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High-‐energy	  par2cles	  

•  Properties 
•  Universe is full of high-energy 

particles 
•  Energy density of ∼1 eV cm-3 
•  comparable to star light, interstellar 

magnetic fields and CMB 
•  Mostly charged particles 
•  Origin of cosmic rays hotly debated 
•  Supernova remnants likely 

acceleration site of Galactic cosmic 
rays 

•  Radio galaxies, Galaxy clusters, 
GRBs for highest energies? 

How can we find the accelerators? 
 
→ Neutral messenger particles (photons 
and neutrinos) 
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Tools	  for	  the	  study	  of	  high-‐energy	  phenomena	  

•  Ground-based telescopes 
•  Mostly Imaging Atmospheric 

Cherenkov telescopes (IACTs) 
•  HESS, VERITAS, MAGIC (HAWC) 
•  Energy range: 50 GeV - 100 TeV 
•  Angular resolution: ∼0.1º (1º) 
•  Energy Resolution: ∼15% (100%) 
•  Field-of-View: 3.5 – 5º (1.8 sr) 
•  Effective area: ~105 m2 

•  Satellites 
•  AGILE and Fermi 
•  Energy range: 50 MeV - 300 GeV 
•  Angular resolution: degrees at MeV 

to ∼0.2º at multi-GeV energies 
•  Energy Resolution: ∼20% - 15% 
•  Field-of-View: >2 sr 
•  Effective area: 1 m2 

AGILE 

Fermi 

MAGIC HESS 

VERITAS 
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TeVCat	  

5	  extragalac:c	  sources	  
3	  Galac:c	  sources	  

EGRET	  –	  9	  yrs	  

•  GeV 
•  mostly diffuse emission from the Galactic plane  
•  pulsars, Active Galactic Nuclei (AGN), … 
•  dominantly PSF limited 

•  TeV 
•  handful of AGN, the Crab Nebula,… 
•  sensitivity limited 

The	  γ-‐ray	  sky	  –	  a	  decade	  ago	  



The	  γ-‐ray	  sky	  –	  in	  2014	  

~1800	  sources;	  
significant	  frac:on	  	  
Extragalac:c;	  
many	  Galac:c	  sources	  
confused	  with	  diffuse	  
emission	  

Fermi	  2FGL	  



The	  γ-‐ray	  sky	  –	  in	  2014	  

~50	  extragalac:c	  sources	  
~100	  Galac:c	  sources	  

TeVCat	  

~1800	  sources;	  
significant	  frac:on	  	  
Extragalac:c;	  
many	  Galac:c	  sources	  
confused	  with	  diffuse	  
Emission;	  

Fermi	  2FGL	  



•  γ-ray binaries:   Science, 309, 746 (2005), Science, 312, 1771 (2006) 
     Science, 326, 1512 (2009), Science, 335, 189 (2012) 

•  Supernova remnants:   Nature, 432, 75 (2004) 
     Science, 327, 1103 (2010), Science, 339, 807 (2013) 

•  Pulsars:     Science, 322, 1221 (2008), Science, 334, 69 (2011) 
     7 x Science (2008 – 2012)  

•  Superbubbles / Starbursts:  Science, 326, 1080 (2009), Nature, 462, 770 (2009) 
      Science, 334, 1103 (2011) 

•  Galactic Centre / Survey:  Nature, 439, 695 (2006), Science, 307, 1938 (2006) 

•  Radio Galaxies:   Science, 314, 1424 (2006), Science, 325, 444 (2009) 
     Science, 325, 444 (2009), Science, 328, 725 (2010) 

•  AGN and EBL:    Nature, 440, 1018 (2006), Science, 320, 1752 (2008) 
     Science, 338, 1190 (2012) 

Recent	  γ-‐ray	  highlights	  

•  Dark matter:   PRL, 96, 221102 (2006), PRL, 106, 161301 (2011), PRL, 110, 041301 (2013) 
    PRL, 104, 091302 (2010), PRL, 107, 241302 (2011) 

•  Cosmic-ray e-/e+:  PRL, 101, 261104 (2008)  
    PRL, 102, 181101 (2009), PRL, 108, 011103 (2012) 

•  Lorentz Invariance:  PRL, 101, 170402 (2008), Nature, 462, 331 (2009) 
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Where	  to	  search	  for	  DM	  with	  γ	  rays?	  

Individual sources 
•  Galaxy clusters 
•  Milky Way satellite galaxies 

Diffuse emission 
•  Galactic Centre region 
•  Anisotropies, gradients 

Spectral signatures 
•  Search for line emission 

e+/e- spectrum 

Kuhlen et al. (2008) 

γ-ray predictions for Fermi-LAT  



Where	  to	  search	  for	  DM	  with	  γ	  rays?	  

Individual sources 
•  Galaxy clusters (central AGN?) 
•  Milky Way satellite galaxies 
  ➝ Large DM density 
  ➝ no astrophysical γ-ray  
    sources 

Diffuse emission 
•  Galactic Centre region 
•  Anisotropies, gradients 
•  Uncertainty in DM density 

profile 
•  Source confusion 

Spectral signatures 
•  Search for line emission 
 ➝ ‘unique’ signature 
 ➝ can probe different DM 
 density profiles 

Kuhlen et al. (2008) 

γ-ray predictions for Fermi-LAT  
e+/e- spectrum 
•  Requires 

somewhat exotic 
DM models 

•  Astrophysical 
origin preferred Satellites + Cherenkov telescopes 

cover ~1 GeV – 10 TeV DM mass range 
 



DM	  line	  search	  at	  GeV	  energies	  

Production channels: 
•  Self-annihilation:  

•  χχ → γγ, γZ: line at or close to 
DM particle mass 

•  χχ → ff γ, W+W-γ, H+H-γ: peak 
close to mχ due to Internal 
Bremsstrahlung  

•  Decay: 
•  χ → γX: line at 1⁄2 DM particle 

mass 

Analysis strategy 
•  Study 5 different regions, 

optimised to test different DM 
density profiles 

•  Exclude Galactic plane and strong 
gamma-ray sources 

•  Define 4 control regions 
•  Search for γ-ray lines in sliding 

energy intervals 

Phys. Rev. D (2013), 88, 082002	


Fermi-LAT counts map	




DM	  line	  search	  at	  GeV	  energies	  

Results 
•  No significant line emission in either of the 5 regions 
•  Two regions show local significance of >3σ, but global significance <2σ 
•  Line at ~135 GeV has somewhat lower significance than in Weniger et al. 

(2012), and might be instrumental effect 
•  Better understanding of energy dispersion 
•  Line narrower than instrument response 
•  Similar feature seen in Earth-limb data 

•  Much better limits on decay lifetime 

Phys. Rev. D (2013), 88, 082002	




DM	  line	  search	  at	  TeV	  energies	  

H.E.S.S. results: 
•  First flux limits on line emission at TeV 

energies  
•  For the GC halo competitive with Fermi 
•  Factor 10 better flux limits for 

extragalactic fields 
 

Analysis strategy: 
•  Similar search has been performed, 

between ~500 GeV and 25 TeV 
•  Search Galactic Centre halo region 
•  Define signal and background regions 
•  Parametrise γ-ray like cosmic-ray 

background spectrum 
•  Derive upper limit on line intensity and 

hence <σv> 
•  Also use extragalactic fields 



GeV	  dwarf	  measurements	  

Analysis strategy 
•  Milky Way satellites are DM dominated, 

no astrophysical γ-ray sources expected 
•  Stack 25 dwarfs in 4 years of Fermi-LAT 

data 
•  Search for emission (0.5 – 500 GeV for 

individual objects and complete sample 
•  Determine DM content of 18 dwarfs 

using stellar kinematics 
•  Infer limits on <σv> 

Phys. Rev. D (2013), 89, 042001	


Fermi results: 
•  No signal seen, ULs at level 

of instrument sensitivity 
•  Some of the tightest 

constraints in 2 GeV – 10 
TeV energy range 

•  Results stable against 
•  Galactic diffuse emission 
•  DM density profiles 
•  Instrument performance 

 



TeV	  dwarf	  measurements	  

Cherenkov Telescope results 
•  HESS, MAGIC and VERITAS derived 

DM limits for different (individual) 
dwarf spheroidals 

•  Currently, a factor of a couple away 
from Sommerfeld cross section 

•  Dedicated DM search programs for 
the next ~5 years in place 

•  Combine IACT data sets 
VERITAS, ICRC (2013)	


MAGIC, JCAP06 (2011), 035	


2013 ➝ 2018	


HESS, Astropart. Phys., 34, 608 (2011)	




TeV	  dwarf	  measurements	  

Cherenkov Telescope results 
•  HESS, MAGIC and VERITAS derived 

DM limits for different (individual) dwarf 
spheroidals 

•  Currently, a factor of a couple away 
from Sommerfeld cross section 

•  Dedicated DM search programs for the 
next ~5 years in place 

VERITAS, ICRC (2013)	


MAGIC, JCAP06 (2011), 035	


2013 ➝ 2018	


•  Fermi-LAT and IACTs provide some of the tightest limits 
in the GeV – TeV DM mass range 

•  Line search looks promising, although Fermi GC line 
seems to disappear 

•  ~Reached the limit with Fermi-LAT 
•  Large programs for DM searches with IACTs in place 
•  Need better instruments at TeV energies (see later) 



Galac2c	  γ-‐ray	  sources	   ESA/Planck – CO emission 

Fermi– GeV γ rays 

HESS – TeV γ rays 

•  Cluster tightly along the Galactic plane 
•  Trace molecular gas and regions of massive star formation 
•  Many sources coincident with objects at late stages of stellar evolution: 
→ Pulsar Wind Nebulae, Shell-type SNRs or SNR – molecular cloud interaction regions, 
γ-ray binaries, stellar clusters, … 
➝ more and more GeV counterparts for TeV sources (tricky to distinguish diffuse 
emission from individual sources) 



Henize 70 in LMC 

Star formation on different spatial scales 

•  From individual SNRs to stellar clusters 
•  Massive stars (predominantly) form in groups, i.e. in 

associations or stellar clusters 
•  Most (if not all) massive stars are bound in binary/

multiple systems at some point in their lifetime (≳ 
25-50% are interacting) 

IC	  443	  

10 kpc 

NGC 253 

•  From stellar clusters to 
Starburst galaxies 
•  On larger scales, multiple massive 

stars 
→ Massive stellar clusters or even 
superbubbles 
•  On even larger scales  
•  Star formation on 500 pc scales in 

central regions of Starburst 
galaxies 



Henize 70 in LMC 

The star-formation – γ-ray connection 

•  Open questions 
•  What is the relation between star formation & high-energy 

particles? 

•  Universal relation between star-formation rate and γ-ray 
luminosity? 

•  What is the impact of high-energy particles on the star 
formation process? 

IC	  443	  

10 kpc 

NGC 253 

•  Strategy 
•  Study individual objects and 

populations of objects 
•  stellar clusters 
•  SMC, LMC 
•  Milky Way, Andromeda, … 
•  Starbursts 
•  ULIRGs 



γ-rays from stellar clusters 

Cygnus X 
•  Nearby region of intense star formation 
•  Fermi detection of supperbubble suggests 

recent acceleration of protons and escape into 
the ISM 

•  Milagro sees extended source, but no IACT 
detection yet (field-of-view) 

3	  –	  300	  GeV	   0.3	  –	  30	  TeV	  

Westerlund 1 
•  Most massive stellar cluster in the 

Galaxy (1 SN every 10,000 years!) 
•  γ-ray emission much larger than 

cluster 
•  GeV emission has completely 

different morphology compared to 
TeV emission 

•  Indication of cosmic-ray transport, 
anisotropic diffusion and/or 
advection of particles 

HESS, A&A, (2012) 	
Ohm et al., MNRAS, (2013) 	


Fermi, Science, (2011) 	




γ-rays from Starbursts 
HESS, Science (2009), ApJ (2012) 
VERITAS, Nature (2009)  γ-ray emission 

• Point-like TeV emission, coincident with SB 
nuclei detected from M82 and NGC 253 

• Both objects also detected at GeV energies 
• Supports idea that 

•  increased star-formation leads to higher SN rate, 
particle acceleration and hence γ-ray production 

• Cosmic rays interact with gas in the SB nucleus, 
producing γ rays 

• Only 20-30% of cosmic rays interact, rest seems to 
escape in e.g. Starburst wind 



γ rays from other Starbursts? 

NGC 4945 & NGC 1068 
• Seyfert 2 galaxies, but with a Starburst core 
• Both galaxies detected in GeV γ rays (Lenain et al. 2011) 
• No variable signal which would favour AGN activity 
• Emission from NGC 1068 likely dominated by central AGN 
• NGC 4945 not so clear – could be starburst activity 
• No detection at TeV energies reported so far 
•  requires further monitoring 



Increasing the sample in GeV γ rays… 
Population study by Fermi 

• Search for γ-ray emission in sample of 69 dwarf, spiral, luminous and ultra-
luminous galaxies 

• Find quasi-linear scaling relation between γ-ray luminosity and star-
formation indicators, i.e. IR & radio continuum luminosity 

•  log(Lγ/Lradio) = ∼ 1.7, log(Lγ/Ldust) = ∼ -4.3, 
•  Indication of emission from NGC 2146 & M83 

Fermi-LAT, ApJ, 755, 164 (2012) 



•  Star-formation rate vs γ-ray luminosity 
•  Very nice correlation in GeV energies 

• Need to extent to Galactic systems, i.e. superbubbles 
•  Only the tip of the iceberg seen with current generation of IACTs 

•  upgrades of all instruments ongoing or finished 
• With CTA, huge potential to study these systems in great detail! 

γ rays from star-forming regions 
The present and future 

Milky Way  

VLA, WSRT, NOAO 
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AURA, NOAO, NSF 

Digitized Sky Survey 2 

Wikipedia 
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H.E.S.S. II - Properties 
•  ∼600 m2 mirror 
•  Energy threshold of ∼30 GeV 
•  Integration/calibration phase 

finished 
•  Now continuously taking data 

H.E.S.S. II - Science  
• orders of magnitude better 

sensitivity than Fermi for 
short-time phenomena 
(GRBs, transients) 

•  Increase by factor 2 in 
effective area at ~100 GeV 

• First science results this 
summer! 



What can we hope for in the future? 

LSTs 

MSTs 

SSTs 

 The Cherenkov Telescope Array is coming 
• Worldwide collaboration / open observatory / 200M€ project 
• Huge performance improvement in all aspects (PSF, energy range, sensitivity) 
• Northern and southern site planned with >100 telescopes 
• Final site decision (Chile or Namibia) towards end of 2014 
 

Check out the Astropart. Phys. special issue (2013) 



A glimpse into the future: 

CTA	
 LHC	


IceCube	
 Fermi	


XENON 1T	




Backup 

• Different decay channels for Fermi-LAT dwarf stacking analysis 


