and blue shaded areas, respectively. Spectral
parameters are given in Methods. The red lines show the numerical computations assuming that �-rays result from
the decay of neutral pions produced by proton-proton interactions. The fluxes of the diffuse emission spectrum and
models are multiplied by 10.
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M. Lemoine-Goumard, 34th ICRC, The Hague, 6th August 2015

The TeV sky today: a large variety of sourcesThe TeV sky today: a large variety of sources

Already 162 detected sources reported in the TeV Catalog in August 2015 !
65 sources are extragalactic – 70 are Galactic – 27 UNID



2) extragalactic sources
1997 discovery of strong variations of the flux of Mrk 
421 + Mrk 501

Burst with ~30% intensity change within a day.
Some changes on 15 min time scales.
Time scale of variability constrains the size of the 
source:                      ~size of solar system

Objects are far away

estimate proton density at source:
                                     
                                      in the TeV range
problem: at such energies the photon field is not 
transparent any more above 10 TeV
threshold: 

⇡ 1h

D =
z · c
H0

⇡
0.033 · 3 · 105 km

s

65 km
s Mpc

⇡ 150 Mpc

�x ⇡ c ·�⌧

n� ⇡ 1012 � 1015
1

cm3

�� ! e+e�

4E�✏� > (2mec
2)2 = 1012 eV2



OG 1 Page 51

OG 2.3:  Extragalactic SourcesOG 2.3:  Extragalactic Sources
Mkn Mkn 421421

Whipple [Grube]:
2004:  Five month multi-� campaign:  X-ray, TeV �-ray.



M. Lemoine-Goumard, 34th ICRC, The Hague, 6th August 2015

Multiwavelength campaign of Mkn 421Multiwavelength campaign of Mkn 421
Another famous, close-by and bright blazar

January 2013 flare:
Synchrotron and IC peak shifted to ~ 10
times lower energies
=> Never seen before for any  blazar 
   
4.5 year campaign also followed by ARGO-YBJ

      
      Variability clearly detected by HAWC

 Deep monitoring by FACT

162, 787,  1118 

HAWC

FACT / MAGIC



52

solution: relativistic beaming
Source moves towards us at relativistic speeds.

In moving coordinate system

--> the threshold is increased by a factor

sicne we observe photons at E > 10 TeV

i.e. relativistic jet is moving towards us

R0 = � ·R

E0 =
1

�
· E

) � > 30

i.e. 
1) the volume is a factor     larger
2) the energy is a factor       smaller

�
1/�

�2



EF and kF feature in the geometry. An early
indication of such scales was seen in (24, 36) in a
variant of the story that geometry is not universal
in string theory: The geometry depends on the
probe used, and different probes experience
different geometric backgrounds. The absence
of these scales in the general relativistic descrip-
tion of the AdS black hole could thus be an
artifact of the Riemannian metric description of
space-time.

Regardless of these questions, AdS/CFT has
shown itself to be a powerful tool to describe
finite-density Fermi systems. The description of
the emergent Fermi liquid presented here argues
that AdS/CFT is uniquely suited as a computa-
tional device for field theory problems suffering
from fermion sign problems. AdS/CFT repre-
sents a rich mathematical environment and a new
approach to qualitatively and quantitatively in-
vestigate important questions in quantum many-
body theory at finite fermion density.
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The accretion of matter onto a massive black hole is believed to feed the relativistic plasma jets
found in many active galactic nuclei (AGN). Although some AGN accelerate particles to energies
exceeding 1012 electron volts and are bright sources of very-high-energy (VHE) g-ray emission, it is
not yet known where the VHE emission originates. Here we report on radio and VHE observations of
the radio galaxy Messier 87, revealing a period of extremely strong VHE g-ray flares accompanied
by a strong increase of the radio flux from its nucleus. These results imply that charged particles
are accelerated to very high energies in the immediate vicinity of the black hole.

Active galactic nuclei (AGN) are extra-
galactic objects thought to be powered
by massive black holes in their centers.

They can show strong emission from the core,
which is often dominated by broadband con-
tinuum radiation ranging from radio to x-rays
and by substantial flux variability on different
time scales. More than 20 AGN have been es-

tablished as very-high-energy (VHE) g-ray emit-
ters with measured energies above 0.1 TeV; the
jets of most of these sources are believed to be
aligned with the line of sight to within a few de-
grees. The size of the VHE g-ray emission region
can generally be constrained by the time scale of
the observed flux variability (1, 2), but its location
remains unknown.

We studied the inner structure of the jet of the
giant radio galaxy Messier 87 (M87), a known
VHE g-ray–emitting AGN (2–5) with a (6.0 T

0.5) ! 109 solar mass black hole (6) (scaled by
distance), located 16.7 Mpc (54 million light
years) away in the Virgo cluster of galaxies. The
angle between its plasma jet and the line of
sight is estimated to lie between 15° and 25°
[see supporting online material (SOM) text].
The substructures of the jet, which are ex-
pected to scale with the Schwarzschild radius
Rs of the black hole (7), are resolved in the
x-ray, optical, and radio wave bands (8) (Fig. 1).
High-frequency radio very-long-baseline inter-
ferometry (VLBI) observations with resolu-
tion under a milli–arc second (milli–arc sec)
are starting to probe the collimation region of
the jet (9). With its proximity, bright and well-
resolved jet, and very massive black hole, M87
provides a unique laboratory in which to study
relativistic jet physics in connection with the
mechanisms of VHE g-ray emission in AGN.

VLBI observations of the M87 inner jet
show a well-resolved, edge-brightened structure
extending to within 0.5 milli–arc sec (0.04 pc or
70 Rs) of the core. Closer to the core, the jet has
a wide opening angle, suggesting that this is the
collimation region (9). Generally, the core can
be offset from the actual location of the black
hole by an unknown amount (10), in which case
it could mark the location of a shock structure or
the region where the jet becomes optically thin.
However, in the case of M87, a weak structure
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EF and kF feature in the geometry. An early
indication of such scales was seen in (24, 36) in a
variant of the story that geometry is not universal
in string theory: The geometry depends on the
probe used, and different probes experience
different geometric backgrounds. The absence
of these scales in the general relativistic descrip-
tion of the AdS black hole could thus be an
artifact of the Riemannian metric description of
space-time.

Regardless of these questions, AdS/CFT has
shown itself to be a powerful tool to describe
finite-density Fermi systems. The description of
the emergent Fermi liquid presented here argues
that AdS/CFT is uniquely suited as a computa-
tional device for field theory problems suffering
from fermion sign problems. AdS/CFT repre-
sents a rich mathematical environment and a new
approach to qualitatively and quantitatively in-
vestigate important questions in quantum many-
body theory at finite fermion density.
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The accretion of matter onto a massive black hole is believed to feed the relativistic plasma jets
found in many active galactic nuclei (AGN). Although some AGN accelerate particles to energies
exceeding 1012 electron volts and are bright sources of very-high-energy (VHE) g-ray emission, it is
not yet known where the VHE emission originates. Here we report on radio and VHE observations of
the radio galaxy Messier 87, revealing a period of extremely strong VHE g-ray flares accompanied
by a strong increase of the radio flux from its nucleus. These results imply that charged particles
are accelerated to very high energies in the immediate vicinity of the black hole.

Active galactic nuclei (AGN) are extra-
galactic objects thought to be powered
by massive black holes in their centers.

They can show strong emission from the core,
which is often dominated by broadband con-
tinuum radiation ranging from radio to x-rays
and by substantial flux variability on different
time scales. More than 20 AGN have been es-

tablished as very-high-energy (VHE) g-ray emit-
ters with measured energies above 0.1 TeV; the
jets of most of these sources are believed to be
aligned with the line of sight to within a few de-
grees. The size of the VHE g-ray emission region
can generally be constrained by the time scale of
the observed flux variability (1, 2), but its location
remains unknown.

We studied the inner structure of the jet of the
giant radio galaxy Messier 87 (M87), a known
VHE g-ray–emitting AGN (2–5) with a (6.0 T

0.5) ! 109 solar mass black hole (6) (scaled by
distance), located 16.7 Mpc (54 million light
years) away in the Virgo cluster of galaxies. The
angle between its plasma jet and the line of
sight is estimated to lie between 15° and 25°
[see supporting online material (SOM) text].
The substructures of the jet, which are ex-
pected to scale with the Schwarzschild radius
Rs of the black hole (7), are resolved in the
x-ray, optical, and radio wave bands (8) (Fig. 1).
High-frequency radio very-long-baseline inter-
ferometry (VLBI) observations with resolu-
tion under a milli–arc second (milli–arc sec)
are starting to probe the collimation region of
the jet (9). With its proximity, bright and well-
resolved jet, and very massive black hole, M87
provides a unique laboratory in which to study
relativistic jet physics in connection with the
mechanisms of VHE g-ray emission in AGN.

VLBI observations of the M87 inner jet
show a well-resolved, edge-brightened structure
extending to within 0.5 milli–arc sec (0.04 pc or
70 Rs) of the core. Closer to the core, the jet has
a wide opening angle, suggesting that this is the
collimation region (9). Generally, the core can
be offset from the actual location of the black
hole by an unknown amount (10), in which case
it could mark the location of a shock structure or
the region where the jet becomes optically thin.
However, in the case of M87, a weak structure
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is seen on the opposite side of the core from the
main jet, which may be the counter-jet, based on
its morphology and length (11, 12). Together
with the observed pattern in opening angles, this
suggests that the black hole of M87 is located

within the central resolution element of the VLBI
images, at most a few tens of Rs from the radio
core (see SOM text). Along the jet, previous mon-
itoring observations show both near-stationary
components (12) (parsec scale) and features that

move at apparent superluminal speeds (13, 14)
(100 pc scale). The presence of superluminal mo-
tions and the strong asymmetry of the jet bright-
ness indicate that the jet flow is relativistic. The
near-stationary components could be related to
shocks or instabilities that can be either stationary
(for example, if they are the result of interaction
with the external medium) or slowly moving (if
they are the result of instabilities in the flow).

A first indication of VHE g-ray emission
from M87 was reported by the High Energy
Gamma-Ray Astronomy (HEGRA) Collabora-
tion in 1998/1999 (3). The emission was con-
firmed by the High Energy Stereoscopic System
(H.E.S.S.) in 2003 to 2006 (2), with g-ray flux
variability on time scales of days. M87 was de-
tected again with the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) in
2007 (4) and, recently, the short-term variabil-
ity was confirmed with the Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC) tel-
escope during a strong VHE g-ray outburst (5)
in February 2008. Causality arguments imply
that the emission region should have a spatial
extent of less than !5dRs, where d is the rela-
tivistic Doppler factor. This rules out explana-
tions for the VHE g-ray emission on the basis of
(i) dark matter annihilation (15), (ii) cosmic-ray
interactions with the matter in M87 (16), or (iii)
the knots in the plasma jet (Fig. 1C). Leptonic
(17, 18) and hadronic (19) VHE g-ray jet emis-
sion models have been proposed. However, the
location of the emission region is still unknown.
The nucleus (20, 21), the inner jet (22), or larger
structures in the jet, such as the knot HST-1
(Fig. 1C), have been discussed as possible sites
(14). Because the angular resolution of VHE ex-
periments is of the order of 0.1°, the key to
identifying the location of the VHE g-ray emis-
sion lies in connecting it to measurements at other
wave bands with considerably higher spatial
resolutions. An angular resolution more than six
orders of magnitude better (less than 6 ! 10"8

degrees, corresponding to approximately 30Rs
in the case of M87) can be achieved with radio
observations (Fig. 1).

We used the H.E.S.S. (23), MAGIC (24), and
VERITAS (25) instruments to observe M87 dur-
ing 50 nights between January and May 2008,
accumulating over 95 hours of data (corrected
for the detector dead times) in the energy range
between 0.1 TeVand several 10s of TeV. Simul-
taneously, we monitored M87 with the Very Long
Baseline Array (26) (VLBA) at 43 GHz with a
resolution of 0.21 ! 0.43 milli–arc sec (27), cor-
responding to about 30 ! 60 Rs. During the first
half of 2008, three x-ray pointings were per-
formed with the Chandra satellite (28). Our light
curves are shown in Fig. 2.

We detected multiple flares at VHE in Feb-
ruary 2008 with denser sampling, following a
trigger sent by MAGIC [~23 hours of the data
published in (5)]. The short-term VHE variability,
first observed in 2005 (2), is clearly confirmed
and the flux reached the highest level observed

Fig. 1. M87 at different photon frequencies and length scales. (A) Comparison of the different length
scales. (B) 90-cm radio emission measured with the VLA. The jet outflows terminate in a halo that has a
diameter of ~80 kpc (15!). The radio emission in the central region is saturated in this image. [Credit:
F. N. Owen, J. A. Eilek, and N. E. Kassim (32), NRAO/Associated Universities Incorporated/NSF] (C)
Zoomed image of the plasma jet with an extension of 2 kpc (20!!), seen in different frequency bands:
x-rays (Chandra, top), optical (V band, middle), and radio (6 cm, bottom). Individual knots in the jet and
the nucleus can be seen in all three frequency bands. The innermost knot HST-1 is located at a
projected distance of 0.86 arc sec (60 pc, !105Rs) from the nucleus. [Credit: x-ray, NASA/Chandra X-Ray
Observatory Science Center/Massachusetts Institute of Technology/H. Marshall et al.; radio, F. Zhou,
F. Owen (NRAO), J. Biretta (Space Telescope Science Institute); optical, NASA/STScI/University of Maryland
Baltimore County/E. Perlman et al. (8)] (D) An averaged, and hence smoothed, radio image based on 23
images from the VLBA monitoring project at 43 GHz. The color scale gives the logarithm of the flux density
in units of 0.01 millijansky per beam. The indication of a counter-jet can be seen, emerging from the core
toward the lower left side. mas, milli–arc seconds.
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is seen on the opposite side of the core from the
main jet, which may be the counter-jet, based on
its morphology and length (11, 12). Together
with the observed pattern in opening angles, this
suggests that the black hole of M87 is located

within the central resolution element of the VLBI
images, at most a few tens of Rs from the radio
core (see SOM text). Along the jet, previous mon-
itoring observations show both near-stationary
components (12) (parsec scale) and features that

move at apparent superluminal speeds (13, 14)
(100 pc scale). The presence of superluminal mo-
tions and the strong asymmetry of the jet bright-
ness indicate that the jet flow is relativistic. The
near-stationary components could be related to
shocks or instabilities that can be either stationary
(for example, if they are the result of interaction
with the external medium) or slowly moving (if
they are the result of instabilities in the flow).

A first indication of VHE g-ray emission
from M87 was reported by the High Energy
Gamma-Ray Astronomy (HEGRA) Collabora-
tion in 1998/1999 (3). The emission was con-
firmed by the High Energy Stereoscopic System
(H.E.S.S.) in 2003 to 2006 (2), with g-ray flux
variability on time scales of days. M87 was de-
tected again with the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) in
2007 (4) and, recently, the short-term variabil-
ity was confirmed with the Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC) tel-
escope during a strong VHE g-ray outburst (5)
in February 2008. Causality arguments imply
that the emission region should have a spatial
extent of less than !5dRs, where d is the rela-
tivistic Doppler factor. This rules out explana-
tions for the VHE g-ray emission on the basis of
(i) dark matter annihilation (15), (ii) cosmic-ray
interactions with the matter in M87 (16), or (iii)
the knots in the plasma jet (Fig. 1C). Leptonic
(17, 18) and hadronic (19) VHE g-ray jet emis-
sion models have been proposed. However, the
location of the emission region is still unknown.
The nucleus (20, 21), the inner jet (22), or larger
structures in the jet, such as the knot HST-1
(Fig. 1C), have been discussed as possible sites
(14). Because the angular resolution of VHE ex-
periments is of the order of 0.1°, the key to
identifying the location of the VHE g-ray emis-
sion lies in connecting it to measurements at other
wave bands with considerably higher spatial
resolutions. An angular resolution more than six
orders of magnitude better (less than 6 ! 10"8

degrees, corresponding to approximately 30Rs
in the case of M87) can be achieved with radio
observations (Fig. 1).

We used the H.E.S.S. (23), MAGIC (24), and
VERITAS (25) instruments to observe M87 dur-
ing 50 nights between January and May 2008,
accumulating over 95 hours of data (corrected
for the detector dead times) in the energy range
between 0.1 TeVand several 10s of TeV. Simul-
taneously, we monitored M87 with the Very Long
Baseline Array (26) (VLBA) at 43 GHz with a
resolution of 0.21 ! 0.43 milli–arc sec (27), cor-
responding to about 30 ! 60 Rs. During the first
half of 2008, three x-ray pointings were per-
formed with the Chandra satellite (28). Our light
curves are shown in Fig. 2.

We detected multiple flares at VHE in Feb-
ruary 2008 with denser sampling, following a
trigger sent by MAGIC [~23 hours of the data
published in (5)]. The short-term VHE variability,
first observed in 2005 (2), is clearly confirmed
and the flux reached the highest level observed

Fig. 1. M87 at different photon frequencies and length scales. (A) Comparison of the different length
scales. (B) 90-cm radio emission measured with the VLA. The jet outflows terminate in a halo that has a
diameter of ~80 kpc (15!). The radio emission in the central region is saturated in this image. [Credit:
F. N. Owen, J. A. Eilek, and N. E. Kassim (32), NRAO/Associated Universities Incorporated/NSF] (C)
Zoomed image of the plasma jet with an extension of 2 kpc (20!!), seen in different frequency bands:
x-rays (Chandra, top), optical (V band, middle), and radio (6 cm, bottom). Individual knots in the jet and
the nucleus can be seen in all three frequency bands. The innermost knot HST-1 is located at a
projected distance of 0.86 arc sec (60 pc, !105Rs) from the nucleus. [Credit: x-ray, NASA/Chandra X-Ray
Observatory Science Center/Massachusetts Institute of Technology/H. Marshall et al.; radio, F. Zhou,
F. Owen (NRAO), J. Biretta (Space Telescope Science Institute); optical, NASA/STScI/University of Maryland
Baltimore County/E. Perlman et al. (8)] (D) An averaged, and hence smoothed, radio image based on 23
images from the VLBA monitoring project at 43 GHz. The color scale gives the logarithm of the flux density
in units of 0.01 millijansky per beam. The indication of a counter-jet can be seen, emerging from the core
toward the lower left side. mas, milli–arc seconds.
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EF and kF feature in the geometry. An early
indication of such scales was seen in (24, 36) in a
variant of the story that geometry is not universal
in string theory: The geometry depends on the
probe used, and different probes experience
different geometric backgrounds. The absence
of these scales in the general relativistic descrip-
tion of the AdS black hole could thus be an
artifact of the Riemannian metric description of
space-time.

Regardless of these questions, AdS/CFT has
shown itself to be a powerful tool to describe
finite-density Fermi systems. The description of
the emergent Fermi liquid presented here argues
that AdS/CFT is uniquely suited as a computa-
tional device for field theory problems suffering
from fermion sign problems. AdS/CFT repre-
sents a rich mathematical environment and a new
approach to qualitatively and quantitatively in-
vestigate important questions in quantum many-
body theory at finite fermion density.
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The accretion of matter onto a massive black hole is believed to feed the relativistic plasma jets
found in many active galactic nuclei (AGN). Although some AGN accelerate particles to energies
exceeding 1012 electron volts and are bright sources of very-high-energy (VHE) g-ray emission, it is
not yet known where the VHE emission originates. Here we report on radio and VHE observations of
the radio galaxy Messier 87, revealing a period of extremely strong VHE g-ray flares accompanied
by a strong increase of the radio flux from its nucleus. These results imply that charged particles
are accelerated to very high energies in the immediate vicinity of the black hole.

Active galactic nuclei (AGN) are extra-
galactic objects thought to be powered
by massive black holes in their centers.

They can show strong emission from the core,
which is often dominated by broadband con-
tinuum radiation ranging from radio to x-rays
and by substantial flux variability on different
time scales. More than 20 AGN have been es-

tablished as very-high-energy (VHE) g-ray emit-
ters with measured energies above 0.1 TeV; the
jets of most of these sources are believed to be
aligned with the line of sight to within a few de-
grees. The size of the VHE g-ray emission region
can generally be constrained by the time scale of
the observed flux variability (1, 2), but its location
remains unknown.

We studied the inner structure of the jet of the
giant radio galaxy Messier 87 (M87), a known
VHE g-ray–emitting AGN (2–5) with a (6.0 T

0.5) ! 109 solar mass black hole (6) (scaled by
distance), located 16.7 Mpc (54 million light
years) away in the Virgo cluster of galaxies. The
angle between its plasma jet and the line of
sight is estimated to lie between 15° and 25°
[see supporting online material (SOM) text].
The substructures of the jet, which are ex-
pected to scale with the Schwarzschild radius
Rs of the black hole (7), are resolved in the
x-ray, optical, and radio wave bands (8) (Fig. 1).
High-frequency radio very-long-baseline inter-
ferometry (VLBI) observations with resolu-
tion under a milli–arc second (milli–arc sec)
are starting to probe the collimation region of
the jet (9). With its proximity, bright and well-
resolved jet, and very massive black hole, M87
provides a unique laboratory in which to study
relativistic jet physics in connection with the
mechanisms of VHE g-ray emission in AGN.

VLBI observations of the M87 inner jet
show a well-resolved, edge-brightened structure
extending to within 0.5 milli–arc sec (0.04 pc or
70 Rs) of the core. Closer to the core, the jet has
a wide opening angle, suggesting that this is the
collimation region (9). Generally, the core can
be offset from the actual location of the black
hole by an unknown amount (10), in which case
it could mark the location of a shock structure or
the region where the jet becomes optically thin.
However, in the case of M87, a weak structure

*The full list of authors and affiliations is presented at the
end of this paper.
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EF and kF feature in the geometry. An early
indication of such scales was seen in (24, 36) in a
variant of the story that geometry is not universal
in string theory: The geometry depends on the
probe used, and different probes experience
different geometric backgrounds. The absence
of these scales in the general relativistic descrip-
tion of the AdS black hole could thus be an
artifact of the Riemannian metric description of
space-time.

Regardless of these questions, AdS/CFT has
shown itself to be a powerful tool to describe
finite-density Fermi systems. The description of
the emergent Fermi liquid presented here argues
that AdS/CFT is uniquely suited as a computa-
tional device for field theory problems suffering
from fermion sign problems. AdS/CFT repre-
sents a rich mathematical environment and a new
approach to qualitatively and quantitatively in-
vestigate important questions in quantum many-
body theory at finite fermion density.

References and Notes
1. M. Troyer, U. J. Wiese, Phys. Rev. Lett. 94, 170201

(2005).
2. S. Sachdev, Quantum Phase Transitions (Cambridge Univ.

Press, Cambridge, 1999).
3. J. Zaanen, Science 319, 1295 (2008).
4. D. van der Marel et al., Nature 425, 271 (2003).
5. J. Zaanen, Nature 430, 512 (2004).
6. T. Senthil, Phys. Rev. B 78, 035103 (2008).
7. F. Krüger, J. Zaanen, Phys. Rev. B 78, 035104 (2008).

8. D. T. Son, A. O. Starinets, Annu. Rev. Nucl. Part. Sci. 57,
95 (2007).

9. S. S. Gubser, A. Karch, http://arxiv.org/abs/0901.0935
(2009).

10. C. P. Herzog, P. Kovtun, S. Sachdev, D. T. Son, Phys. Rev. D
75, 085020 (2007).

11. S. A. Hartnoll, P. K. Kovtun, M. Muller, S. Sachdev,
Phys. Rev. B 76, 144502 (2007).

12. S. S. Gubser, Phys. Rev. D 78, 065034 (2008).
13. S. A. Hartnoll, C. P. Herzog, G. T. Horowitz, Phys. Rev.

Lett. 101, 031601 (2008).
14. S. A. Hartnoll, C. P. Herzog, G. T. Horowitz, J. High Energy

Phys. 0812, 015 (2008).
15. D. T. Son, Phys. Rev. D 78, 046003 (2008).
16. K. Balasubramanian, J. McGreevy, Phys. Rev. Lett. 101,

061601 (2008).
17. A. Adams, K. Balasubramanian, J. McGreevy, J. High

Energy Phys. 0811, 059 (2008).
18. S. A. Hartnoll, Science 322, 1639 (2008).
19. S. A. Hartnoll, http://arxiv.org/abs/0903.3246 (2009).
20. M. Kulaxizi, A. Parnachev, Nucl. Phys. B 815, 125 (2009).
21. A. Karch, D. T. Son, A. O. Starinets, Phys. Rev. Lett. 102,

051602 (2009).
22. M. Kulaxizi, A. Parnachev, Phys. Rev. D 78, 086004

(2008).
23. L. Brits, M. Rozali, http://arxiv.org/abs/0810.5321 (2008).
24. H. H. Shieh, G. van Anders, J. High Energy Phys. 0903,

019 (2009).
25. See supporting material on Science Online.
26. ARPES Fermi-surface measurements assume that

electrons are the only relevant charged objects. If this
is so, then it measures the electron (i.e., fermion) spectral
function. This spectral function is what we compute here,
even though in our AdS setup the fermions are almost
certainly not the only charged objects.

27. H. Liu, J. McGreevy, D. Vegh, http://arxiv.org/abs/
0903.2477 (2009).

28. S. S. Lee, Phys. Rev. D 79, 086006 (2009).
29. E. M. Lifshitz, L. P. Pitaevskii, Statistical Physics, Part 2

(Pergamon, Oxford, 1980).
30. H. J. Schulz, G. Cuniberti, P. Pieri, in Field Theories for

Low-Dimensional Condensed Matter Systems, G. Morandi,
P. Sodano, A. Tagliacozzo, V. Tognetti, Eds. (Springer,
Berlin, 2000), chap. 2.

31. M. Randeria, A. Paramekanti, N. Trivedi, Phys. Rev. B 69,
144509 (2004).

32. Note that the m = 0 spectral peak discussed in
(27) is therefore not the peak we identified with the
quasi-particle state. See (25).

33. M. J. Lawler, V. Fernandez, D. G. Barci, E. Fradkin,
L. Oxman, Phys. Rev. B 73, 085101 (2006).

34. P. K. Kovtun, A. O. Starinets, Phys. Rev. D 72, 086009
(2005).

35. H. T. Cho, A. S. Cornell, J. Doukas, W. Naylor, Phys. Rev. D
77, 016004 (2008).

36. M. Rozali, H. H. Shieh, M. Van Raamsdonk, J. Wu, J. High
Energy Phys. 0801, 053 (2008).

37. We thank F. Denef, S. Hartnoll, H. Liu, J. McGreevy,
S. Sachdev, D. Sadri, and D. Vegh for discussions.
Supported by a VIDI Innovative Research Incentive Grant
(K.S.) from the Netherlands Organization for Scientific
Research (NWO) and by a Spinoza Award (J.Z.) from NWO
and the Dutch Foundation for Fundamental Research on
Matter (FOM).

Supporting Online Material
www.sciencemag.org/cgi/content/full/1174962/DC1
SOM Text
Fig. S1
References

14 April 2009; accepted 16 June 2009
Published online 25 June 2009;
10.1126/science.1174962
Include this information when citing this paper.

REPORTS
Radio Imaging of the Very-High-Energy
g-Ray Emission Region in the
Central Engine of a Radio Galaxy
The VERITAS Collaboration, the VLBA 43 GHz M87 Monitoring Team,
the H.E.S.S. Collaboration, the MAGIC Collaboration*

The accretion of matter onto a massive black hole is believed to feed the relativistic plasma jets
found in many active galactic nuclei (AGN). Although some AGN accelerate particles to energies
exceeding 1012 electron volts and are bright sources of very-high-energy (VHE) g-ray emission, it is
not yet known where the VHE emission originates. Here we report on radio and VHE observations of
the radio galaxy Messier 87, revealing a period of extremely strong VHE g-ray flares accompanied
by a strong increase of the radio flux from its nucleus. These results imply that charged particles
are accelerated to very high energies in the immediate vicinity of the black hole.

Active galactic nuclei (AGN) are extra-
galactic objects thought to be powered
by massive black holes in their centers.

They can show strong emission from the core,
which is often dominated by broadband con-
tinuum radiation ranging from radio to x-rays
and by substantial flux variability on different
time scales. More than 20 AGN have been es-

tablished as very-high-energy (VHE) g-ray emit-
ters with measured energies above 0.1 TeV; the
jets of most of these sources are believed to be
aligned with the line of sight to within a few de-
grees. The size of the VHE g-ray emission region
can generally be constrained by the time scale of
the observed flux variability (1, 2), but its location
remains unknown.

We studied the inner structure of the jet of the
giant radio galaxy Messier 87 (M87), a known
VHE g-ray–emitting AGN (2–5) with a (6.0 T

0.5) ! 109 solar mass black hole (6) (scaled by
distance), located 16.7 Mpc (54 million light
years) away in the Virgo cluster of galaxies. The
angle between its plasma jet and the line of
sight is estimated to lie between 15° and 25°
[see supporting online material (SOM) text].
The substructures of the jet, which are ex-
pected to scale with the Schwarzschild radius
Rs of the black hole (7), are resolved in the
x-ray, optical, and radio wave bands (8) (Fig. 1).
High-frequency radio very-long-baseline inter-
ferometry (VLBI) observations with resolu-
tion under a milli–arc second (milli–arc sec)
are starting to probe the collimation region of
the jet (9). With its proximity, bright and well-
resolved jet, and very massive black hole, M87
provides a unique laboratory in which to study
relativistic jet physics in connection with the
mechanisms of VHE g-ray emission in AGN.

VLBI observations of the M87 inner jet
show a well-resolved, edge-brightened structure
extending to within 0.5 milli–arc sec (0.04 pc or
70 Rs) of the core. Closer to the core, the jet has
a wide opening angle, suggesting that this is the
collimation region (9). Generally, the core can
be offset from the actual location of the black
hole by an unknown amount (10), in which case
it could mark the location of a shock structure or
the region where the jet becomes optically thin.
However, in the case of M87, a weak structure
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so far from M87, amounting to more than 10%
of that of the Crab Nebula. At x-ray frequencies
the innermost knot in the jet (HST-1) is found in
a low state, whereas in mid-February 2008, the
nucleus was found in its highest x-ray flux state
since 2000 (28). This is in contrast to the 2005
VHE g-ray flares (2), which happened after an
increase of the x-ray flux of HST-1 over several
years (29), allowing speculation that HST-1 might
be the source of the VHE g-ray emission (14); no
43 GHz radio observations were obtained at that
time. Given its low x-ray flux in 2008, HST-1 is
an unlikely site of the 2008 VHE flaring activity.

Over at least the following two months, until
the VLBA monitoring project ended, the 43-
GHz radio flux density from the region within
1.2 milli–arc sec of the core rose by 30%, as
compared with its level at the time of the start of
the VHE flare, and by 57%, as compared with
the average level in 2007 (Fig. 2). The resolu-
tion of the 43-GHz images corresponds to 30 !
60 Rs, and the initial radio flux density increase
was located in the unresolved core. The region
around the core brightened as the flare pro-
gressed (Fig. 3), suggesting that new components
were emerging from the core. At the end of the
observations, the brightened region extended
about 0.77 milli–arc sec from the peak of the
core, implying an average apparent velocity of
1.1c (where c is the speed of light), well under
the approximately 2.3c seen just beyond that
distance in the first half of 2007. Astrometric
results obtained as part of the VLBA moni-
toring program show that the position of the
M87 radio peak, relative to M84, did not move
by more than ~6Rs during the flare, suggesting
that the peak emission corresponds to the nu-
cleus of M87.

Because VHE, x-ray, and radio flares of the
observed magnitude are uncommon, the fact
that they happen together (chance probability of
P < 0.5%, SOM text) is good evidence that they
are connected. This is supported by our joint
modeling of the VHE and radio light curves: The
observed pattern can be explained by an event
in the central region causing the VHE flare. The
plasma travels down the jet, and the effect of
synchrotron self-absorption causes a delay of
the observed peak in radio emission because the
region is not transparent at radio energies at the
beginning of the injection (SOM text, section 3).
The VLBI structure of the flare, along with the
timing of the VHE activity, imply that the VHE
emission occurred in a region that is small when
compared with the VLBA resolution. Unless a
source of infrared radiation is located very close
to the central black hole, which is not supported
by current observations (30), teraelectron volt
g-ray photons can escape the central region of
M87 without being heavily absorbed through
e+e! pair production (20, 21).

The light curve might indicate a rise in radio
flux above the range of variations observed in
the past, starting before the first VHE flare was
detected. This could imply that the radio emis-

sion is coming from portions of the jet launched
from further out in the accretion disk than that
responsible for the VHE emission. However, it
is difficult to derive a quantitive statement on this,
because no VHE data were taken in the week
previous to the flaring. Thus, an earlier start of the
VHE activity cannot be excluded either.

A possible injection of plasma at the base of
the jet observed at optical and x-ray energies,
with a delayed passage through the radio core
~104Rs further down the jet—interpreted as a stand-
ing shock and accompanied by an increase in
radio emission—has been discussed in the case of
BL Lac (10) (with evidence for VHE emission,

Fig. 2. Combined M87 light curves from 2007 to 2008. (A) VHE g-ray fluxes (E > 0.35 TeV, nightly
average), showing the H.E.S.S., MAGIC, and VERITAS data. The fluxes with statistical errors (1 SD) were
calculated assuming a power-law spectral shape of dN/dE º E!2.3. Monthly binned archival VERITAS data
taken in 2007 are also shown (4). The systematic uncertainty in the flux calibration between the ex-
periments was estimated to be on the order of 20%, based on Crab Nebula data. The regular gaps in the
light curve correspond to phases of full moon during which no observations were possible. The inlay shows
a zoomed version of the flaring activity in February 2008; the time span is indicated by the gray vertical
box in all panels. (B) Chandra x-ray measurements (2 to 10 keV) of the nucleus and the knot HST-1 (28).
(C) Flux densities from the 43-GHz VLBA observations are shown for (i) the nucleus (circular region with
radius r = 1.2 milli–arc sec = 170Rs centered on the peak flux), (ii) the peak flux (VLBA resolution
element), and (iii) the flux integrated along the jet between distances of r = 1.2 to 5.3 milli–arc sec
(compare with Fig. 3). The error bars correspond to 5% of the flux. The shaded horizontal area indicates
the range of fluxes from the nucleus before the 2008 flare. Whereas the flux of the outer regions of the jet
does not change substantially, most of the flux increase results from the region around the nucleus.
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timing of the VHE activity, imply that the VHE
emission occurred in a region that is small when
compared with the VLBA resolution. Unless a
source of infrared radiation is located very close
to the central black hole, which is not supported
by current observations (30), teraelectron volt
g-ray photons can escape the central region of
M87 without being heavily absorbed through
e+e! pair production (20, 21).

The light curve might indicate a rise in radio
flux above the range of variations observed in
the past, starting before the first VHE flare was
detected. This could imply that the radio emis-

sion is coming from portions of the jet launched
from further out in the accretion disk than that
responsible for the VHE emission. However, it
is difficult to derive a quantitive statement on this,
because no VHE data were taken in the week
previous to the flaring. Thus, an earlier start of the
VHE activity cannot be excluded either.

A possible injection of plasma at the base of
the jet observed at optical and x-ray energies,
with a delayed passage through the radio core
~104Rs further down the jet—interpreted as a stand-
ing shock and accompanied by an increase in
radio emission—has been discussed in the case of
BL Lac (10) (with evidence for VHE emission,
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average), showing the H.E.S.S., MAGIC, and VERITAS data. The fluxes with statistical errors (1 SD) were
calculated assuming a power-law spectral shape of dN/dE º E!2.3. Monthly binned archival VERITAS data
taken in 2007 are also shown (4). The systematic uncertainty in the flux calibration between the ex-
periments was estimated to be on the order of 20%, based on Crab Nebula data. The regular gaps in the
light curve correspond to phases of full moon during which no observations were possible. The inlay shows
a zoomed version of the flaring activity in February 2008; the time span is indicated by the gray vertical
box in all panels. (B) Chandra x-ray measurements (2 to 10 keV) of the nucleus and the knot HST-1 (28).
(C) Flux densities from the 43-GHz VLBA observations are shown for (i) the nucleus (circular region with
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Energy spectrum of Mrk 421 & Mrk 501

At high energies we expect  
absorption of gamma rays at photons 
of 3K microwave background

threshold:

�TeV + �3K ! e+e�

✏� · E�(1� cos⇥) > 2(me · c2)2

3 K  0.16 meV
IR      0.5 eV

3 PeV
1 TeV measure the density of the 

IR background

important for cosmology:
high: early galaxy formation
low: late galaxy formation



M. Lemoine-Goumard, 34th ICRC, The Hague, 6th August 2015

Absorption by the Extragalactic Background LightAbsorption by the Extragalactic Background Light

Sources with z~1 strong absorption above 100 GeV

GeV+TeV spectrum can be used for testing EBL models



The Blazar 1ES 1101-232 and the Gamma Ray Horizon
The "gamma ray horizon" defined as the distance (measured in redshift z) over 
which a gamma ray of a given energy will typically propragate before 
interacting with a photon of the extragalactic background light (from Blanch and 
Martinez, 2005). Different lines correspond to different models (and time 
scales) of galaxy formation, resulting in varying levels of background light.

Angular distribution of gamma-ray candidates detected by H.E.S.S. relative to the 
direction towards 1ES 1101-232. The gray area gives an estimate of the uniform 
background from cosmic-ray showers. The excess from the source has a significance of 
more than 11 standard deviations.

H.E.S.S.

http://adsabs.harvard.edu/cgi-bin/nph-bib_query?bibcode=2005APh....23..598B&db_key=AST&data_type=HTML&format=&high=43527ce35506801
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The Blazar 1ES 1101-232 and the Gamma Ray Horizon

H.E.S.S.

Fig. 3: Energy spectrum of gamma rays from 1ES 1101-232. The spectrum 
has a spectral index of 2.9. The dashed line indicates the flattest plausible 
spectrum generated by the AGN. Given that at low energies - around 0.1-0.2 
TeV - the absorption of gamma rays has to be small - lacking appropriate UV 
target photons - absorption at 1 TeV has to be well below a factor 100, ruling 
out EBL models like the ones indicated by the red line or the dashed blue 
line in Fig. 2.

Fig. 2: Absorption of gamma rays from 1ES 1101-232 as a function of gamma-ray energy. The 
red curve shows the effect of typically assumed EBL levels, the blue curve the minimal EBL 
corresponding to the light of detected galaxies. The dashed curve indicates the effect of an 
additional near-infrared bump, as suggested by some direct EBL measurements.
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