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I.  Galaxies & active galaxies, AGN classifications, general introduction 



  The Universe is made up of galaxies, many containing
 more than hundred thousand million stars.  
  The Milky Way galaxy (containing our solar system) is a
 barred spiral galaxy 100,000–120,000 light-years in
 diameter containing 200–400 billion stars.  
  An active galaxy is a galaxy possessing an amazing
 power source at its nucleus – luminosity ~ thousands of
 MW galaxies.   
  The power source in an active galaxy is very compact –
 approx. size of the solar system.  
  We call these Active Galactic Nuclei 

A view of the Milky Way
 towards the Constellation
 Sagittarius (including the
 Galactic Center) as seen from
 a non-light polluted area (the
 Black Rock Desert, Nevada). 

Andromeda Galaxy, our 
nearest neighbor spiral galaxy. 



Stellar Orbits around the Galactic Center Black Hole 



Stellar Orbits: Galactic Center Black Hole 



  Extremely luminous objects 

  Central luminosity outshines the light from
 all the surrounding stars of the host galaxy 

  Emission (non-thermal) across entire
 spectrum ... radio to keV, MeV, TeV 

  Relativistic jets, superluminal motion 

  Current paradigm – blazars are powered by
 super-massive  black holes (SMBH) located
 at or close to their centers ~ 109 MO . Schematic view of an AGN 

Typical size of the galaxy is ~104 pc. Central nucleus ~ 1-10 pc.  

U
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  The fundamental power source of active galaxies is the gravitational
 potential well of a SMBH.  
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Schematic view of AGN 
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- the angle from which we happen to see it…  

Looking straight down the  
jet, we would see a blazar.
 (Emission from the jet
 would be so bright that it
 would swamp anything else
 from the accretion disk or
 the torus) 

Looking at an angle, we  
would see a Seyfert  
Galaxy 

Quasar 3C279 

Looking edge-on, we  
would see a radio galaxy.  
(torus would block most of
 the radiation and all we'd
 see is the jet) 

Cygnus A 

Cen A 

NRAO/AUI!

Images from Fermi/EPO!



Beckmann & Shrader, astro-ph/1302.1397 
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  Flat Spectrum Radio Quasar (strong broad lines) 
  BL Lac: named after prototype BL Lacertae (weak or no broad lines) 

Fanaroff
-Riley I 

Fanaroff
-Riley II 

See: “AGNs with the Fermi-LAT,” B. Lott, http://cta.obspm.fr/IMG/pdf/Atelier_CTA_2014_Lott.pdf 



II. Blazar characteristics 



•  Almost all AGN seen at high energies are blazars (BL Lacs & FSRQs):  
  Radio loud AGN viewed directly along the jet axis. 
  Flat spectrum radio sources (αr > -0.6).   

  FR Is are parent population of BL Lac objects 
  FR IIs are parent population of FSRQs (Urry and Padovani 1995) 

  Blazars: radio galaxies where jet is pointed towards us 
  Radio galaxies: misaligned blazars 

X-ray (Chandra) image of Cen A 
X-ray (Chandra) image of the M87 jet 

Blazars – General Characteristics 

Wagner et al. 2009 
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Superluminal Motion in Blazars:   

  High fraction of blazars are superluminal
 (evidence from VLBI) 

   Blobs move relativistically 
   Trajectory inclined at small angles 

Example: Long term high frequency VLBI  
monitoring of the relativistic jet in 3C 279 at 22  
GHz. 1991 – 1997 (18 epochs) 

  Bright, compact VLBI core and jet components.  
Apparent speeds measured for 6 super-luminal  
components ~ 4.8c – 7.5c 
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Superluminal motion: First proposed by Rees in 1966 (Nature, 211, 468) years before 
it was first observed when VLBI techniques were developed 

- First pulse travels to observer in time D/c 
- Second, emitted time Δt later, has a
 shorter distance to travel: D-Δy. 
- Velocity of observed blob separation on
 the plane of the sky:  

 βobs = β sinθ


 
(1-β sinθ) 

eg., for v ~ 0.99c, θ ~ 5o, βobs ~ 6.27c 

Figure from Deirdre HORAN --- 2013 Fermi  
Summer School --- Lewes, Delaware 



MOJAVE 2cm data. See:  
http://www.physics.purdue.edu/MOJAVE/ 

Apparent SL motion now seen from scores of radio sources, with apparent
 SL speeds typically between 1 and 10 (Vermeulen and Cohen 1994).  



Demonstrations of Relativistic Outflows 

Seyferts 

Dermer & Gehrels 1995 

Non-thermal, continuum  
spectra. Dramatic peak at  
γ-ray energies. Emission  
extends to GeV-TeV  
band. 

High isotropic γ-ray 
luminosity ~ 1048erg/s 

Absence of intrinsic γγ pair absorption ---> beaming in blazars.  
High luminosity  optical depth >> 1, γ-ray emission originates in  
strongly beamed sources. 

Blazars 



Relativistic Beaming in Blazars 

Two arguments for beaming:  

Absence of intrinsic γγ pair absorption 

  Optical depth for γγ  e+ e- is proportional to source compactness: σT L 
                         4πc<E>R 

  For isotropic emission from a uniform spherical source at rest, and intrinsic L >
 1048 erg/s  optical depth >> 1 

  Incompatible with the observed γ-ray spectra of the source  

Violation of the Elliot-Shapiro relation:  

  For a spherically symmetric source in a steady state:  
L < LEdd < 1.3X1038(M/MO) ergs/s.  

  Min. intrinsic time scale of variation: Δt > RS/c = 10-5M/MO) 

  log Δtobs/ (1+z) > log L48. This condition is violated for several γ-ray blazars.  



Observed emission Sobs is boosted  
in energy over that emitted in the  
rest frame S:  

Sobs = S[Γ(1- βcosθ)]-3 

If plasma velocity is 0.95c and θ  
is 5o, boosting factor is ~200 



Strong time variability:  

--> day-scale or less  

Old image of the Galactic Anti
-Center from EGRET shows
 blazar PKS 0528+134 flaring
 in gamma rays 



IACTs have the ability to study very short time scale variability in blazars.  

  Rapid: < 15 min var. time scale.  

  Entire flare lasted ~ 30 min.  

  Fastest time scale variability   seen in
 any blazar to date.  

 compact emission region of ~ 1—10
 light hours  

 diameter – 10 Schwarzschild radius
 of a 108 solar mass black hole.  

Variability timescale implies  
maximum emission region  
size scale. 

Gaidos et al. 1995 



A minimum Doppler factor of  15 is derived, and the maximum energy of a 
photon from 3C 454.3 is  20 GeV 

A
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A minimum Doppler factor of  15 is derived, and the maximum energy of a 
photon from 3C 454.3 is  20 GeV 

A
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A photon flux of FE>100 MeV ~ 22 X10−6 ph cm−2 s−1 from  
3C 454.3 at z = 0.859 implies an apparent isotropic γ-ray  
luminosity above 100 MeV of Lγ∼ 3.3 X 1049 erg s−1. 

Estimates for the black-hole mass in 3C 454.3 range from  
M9 ≈ 1 (Bonnoli et al. 2010) to M9 ≈ 4 (Gu et al. 2001).  

To be radiating below the Eddington luminosity 
of 1.26 X 1047(M9M⊙) erg s−1 for a 109M9 Solar mass black hole implies that the high-energy 
radiation is beamed into a jet with opening angle θ < 0.1 



III. Gamma-ray production site, acceleration and radiation mechanisms 





Current Paradigm 
  Synchrotron self Compton 
  External Compton 
  Proton induced cascades 
  Proton synchrotron 

Ultrarelativistic  
particles (GeV/TeV)  
injected into blob Jet powered by accretion

 of matter onto SMBH.  

Sites! Acceleration 

  relativistic shocks 
  stochastic (Fermi II) accel.  
  magnetic reconnection 
  plus complex
 magnetohydrodynamics  

Radiation 

  Inverse Compton 
  Electron synchrotron 
  Proton synchrotron 
  Photomeson processes 
  (and subsequent pair
 cascades γγ pair
 production)!

Unfortunately, we cannot image AGN in γ rays.
 Hence, physics of blazars may only be inferred
 through energy and spectral variability studies.  



  Jet is approximately 20 arc sec 
(1 arcsec = 3 kpc (z = 0.158, Ho = 65 km/s Mpc) 

From radio to X-rays, non-thermal emission is  
observed. Gamma rays expected in all scales from  
sub-pc to multi-kpc scales.  

High energy (GeV) and VHE (TeV) γ rays have  
been detected from large numbers of AGN 

Relativistic jets directed towards the observer 

3C 273 Jet imaged by Chandra!

Chandra (X-ray), HST (optical) and VLA (radio) jet of 3C 273   !

NASA/NRAO!



Relativistic jet outflow with Γ ≈ 10 

Injection,
 acceleration of
 ultrarelativistic
 electrons 

Q
e 
(γ
,t)
!

γ !

Synch.  emission 

νF
ν


ν!

Compton emission 

νF
ν


ν!

γ2
γ1


γ-q!

Seed photons: 

Synchrotron (SSC), Accr.
 Disk + BLR (EC)  

Injection over finite
 length near the base of
 the jet. 

Additional contribution from γγ
 absorption along the jet 

Leptonic
 Models  

Markus Boettcher 



Urry & Padovani!

Multi-epoch SED of 3C 279 
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- Highly luminous sources. High energy component dominates. 
- Optical spectrum shows prominent broad emission lines. Big blue bump often present. 
- Typically extremely variable optical continuum (“Optically violently variable quasars”) 
- “Knotty” parsec-scale jets 

Maximum jet speed: 651 ± 25 µas/y ; 20.58 c
 (based on 9 moving features, Lister et al. 2013) 



  Non-thermal emission consists of at
 least 2 distinct, broad spectral
 components.  

  Sequence of sub-classes of blazars
 defined through the peak
 frequencies and the relative power of
 those components.  

  No FSRQs detected by ACTs at >
 100 GeV.  

Fossati et al. 1998.  

HBLs 
Detected by ACTs 

The lack of sufficient number of GeV-TeV blazars limits our understanding of the γ-ray
 emission, and our ability to extrapolate results to the larger population of radio
 sources 

FSRQs 



Fluences of neutrinos integrated over several days. 

For hadronic models:  
 HE neutrinos expected (e.g. Gaisser et al.
 1995).  
 Fluxes of multi-TeV ν should be seen 
 by km-scale detectors like IceCube.  

 Powerful blazars with strong accretion
-disk radiation are good candidates.  

  Observation of ν would be direct
 proof of hadron accel. in AGN jets. 

  Nuclear interaction with ambient jet matter: 

  Photomeson interactions:   

p + p → π±,0 → ν, e±, γ


p+γ → p+π0,   π0 → 2γ, 

p+γ → n+π+,   π± → μ± + νμ 


                             → e± + 2νμ + νe.


Atoyan & Dermer (2004) 



IV. Energy Range & Instruments 



High Energy Instruments 

10-9                   10-10             10-12            10-14           10-16             10-18         10-20 m  

100  keV       0.5 MeV                              100 TeV 

Reshmi Mukherjee




V. GeV Blazars  



Gamma-ray telescopes image one  photon at a time
 time.  

Launched 2008. Mission lifetime  
5y, goal 10y of operations (no  
consumable on board). 
Fnergy range: 20 MeV - 300 GeV 

   Catalog: 1FGL,  2FGL, 3FGL….  
  AGN catalog: 3LAC 
  3000 sources in 3FGL 
  1563 AGN at b> 100. 98% blazars  

  Catalog: 3EG….  
  94 sources in 3EG 
  56 FSRQs 
  14 BL Lacs 

EGRET: Energetic Gamma Ray Experiment Telescope 

In orbit: 1991 – 2000 
Energy range: 20 MeV to 30 GeV  



Data from EGRET!



OSO-3 EGRET 

•  ~1.4 Mγ, ~60% interstellar emission from the MW 
•  ~10% are cataloged (3EG) point sources 

Slide from S. Digel 



1873 sources with TS>25 



  4 years of data 
  Energy range 100 MeV - 300 GeV 
  3032 sources, 2192 at |b|>10° 
  3FGL Catalog Paper:  



3FGL AGN Catalog paper: http://arxiv.org/pdf/1501.06054.pdf 



Only the most powerful FSRQs  
can be detected from large z:  
Lγ = 1046(fγ/10-10 erg cm-2s-1) (d
/3Gpc)2 erg s-1 

dL: luminosity distance 
S(E1,E2) : energy flux between 
E1(100 MeV) and E2 (100 GeV) 

2LAC Catalog, 2 yrs data 
•  FSRQs 
•  LSP-BL Lacs 
•  ISP-BL Lacs 
•  HSP-BL Lacs 

Note that these are apparent luminosities. We are seeing Doppler boosted  
radiation. Doppler factor δ ~ 10-100. !

3FGL AGN Catalog paper: http://arxiv.org/pdf/1501.06054.pdf 



2LAC Catalog, 2 yrs data 
•  FSRQs 
•  LSP-BL Lacs 
•  ISP-BL Lacs 
•  HSP-BL Lacs 

Correlation between photon spectral index measured with the LAT and position of
 the SED synchrotron peak!

3FGL AGN Catalog paper: http://arxiv.org/pdf/1501.06054.pdf 



 Power-law spectra in the energy range  
30 MeV – 10 GeV. 
 No evidence of spectral cutoff below  
10 GeV 

Steeply falling photon spectra – Poor  
statistics above ~ 10 GeV. 
At very high energies blazar studies  
are carried out by ground-based ACTs 
–  large collecting areas.  



VI. TeV Blazars  



In addition to jet physics and properties of SMBHs and their environments….!

  Particle acceleration and emission mechanisms? 
  General picture of jet structure & jet formation, acceleration & collimation? 
  Specific location of blazar outbursts?  

  TeV origin – particle content leptonic or hadronic?  

  Black hole – jet connection 

  Best extragalactic probes of the EBL via its interaction  
with TeV photons traveling cosmological distances. 

  Better constrain the IGMF. 

  Test the validity of the Lorentz Invariance principle at high  energies.  
  Particle acceleration to extreme energies - origin of UHE cosmic rays (E>1018 eV)?  

Why study TeV blazars? 


Reshmi Mukherjee




tevcat.uchicago.edu


  Current generation of IACTs (H.E.S.S., MAGIC and VERITAS) has detected γ
-ray emission from  > 50 AGNs. Redshift up to 0.944! 
  Population is largely dominated by high-frequency peaked BL Lacs (~80%),
 but also includes low-frequency peaked objects (~20%), flat spectrum radio
 quasars, and radio galaxies. 



UDel Colloq. Mar 2007 

Extragalactic Background Light 

  Sensitive to star formation 

history 
  Difficult to measure optical 
background directly 

H
auser &
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dust stars 

  γ-rays pair produce with EBL photons 

  Cross section: λpeak = 1.33 X (E/TeV) mm 
  > 100 GeV, sensitive to UV/optical 
  > 1 TeV, sensitive to IR EBL 

e- 

e+ 

Gamma-ray absorption by EBL 





See Talk by Christian Stegmann | H.E.S.S.
 Highlights | Gamma 2012 



See Talk by  
Razmik Mirzoyan: VHE Gamma-Astrophysics with IACTs:

 1989-2014, 3rd October 2014, "LHC Days in Split", Split, Croatia   



Radio Galaxies: M 87 - A very close AGN 
  Location of the emission region ---- 
  M 87 is one of the closest AGNs (20 Mpc).
 The jet is oriented at ~ 20°  
  VHE studies are likely to contribute to a better
 understanding of AGN unification schemes 

Abramowski et al. 2012 



Radio Galaxies - M 87 - A very close AGN 

  VHE light curve of M 87 zoomed on the
 2010 flare. 
  VHE temporal behavior characterized –  
 τrise = ~1.7 days and τdecay= ~0.61 days 

Abramowski et al. 2012 



  70% of excess from 4-night flare in 2008
 March 
  275γ,  8.6σ; τ ≈1.3 ± 0.3 days, 9% CU 

VERITAS: Typical Blazar Luminosities 
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W Comae


1ES 1218+304


B2 1215+305


Benbow et al. ICRC 2011 

  Blazars detected as point sources at TeV 
  Variable sources; variability could be ~ day-scale or sub-hour 
  VHE γ rays during W Comae flare ~ 25% of the flux of the Crab Nebula
 (> 200 GeV). Luminosity ~1045 ergs/s.  Only a very small fraction of the
 blazar jet (<10%) accounts for this luminosity.  



Deep Broadband Observations of the Distant γ-ray  
Blazar PKS 1424+240 

  Archaumbault et al., ApJL 2014


  Detected at VHE by
 VERITAS in 2010. Deep
 campaign:  >100 hours of
 new data since 2010 
  HST/COS obs. :  
  z >0.6035 (Furniss et al.,
 2013) 

  At this minimum distance,
 the intrinsic VHE emission is
 expected to be significantly
 absorbed by the extragalactic
 background light (EBL) 

- Observed VHE spectra of PKS1424+240 derived from three years of
 VERITAS observations show no significant evidence of spectral

 variability  



Locating the Emission Region in the Jet 

  Blazar at a redshift of 0.069 (291 Mpc) 
  VHE emission detected by MAGIC in 2005 
  Angle of BL Lac jet to our line of sight: 6–10o. Flow speed:  of 0.981
–0.994c. Corresponding Lorentz factor:  ~7 (Jorstad et al. 2005)  

  Relativistic aberration and the Doppler effect strongly beam the radiation,
 high apparent luminosity.   
  Knot’s observed proper motion of 1.2 mas/yr (~5.0c) (Marscher et al. 2008)  

  The jet of BL Lac - Sequence of VLBA images at a λ of 7mm (43 GHz).  

Marscher et al. 2008 



A Proposed Model of the Inner Jet   

Marscher et al. 2008!

   Where is the energy dissipated in the jet? What fraction of the jet is responsible for the
 observed luminosity?  
  Data from radio + TeV γ-ray flare seem to indicate that the core is a standing shock
 located well downstream of the BH.  
  Radiating plasma follows a helical magnetic field configuration upstream of the radio
 core (Marscher et al. 2008).   
  Radio observations probe outer regions of the jet (pc scale). TeV γ-ray observations
 powerful tool for probing inner regions of jets.  



BL Lac: TeV Flare and Rapid Variability 

VERITAS
 2010-2011 

  Flare on June 28, 2011 picked up by VERITAS monitoring; 4-min bins; 125% Crab
 flux (> 200 GeV); Γ = 3.8 ± 0.3; good MWL coverage. 
  Flux decayed by factor of 10 in τ = 13 ± 4 min => Strongly constrains size of
 emission region (R < cτδ/(1+z) ~ 2.2X1013δ cm) (independent of any model).  
  Flares + MWL coverage provide remarkable tomography of jet.  

 New SL component near core (43 GHz) - new knot K11, shows a different
 polarization position angle  (20o compared with 44o for the core).  

Arlen, T. et al. 2013, ApJ, 762,92 

VLBA:  Emergence of a radio knot
 linked to the γ-ray flare.  



BL Lacertae flare & pre-flare SED  

  TeV flare occurred when source
 was active & variable in GeV
 band. γ-ray SED peak lies ~
 10-100 GeV. 

  LAT data shows evidence for
 spectral hardening during the
 VERITAS flare.  

  Sharp break at TeV energies –
 Klein-Nishina effects  
(hν0 ≥ mc2/4γKN - electron
 cooling rate is substantially
 reduced) Arlen, T. et al. (2013) 



1 period = 1 month = 1 dark run 

HBLs: RGB J0710+591 

  “Extreme” HBL. Promising VHE
 candidate 

  Redshift 0.125 

  Useful for EBL studies  

  VERITAS detection triggered
 observations at other
 wavelengths, including Fermi
-LAT detection 

  First Fermi-LAT source found
 with VHE guidance 

V. Acciari et al. 2010, ApJL 715, L49 


ΓHE = 1.46 ± 0.17stat ± 0.05sys


ΓVHE = 2.69 ± 0.26stat ± 0.20sys 




Characterizing the Brightest Blazars…. !



Every dark run in good agreement ! 

1 period = 1 month = 1 dark run 

TeV Blazars: Mrk 501 

  Joint MWL campaign with MAGIC, Fermi-LAT, Suzaku. Data provides high
 quality sampling of quiescent broadband SED of Mrk 501 
  Large shift in synchrotron peak; little shift in IC peak 
  Both epochs well described by SSC model 
  IC peak position primarily from onset of K-N suppression 

1997!

2009!

Quiescent SED


V. Acciari et al., (2010) arXiv:1012.2200




Every dark run in good agreement ! 

1 period = 1 month = 1 dark run 

TeV Blazars: Mrk 501 
1997!

2009!

V. Acciari et al., (2010) arXiv:1012.2200


  X-ray data used to place limits on
 peak frequencies: 


  230 keV (5.5 X 1019 Hz) – high

  0.6 keV (0.6 X 1017 Hz) – low


  Shift in VHE peak not as dramatic

-- Could be from onset of KN
 suppression 

-- KN effects become important above
 hν ~ mec2 in electron rest frame


  γe is characteristic Lorentz factor of e- contributing to bulk of Xray emission.
 Epeak is peak energy on synch model 

  Using D=20, Epeak ~ 7.4 keV for 1997 & ~46 eV for 2009


  For 1997, γhνpeak~1.1 X 104 MeV (extreme KN)

  For 2009, , γhνpeak~ 4.6 MeV (moderately above KN)




   long-term monitoring program 
   major flares in 2008 & 2010 

  initiated large MWL efforts 
  spectral hardening with increasing flux 

   high in VHE & X-ray since 11/09 
  35 h of data; ~400σ 

   huge flare on Feb 17th 2010 
  variability on 5-10 min time scales 
  >10σ per 2 minute bin 

ApJ submitted (2010)!

TeV Blazar: Mrk 421 



VII. GeV-TeV Blazar Populations  



  The lack of sufficient number of
 GeV-TeV blazars limits our
 understanding of the γ-ray emission,
 and our ability to extrapolate results
 to the larger population of radio
 sources 

Sambruna 1996;  
Fossati et al. 1998.  

 Fermi data for > 2 yr available, now  
good  coverage at ~100 GeV. 

 Underrepresented TeV blazar classes de
tected  (IBLs, LBLs, FSRQs) --> start
 population studies. 

  TeV blazars are now over 50 in number
 and with Fermi we get a good spectral
 coverage over 5 decades in energy that
 allows to start treating TeV as a
 population. 



GeV-TeV Blazars 

- Only a small fraction of Fermi
 blazars are TeV emitters.  
-  Top: distribution of Fermi spectral
 indices (ΓGeV) for TeV and non-TeV
 blazars in the 2FGL catalog. TeV
-detected blazars tend to have harder
 GeV indices.  

-  Bottom: ΓGeV vs. integral flux for E >
 1GeV. For all TeV blazars, ΓGeV < 2.3
 and for most of them ΓGeV < 2, in
 agreement with an inverse-Compton 
peak frequency (IC) located in the
 high-energy tail of the Fermi range or
 beyond. 

Senturk et al. 2013!
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Spectral Characteristics of GeV-TeV Blazars 

-  Scatter plots of spectral indices for the Fermi-LAT bright AGN sample (LBAS) in
 radio-optical-Xray bands: αro (5GHz – 5000°A), αox (5000°A– 1 keV) and αxγ (1

 keV – 100MeV), comparing TeV and non-TeV sources. The TeV and non-TeV
 AGNs occupy separate regions in the parameter space, considering that most TeV

 AGN are HBLs. Data from (Abdo et al. 2010a). 

-  Note the correlation between αro and αxγ.  

Senturk et al. 2013!





The big flare of PKS 2155-304 observed
 in 2006 by H.E.S.S., with variability
 down to a few minute scale.  
(Aharonian et al., Astrophys. Journal, 664 (2007) L71) 

Simulated integral flux of PKS 2155-304
 above 50 GeV as CTA would monitor it.
 The data are binned in 7.5 seconds
 intervals. 

(from http://arxiv.org/pdf/1304.3024v1.pdf) 




