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GeV -  TeV Astronomy;   
A New View  
Of Our Universe 

Frank Krennrich, Iowa State University 



Outline 

•  Overview & Physics motivations.   
•  VERITAS & IACT technique.  
•  Key science results & highlights. 
               - cosmic-ray origin (Tevatrons & Pevatrons). 
               - the role of pulsars (emission models) 
               - active galactic nuclei (closing in on a SMBH). 
               - extragalactic background light (EBL). 
•  What have we not seen (yet)? 
                   - dark matter, LIV, … 
•  What is next? - CTA 
•  Summary. 
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15 US University groups 
4 National Labs 
4 International groups 

July 11 2011 Guillermo Haro Workshop 2011            F. Krennrich             

TeV sky:  
March 2011: 

> 120 sources 

What has been learned with gamma-ray experiments? 
•  GeV/TeV radiation is ubiquitous to a wide range of astrophysical environments 

showing that non-thermal processes are major contributors to the energy budget of: 
        -  our galaxy (compact objects, SNRs, unidentified sources) 
        -  our galactic neighborhood (satellite galaxies & starburst galaxies)  
        -  distant cosmological sources (active galaxies and gamma-ray bursts). 

•  TeV observations expanded !-ray observations in energy and opened up a new 
window for astrophysics and studies of fundamental physics previously out of reach. 

Overview 



Science Drivers 

Black hole/Jet  
connection  

Hadrons Jets - from 
Collapse?   

? 
Starburst -  
Hadrons   ? 

Pulsar Wind 
Nebulae   

EBL, 
IGMF    

Dark Matter 
Annihilation 
signal? 

XRB 

Fundamental physics/ 
Particle physics/ 
Cosmology 
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> 40 VERITAS  
      sources 

(Northern  
Hemisphere)  
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VERITAS 

  5    Pulsar wind nebulae 
  1    Pulsar 
  4    Shell-type SNR 
  2    X-ray binary 
22 AGN (19 blazars, 1 FR I) 
  1    Starburst galaxy 
  5    Unidentified sources 
  … 



15 US University groups 
4 National Labs 
4 International groups 
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Stage et al. 2006"

86 Scientists"

22 Institutions in"
4 Countries"

Support from:"

U.S. DOE"
U.S. NSF"
Smithsonian"
STFC (U.K.)"
NSERC (Canada)"
SFI (Ireland)"

U.S. " ""
Adler Planetarium "Purdue Univ."            Univ. of Iowa"
Argonne Nat. Lab "SAO "            Univ. of Minnesota "
Barnard College "UCLA "            Univ. of Utah"
DePauw Univ. "UCSC "            Washington Univ."
Grinnell College "Univ. of Chicago"
Iowa St. Univ. "Univ. of Delaware"

Canada          Ireland ""
McGill Univ. "           Cork Inst. Tech."

"           Galway-Mayo Inst."
"           N.U.I. Galway"
"           Univ. College Dublin"

U.K.         "
Leeds Univ. ""

+  35 Associate Members, incl. theorists, 
MWL partners, IceCube, Fermi, Swift, etc.!

VERITAS @ Adler Planetarium, June 2009"

VERITAS Collaboration 
Collaboration Mtg. July 2010 
Cork, Ireland 



Atmosph. Cherenkov Technique 



Atmosph. Cherenkov Technique 



Instrument Performance Parameters 

Sensitivity Typical  1% of Crab 

Fermi IACTs 

Collection 
area 

~ 1 m2 ~105 m2 

Angular 
resolution 

0.8o – 
0.1o 

0.1o – 
0.05o 

Field of 
view 

2 sr 4x10-3 sr 

Fermi exposure 1 year (5 " detection) 
VERITAS exposure 50 hours (5 " detection) 



Key Science Questions 

(1) Galactic Tevatrons and Pevatrons 

(2) Black Holes 

(3) Cosmology 

(4) Particle Physics and Fundamental Laws 
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Key Science Questions 

(1) Galactic Tevatrons and Pevatrons 
(2) Black Holes 

(3) Cosmology 

(4) Particle Physics and Fundamental Laws 
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Cosmic Ray Origin? 

Supernova  
Remnants? 

M87 radio 

Relativistic Jets?  

SN1006 10 keV 

H, He, C, O, … 
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Cosmic Ray Accelerators: Where? 

Relativistic Jets: 
nearby AGN, GRBs   

Supernova Remnants: 
VERITAS VERITAS 

Galaxies  
Colliding 
(star factories): 
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15 US University groups 
4 National Labs 
4 International groups 
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Supernova Remnants – IC 443 

-  SNR from Type II SN, age ~ 3 – 30 ky. 
-  SF region, strong molecular lines. 
-  pulsar nearby. 
-  well studied at other wavelengths. 
-  rich environment with SNR interacting 
  with molecular cloud. 
-  PWN CXOU J061705.3+222127 
 (possible progenitor) 

 optical 
 X-ray. 



15 US University groups 
4 National Labs 
4 International groups 
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Supernova Remnants – IC 443 

•  Try to disentangle PWN emission from 
SNR shell emission or molecular cloud 
interactions 

 CO intensity 
 Optical 
 Pulsar Wind Nebula 
 Maser emission 
 VERITAS centroid 
 MAGIC centroid 

! 

+!
+!

•  Fermi & VERITAS ! consistent with        
extended emission region,  #68~ 0.24o 

•    offset from PWN, correlated with CO 
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Supernova Remnants – Tycho’s 

IR/optical/X-ray image 

-  SNR from Type Ia SN, age = 439 y. 
-  X-ray filaments of non-thermal  
       ! electron acceleration 
-  shell-like morphology 
-  northeastern ridge expanding at slower rate 
       ! interaction with molecular cloud 
-  molecular cloud seen in HI and CO. 
-  one of the best contenders for hadronic accel. 
-  distance ~ 2.5 – 4.5 kpc 

 optical/IR 
 X-ray. 
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Supernova Remnants – Tycho’s 

•  Unveiling a hadronic accelerator? 

Radio  contours 

-  TeV emission  
    ! compatible with a point source. 
    ! is offset from center of SNR (0.04 degree). 
    ! is displaced towards the CO cloud (2 "). 



15 US University groups 
4 National Labs 
4 International groups 
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Supernova Remnants – Tycho’s 

•  Unveiling a hadronic accelerator? 

Radio  contours 

$ decay 

IC emission  
(CMB+synch.) 

-  energy spectrum hard. 
-  simple leptonic+hadronic model. 
-  radio/X-ray for normalization. 
-  IC(CMB) & pion decay. 
-  leptonic ! 78 uG 
-  hadronic ! 230 uG 
   ! magnetic field amplification  
        in shocks! 
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Supernova Remnants – Tycho’s 

•  Unveiling a hadronic accelerator? 

Radio  contours 

-  energy spectrum hard. 
-  simple leptonic+hadronic model. 
-  radio/X-ray for normalization. 
-  IC(CMB) & pion decay. 
-  leptonic ! 80 uG 
-  hadronic ! 230 uG 
   ! magnetic field amplification  
        in shocks! 

Morlino & Caprioli, arXiv:1105:6342v1 



15 US University groups 
4 National Labs 
4 International groups 
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G106.3+2.7 / Boomerang 
PSR J2229.0+6114 
G106.6+2.9 PWN 
(Boomerang) 

radio contours (115 
GHz; 12C line) 

-  pulsar PSR J2229+6114. 
-  high spin down ~ 1037 ergs/s. 
-  Milagro detection ~ 1o size. 
-  VERITAS image: 
       ~ 0.6o x 0.4o  
-  coincides with MC emission. 
-  hard TeV spectrum! 
-  VERITAS + Milagro (35 TeV) 
  may indicate hadronic accel.  



Galactic Tevatrons & Pevatrons 

G54.1+0.3 
-  SNR G54.1+0.3 is a PWN.  
-  young pulsar PSR J1930+1852.   
-  age ~ 2,900 yr. 
-  high spin down ~ 1037 ergs/s. 
-  TeV emission co-located with X-ray  
  and radio PWN and a molecular cloud. 
-  compactness due to young age and  
  possibly symmetrical expansion of the 
  supernova! 
-  X-ray/TeV flux lowest among all PWN 
  !   particle dominated 

! 
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Cosmic Ray Sources in bulk: 
Discovery of TeV Emission from  
the first starburst galaxy!  
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Starburst Galaxies: M82 

•  M82 is the prototype starburst galaxy 
•  Distance ~ 3.9 Mpc 
•  Diameter ~ 1’ (0.016o ) 
•  SMBH ~ 3 x 107 Msolar (no activity) 
•  Interacts with group of galaxies (M81) 
•  Hubble ST: 200 massive star clusters 
•  High supernova rate ~ 0.1 - 0.3 per year 
•  High gas density 150 particles/cm3 

-> excellent candidate for  
    cosmic ray interactions &  
    gamma ray emission. 

-> probing paradigm that SNRs 
    are the origin of C.R.s. 

 Johannes Schedler "
(Panther Observatory) "

NASA, ESA, The Hubble 
Heritage Team, (STScI / AURA) "
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Starburst Galaxies: M82 

•  VERITAS data ~ 137 h livetime 
       only astronomical dark time, large zenith angle ~ 39º"
        increased Ethres 
           bad weather removed 
•  Standard VERITAS analysis (“hard cuts”) 
           Ethres ~ 700 GeV 
           cuts a priori optimized on Crab 
           hard spectrum expected from theory 
           but we count for 3 trials (standard, hard & soft) 
•  Point-like excess of 91 !; 5.0 " (pre-trial) 
           3 independent analyses 
           many systematic checks performed 

•  Post-trial: 4.8 "  
           steady signal 
           excess consistent with instrument PSF  
•  M82 weakest source ever detected @ VHE 
           0.9% of Crab 
           Gamma-ray rate: 0.7 !/hour Acciari et al. 2009, Nature, 462, 770  
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Connection between star formation &  
acceleration of hadronic cosmic particles  

•  Starburst galaxy M82 (nearby Milky Way) 
        exhibits a glut of supernova remnants 
        (accelerator providing beam …)! 
•  Combined with high gas density (… on target). 
•  M82 provides the “perfect storm” for a high yield of GeV – TeV emission. 
•  Strong evidence that supernova remnants accelerate protons! 

Acciari et al. (VERITAS Collab.), Nature, 462, 770 (2009)  
Abdo et al. (Fermi Collab.), arXiv:0911.5327  
B. Schwarzschild, Physics Today, vol. 63, p 13 (2010) 

Cosmic Ray Origin – M82 
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Key Science Questions 

(1) Galactic Tevatrons and Pevatrons 

(2) Black Holes 

(3) Cosmology 

(4) Particle Physics and Fundamental Laws 
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The Role of Pulsars 

(1) Galactic Tevatrons and Pevatrons 
(2) Black Holes 

(3) Cosmology 

(4) Particle Physics and Fundamental Laws 
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The Crab Pulsar 
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-  at GeV energies ~ 100 pulsars are known !-ray emitters 
-  generally break at 0.1 – few GeV 
-  exponential cutoff (curvature radiation, outer gap model) 

-  Crab nebula one of the most powerful pulsars 
-  detected by Fermi up to ~ 15 GeV, by MAGIC at 25 GeV 
-  spectral cutoff at 5.8 GeV 

-  Detection above 100 GeV was pursued for decades, 
  ‘Holy Grail of TeV astronomy’  T.C. Weekes 

-  VERITAS observations: 107 hours 
-  energy threshold 120 GeV 
-  results checked by independent software package 



The Crab Pulsar 
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Wait for publiction 



The Crab Pulsar 
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The VERITAS  
collaboration,  
Acciari et al.,  
submitted 
to Science 

Wait for publiction 



Key Science Questions 

Galactic Tevatrons and Pevatrons 

!    strong evidence for hadronic acceleration. 

!   strong evidence for magnetic field amplification. 

!   SNR maybe efficient particle accelerators. 

Can SNRs explain the bulk of galactic CRs?  

!    find a few SNRs with spectrum up to ~ 100 TeV. 

!   spectral cutoff should depend on age. 

!   molecular clouds offer opportunity to probe C.R. interactions! 

!   starburst galaxies: correlate SN rate x gas density with !-ray flux.   
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Key Science Questions 

(1) Galactic Tevatrons and Pevatrons 

(2) Black Holes 
(3) Cosmology 

(4) Particle Physics and Fundamental Laws 
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•  “Standard Model” of AGN Physics 
           SMBH 
           Accretion disk 
           Relativistic jet 
•  Point of view changes appearance   
           Blazar 
           Quasar 
           Radio galaxy 
•  Physics questions 
           Black hole - jet - connection 
           Acceleration mechanism (Where?) 
           Emission mechanism 
           Maximum energy 
           hadrons and leptons? 
           UHE cosmic ray connection? 
           Axion emission? 

Supermassive Black Holes 
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•  Nearby giant radio galaxy, 16 Mpc 
           SMBH ~ 6 x 109 Msun 

                Jet angle ~ 15 - 30 deg. (not a blazar) 
           resolved jet (radio, optical X-ray) 
           variable emission 
•  TeV emission 
           Evidence in Hegra data  
           Confirmed by HESS, MAGIC, VERITAS 
           angular resolution of TeV instruments 0.1 deg. 
           TeV emission from where? 80 kpc ~ 0.3 deg. 

Radio Galaxies: M87 

2 kpc 
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Radio Galaxies: M87 
VERITAS 

MAGIC 

HESS 

MAGIC 

•  Joint TeV campaign: 
           MAGIC, HESS, VERITAS 
           Jan. - May 2008 
           95 hrs. combined 
           MAGIC ToO                  
•  VLBA movies            
           14 shots in 2008, every 5 days  
           ang. resolution 0.2 x 0.4 mas 

Chandra 
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Radio Galaxies: M87 

•  Picture? 
           radio, X-ray and TeV flare are likely related (P < 0.5%). 
           TeV flares on time scales of 1 day: ~ few Rs 
           X-ray quiet at HST-1, but shows a historically high state for core. 
           VLBA flare at core (30 x 60 Rs), but slow rise. 

•  What does this mean? 
           Model:  
                    - we have observed plasma traveling down the jet. 
                    - transparent at TeV and X-ray energies. 
                    - region is initially opaque in radio (synchr. Self-absorption). 
                      and smoothens the radio flare and a delay in peak. 
                    - TeV/X-ray emission region well within radio blob. 

•  TeV emission produced close to the SMBH?  

Acciari et al. 2009 (VERITAS Collaboration, VLBA 43 GHz Monitoring team,  
Hess Collaboration, MAGC Collaboration), Science DOI: 10.1126/science.1175406 
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Key Science Questions 

(1) Galactic Tevatrons and Pevatrons 

(2) Black Holes 

(3) Cosmology 
(4) Particle Physics and Fundamental Laws 

July 11 2011 Guillermo Haro Workshop 2011            F. Krennrich             



redshifts uncertain 

Soft - low E spectra 

Hard TeV spectra TeVCAT: Courtesy: S. Wakely, UChicago 

TeV AGN ``directory’’ 
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~ 
~ 

1ES 1218+304 

W Comae 

B2 1215+30 



15 US University groups 
4 National Labs 
4 International groups 
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Extragalactic Background Light 

!TeV + !soft ! e+ + e- 



15 US University groups 
4 National Labs 
4 International groups 
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Extragalactic Background Light 



EBL – why do we care? 

EBL - a repository of all radiative energy dissipation processes since the time of decoupling.  

The EBL contains astrophysical contributions;     
                                      star/galaxy formation 
                                      accretion onto supermassive black holes 
                                      decay of relic particles produced in the early universe 

EBL radiation field consists of diffuse ultraviolet – optical – infrared light; 
                                      provide information about particle physics processes otherwise not detectable 

Future view:  
                                      direct observations with the JWST will likely (?) detect the EBL in the optical to near-IR 
                                      mid-IR likely to remain elusive due to strong foreground from zodiacal light. 
                                      VHE !-ray observations do not suffer from the same limitations.  
                                      VHE !-ray observations cover the entire range of UV – optical – infrared light.  

!-ray technique is also unique; 
                                      allows one to probe the EBL at different redshifts (pairproduction absorption  
                                      effect can be measured as a function of redshift/epoch)  ! EBL  evolution 
                                      whereas direct measurements always just measure the local cumulative density  
                                      from all epochs combined. 
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EBL Models – Data 

Pre- 
Fermi/ 
VERITAS 
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Sample Blazars 

M. Orr, FK, E. Dwek, ApJ, 733, 77 (2011) 
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15 US University groups 
4 National Labs 
4 International groups 
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Hard Spectrum Blazars 

Fermi + 
IACTs 



Method 1 
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Method 2 
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Method 1 + Method 2 

ratio 
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Constraints from M1 & M2 

m
id

-IR
&

near-IR&

Fermi 
+low-E IACT 

high-E  
IACTs 



Spectral Break - Redshift  
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Evidence for spectral break: 3.5 "  
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New EBL Constraints 

M. Orr, FK, E. Dwek, ApJ, 733, 77 (2011) 

EBL  
this work 



EBL Conclusions 

Cosmology 

!    ~ 40 AGN detected above 0.5 TeV; ~ 700 at GeV. 

!    EBL is generally lower than expected – see farther in VHE !-rays. 

!   constraints on shape of EBL through !-ray spectral ``break’’. 

!   unique signature from EBL absorption (~ 3.5 ")  

!   lower limits from galaxy counts and !-ray  constraints not converged in 

    the optical/near-IR.   
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What have we not seen (yet)? 
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Key Science Questions 

(1) Galactic Tevatrons and Pevatrons 

(2) Black Holes 

(3) Cosmology 

(4) Particle Physics and Fundamental Laws 

July 11 2011 Guillermo Haro Workshop 2011            F. Krennrich             



Physics: Dark Matter 
Fermilab Tevatron 

Large Hadron Collier 

CDMS @ Soudan 

Produce 
neutralino  

in laboratory 

Directly detect DM 
WIMP in specialty 
detectors in 
(underground) labs 

Indirect detection 
of astrophysical  
!-rays from DM 
self-annihilation 

Three complementary 
approaches 

Only direct link 
between a 
neutralino and 
dark matter  
halo profiles 
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Science Requirements 

effective  
area 

sensitivity –  
angular  
resolution 

CTA: 
•  probe the annihilation cross-section 

•  measure the WIMP mass 

•  usher the era of “dark matter astronomy”  
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Dark Matter  
D

ire
ct
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Indirect detection  

“...We also show the remarkable, and somewhat 
surprising, fact that indirect detection rates for 
gamma-ray detection of dark matter annihilation in 
the galactic halo (or sub-halos) are very weakly 
correlated with direct detection rates. This means 
that a dedicated gamma-ray detector for dark matter 
detection may probe from an orthogonal 
direction the parameter space of viable dark matter 
models, down to direct detection levels that would 
never be realistically achievable otherwise.”  

[hep-ph] arXiv:1011.4514 L. Bergstrom et al. 

Figure shows random scan of MSSM and mSUGRA  
models. Various symbols indicate models excluded by 
the corresponding experiments. Indirect detection 
assumes offset Galactic Center position. “CTA” 
exclusion region is for default design (without CTA-US 
contribution) and nominal 50 hours exposure. “DMA” 
exclusion region assumes hypothetical IACT 
observatory with 10 times larger collecting area and 100 
times exposure. CTA-US contribution will increase 
relevant default CTA collecting  area by a factor of 3 and 
exposure by a factor of 10. 



15 US University groups 
4 National Labs 
4 International groups 
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! 

E1 >> E2! 

E1

! 

E2

HESS: Aharonian et al. 2008,  
PRL, 101.170402 
HESS 

! 

EQG > 7.2"1017GeV

Amelino-Camelia, G., Ellis, J. et al. 1998 , Nature, 395, 525           

•  Flare of active galaxy PKS2155-304 
   ! no deviation found!   

E ~ 200 GeV 

E ~ 800 GeV 

1019!1012! 1016! 1022! E [GeV]!

Biller et al. 1999,  
PRL, 83, 2108 
Whipple Collab. 

HESS 

Albert et al. 2008, Phys. Lett. B, 668, 253  
MAGIC Collab. 

Abdo et al. 2009, Nature, 462, 331  
Fermi Collab. 

•  Flares from relativistic jets (active    
  galaxies, gamma-ray bursts) provide  
  strong limits to Lorentz invariance    
  violation. 
•  TeV and GeV data give lower limits to    
  the quantum gravity energy scale of  
  ~ 1019 GeV (Planck energy)    

Lorentz Invariance Violation (LIV) at the Planck energy? 
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What is next? 



IACT Technique 

1968 1989 

2007 

2004 

Camera ~ 1 PMT 
" Sensitivity ~ 10 Crab  
" No 5 " detection 

Camera ~ 37 PMTs 
" Sensitivity ~ 1 Crab  
" 9 " detection 

Cameras ~ 500-1000 PMTs 
" Sensitivity ~ 1% of Crab  
" 5 " detection of 1 Crab 
   in 30 s 

Whipple: Weekes et al. 1989, ApJ, 342, 379 
40 year old technology! 
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Large Array Concept  

100 m!

Event containment: 

- angular resolution '  x 3 

-  background rejection x 2 

-  collection area x 10 

-  solid angle ( x 4 

! 

S"#$ back / area / %



Large Array Concept  

100 m!

Event containment: 

- angular resolution  x 3 

-  background rejection x 2 

-  collection area x 10 

-  FOV x 4 

! 

S"#$ back / area / %
Event containment only works for large size  
array, so that combination of collection area 
and angular resolution are achieved!    

Photon  

statistics!    
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15 US University groups 
3 National Labs 
4 International groups 



Endorsements: AADS2010  
CTA-US (CTA): 
-  selected as one of three  
  ground-based observatories. 
-  technical risk judged to be 
  medium low. 

CTA-US (CTA): 
-  strong endorsement based on astronomy,     
  astrophysics and fundamental physics 
  (NSF/AST, NSF/Physics & DOE)!  



Plan of CTA-US  
•  100 GeV - 10 TeV regime  
•  overlay the MST array 
•  23+36 ! 59 element array 
•  wide FOV 
•  high resolution camera 
-> angular resolution 
-> better background rejection 
-> better sensitivity 

CTA 

Approaching the limit of the 
IACT technique in mid-energy 
regime, where it works best! 

CTA-US 

H.E.S.S./VERITAS 
100 hours 



A Novel Telescope 

Schwarzschild-Couder 

FOV 

Camera Size 

3.5 deg. ! 8 deg. 

DC optics SC optics 

Pixelation 

0.28o 0.20o 0.07o 
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A Novel Telescope 

Schwarzschild-Couder 

FOV 

Camera Size 

3.5 deg. ! 8 deg. 

DC optics SC optics 

Pixelation 

0.28o 0.20o 0.07o 
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CTA & AGIS subarray  

Low-energy:  
Et of some  
10 GeV 

AGIS array: 
Wide FoV 
high angular  
resolution 
100 GeV-10 TeV 

High-energy: 
10 km2 area at  
10 TeV-100 TeV 

CTA/CTA-US Conceptual design 

Mid-energy: 
mCrab sensitivity 
100 GeV–10 TeV 

Core array: 23 +36 



Summary 

Gamma rays:  

   ! provides a view of non-thermal processes in a broad range of celestial  

       objects: SNRs, PWN, binary systems, AGNs, starburst galaxies, .... 

   ! image the particle accelerator responsible for cosmic particle populations. 

   ! probe the magnetic field in interaction regions - efficiency of accelerator. 

   ! are emitted in the vicinity of SMBHs – connection to relativistic jets. 

   ! probe the EBL and provide more complete account of its contributors. 

CTA/CTA-US: 

   ! order of magnitude better sensitivity through large array concept. 

   ! factor of 2-3 better angular resolution. 

   ! reach the sensitivity necessary for indirect dark matter detection. 

   ! substantial survey capabilities through wide FOV instrumentation. 
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