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Galaxy clusters

● Largest gravitationally bound 
structures

– 100s – 1000s galaxies

– M ~ 1014 – 1015 M
sol

– Spatial extension ~ 1 Mpc

● Large B-field ~ G

● Hot gas

– Clusters filled by 107  – 108 K 
plasma

– Thermal bremsstrahlung

– Dominating baryonic mass

Abell 85, 
HST+Chandra (violet)

Abell 85 

Durret et al. 2005
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Non-thermal content

Evidence for a non-thermal 
activity

– Radio
● Radio halos
● Radio relics
● Large scale shocks 

observed

– X-rays
● Hard X-ray excess
● Still disputed

– Extreme UV excess

Bagchi et al. 2006

Abell 3376

ROSAT PSPC
VLA contours

Ajello et al. 2008



Dalibor Nedbal
 

Non-thermal processes

Processes
1)Large-scale shocks

•  Accretion shocks

•  Merger shocks

2)Supernovae
•  CRs injected into clusters by 

means of galactic winds       
(e.g. Voelk et al. 1996)

3)AGNs

Pfrommer et al. 2008

McNamara et al. 2005

MS 0735.6+7421
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CR confinement 
in clusters

● Hadronic CRs 
confined for T > 1/H

0

– For E < 1015 eV
Voelk et al. 1996, 
Berezhinski et al. 1997

– Leptonic CRs 
cooled to low 
energies

B = 5 G
R = 1.5 Mpc
n = 10-3 cm-3

Leptonic 
CR losses

Age of Universe

CRp diffusion losses

p+p inelastic losses

● Galaxy clusters accumulate hadronic CRs over their 
entire lifetime

– Storehouses for hadronic cosmic rays
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Non-thermal processes

Processes
1)Large-scale shocks

•  Accretion shocks

•  Merger shocks

2)Supernovae
•  CRs injected into clusters by 

means of galactic winds (e.g. 
Voelk et al. 1996)

3)AGNs

E
CR

 =   E
thermal

Non-thermal energy

Leptonic CRs
(strong losses)

Hadronic CRs

Thermal energy

 is expected to be ~ 0.1 – 0.3
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Non-thermal processes

Processes
1)Large-scale shocks

•  Accretion shocks

•  Merger shocks

2)Supernovae
•  CRs injected into clusters by 

means of galactic winds (e.g. 
Voelk et al. 1996)

3)AGNs

Non-thermal energy

Leptonic CRs

Hadronic CRs

Thermal energy
May be probed by 
-ray observations
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H.E.S.S. experiment

● 4 IACT telescopes

– ~100 GeV – 100 TeV

– Located in Namibia

– 960 pixels

● Large FOV
– 5O

– Suitable for extended 
sources (as GCs)

● Sensitivity

– 1% Crab in 25 hours (5 
detection)
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Abell 85

● Massive cluster

– 8 x 1014  M
sol

● Hot

– 7 keV (Durret et al. 2005)

● Nearby

– Z = 0.055

● Several regions probed for -ray emission
● Core 
● 1Mpc
● X-ray extension
● Very extended – accretion shock

XMM
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H.E.S.S. results

● No signal from probed regions

– 32.5 hours livetime

● Upper limits derived

– 0.5 % Crab – core

– 1.4 % Crab – 1 Mpc

– 2.0 % Crab – X-ray extension

– 13.6 % Crab – accretion shock

HESS
Significance

ROSAT contours

Results published in 
HESS Collaboration (F. Aharonian et al.) 2009
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Abell 496

● Relaxed cluster

● High F
X
/R

● H.E.S.S. results:
HST
ROSAT contours

● No signal found

– 14.6 hours livetime

– Similar regions probed

● Upper limits derived

– 0.9% Crab from the core

– 3.2 % Crab 1 Mpc

– 4.6 % Crab X-ray extension

– 11 % Crab accretion shock
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Upper limits on E
CRp

/E
thermal

● Assuming hadronic -ray production

– p
CR

 + p
target

      0 + X       

● Derivation of an upper limit on E
CRp

– Gamma emissivity    ∝ 
CR

 n
target

– n
target

(r)  known from X-ray obs.

– 
CR

(r)  profile assumed

For an upper limit on F, anupper limit on 
CR

 and E
CR

 can be derived
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Gas/CR Density 
profiles

● Gas profile

– Derived from X-ray obs.

– -model + cooling core

● CR profile

1) Constant

 -model

 -model + cooling core

-model + 
cooling core

-model

constant
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Results

● Limits on E
CRp

/E
thermal

– From Abell 85 HESS results

– Assuming CR spectral index 2.1

Radial distribution of 
CRs

E
CRp

/E
thermal

Constant 0.15

 model 0.08

CC included 0.06
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Implications of the results

● New limits on the E
CRp

 fraction  on the low end of the 
theory predictions

● Caveats:

– Assumed primary spectrum ( = 2.1) can be softer

– Upper limit highly dependent on assumed spectrum

● Recent radio observations also imply also very low 
cosmic-ray content for one cluster (Brunetti et al. 2008)

– Magnetic field dependent

Cosmic-ray energy content of clusters 
smaller than previously thought?
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Outlook

● Planned CTA/AGIS arrays of Cherenkov telescopes

– 10 x more sensitive

– Larger energy coverage

Sensitivities from 
Bernlohr 2008

HESS

CTA
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Summary & Outlook

● No -ray signal from galaxy clusters found (yet)

– Upper limits by EGRET, HESS, VERITAS

● Upper limits on E
CRp

/E
thermal

 derived

– Less than ~10 % in case of Abell 85

● Expected signal from planned experiments

– CTA

– FERMI
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Processes in clusters

Pfrommer et al. 2008

Thermal energy – non-thermal energy connection

E
nonth

 =  E
thermal

 is expected to be ~ 0.1 – 0.3
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Sources of non-thermal 
particles/radiation

Pfrommer et al. 2008

● Gamma-ray emission can be probed by

– IACTs – H.E.S.S.,  VERITAS, MAGIC, …

– FERMI/EGRET
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Non-thermal processes in GCs

Pfrommer et al. 2008

Thermal energy – non-thermal energy connection

E
nonth

 =  E
thermal

 is expected to be ~ 0.1 – 0.3
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Perseus hard X-ray excess

Ajello et al. 2008
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Gas/CR Density 
profiles

● Gas profile

– Derived from X-ray obs.

– Thermal bremsstrahlung

– Traces the intracluster gas

● CR profile

1) Constant

 -model

 -model + cooling core

Durret et al. 2005

Abell 85
XMM

-model + 
cooling core

-model

constant
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