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TeV gamma-ray observations
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The TeV gamma-ray sky

There are several classes of TeV sources:
@ Galactic - pulsars, BH binaries, supernova remnants

@ Extragalactic - mostly blazars, two starburst galaxies

Source Types
@ PWN

@ Binary XRB PSR Gamma
BIN

@ HEL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

e Shell SNR/Molec. Cloud
Composits SNR
Superbubble
@ Starburst
. DARK UNID Other
& uQuasar Star Forming
Region Globular Cluster
Cat, Var. Massive Star A
Cluster BIN BL Lac
(class unclsar) WR
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Annihilation and pair production

_ TeV blazar
< — AW =

extragalactic backgroud
light (infrared, eV)

=)

AIP
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Annihilation and pair production

Vs = \/2EEggr(1 — cosf) > 2mc?

o TeV blazar
Pl = 4\/\/\/\ W T——_
extragalactic backgroud
light (infrared, eV)
Ayy ~ (35...700) Mpc for z=1...0

=)

AIP
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Inverse Compton cascades

cosmic microwave
background, 10-3 eV

TeV blazar

< 68V7 ) ===
7 extragalactic backgroud

light (infrared, eV)
Arc ~ Ay/1000 Ayy ~ (35...700) Mpc for z=1...0

=)

AIP
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Inverse Compton cascades

cosmic microwave
background, 10-3 eV

TeV blazar

o
<J GeV TT——_
W =W
extragalactic backgroud
light (infrared, eV)
Arc ~ Ay/1000 Ayy ~ (35...700) Mpc for z=1...0

— each TeV point source should also be a GeV point source!

a

AIP
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What about the cascade emission?

Every TeV source should be associated with a 1-100 GeV gamma-ray
halo

10-11

1ES 0229+200

102
expected cascade

emission
\<

10-12

S~ TeV detections

1ES 0347-121

s,

1 intrinsic spectra

cm?

EFy [erg/

10-11
1ES 1101-232

108 109 1Qt0 101t 101 10‘3

E [eV
(v Neronov & Vovk (2010) AIP

10-12
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What about the cascade emission?

Every TeV source should be associated with a 1-100 GeV gamma-ray
halo — not seen!

S —
o % 1ES 0229+200
10712 -7
expected cascade | =~ TeV detections
emission B e
10-1 & =
E 1ES 0347-121 3
& [ 1 intrinsic spectra
s T 7z ]
50 S >
) g 3
Fermi /: n
exclusion 1ot -
region E
r H] \\
10-1#
i ll I
Ll )umu\ Coovnnl Nl il HJ\H‘ g
108 108 1qQt0 101 101 1018
E V) AIP

Neronov & Vovk (2010)
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Inverse Compton cascades

cosmic microwave
background, 10-3 eV

TeV blazar

< 68V7 ) ===
7 extragalactic backgroud

light (infrared, eV)
Arc ~ Ay/1000 Ayy ~ (35...700) Mpc for z=1...0

=)

AIP
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Extragalactic magnetic fields?

TeV blazar

WWX

=

extragalactic backgroud
light (infrared, eV)

=)

AIP
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Extragalactic magnetic fields?

TeV blazar

WWX

extragalactic backgroud
light (infrared, eV)

« GeV point source diluted — weak "pair halo"

» stronger B-field implies more deflection and dilution,
gamma-ray non-detection — B > 10716 G - primordial fields?

AIP
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Extragalactic magnetic fields?

TeV blazar

WWX

extragalactic backgr;:j\\\\

light (infrared, eV)

« problem for unified AGN model: no increase in comoving blazar
density with redshift allowed (as seen in other AGNs) since other—
wise, extragalactic GeV background would be overproduced! —

AIP

00 foot view of blazar heating



Propagating ~y rays
Blazar heating Gamma-ray sky
Structure formation

What else could happen?

_ TeV blazar
< — AW =

extragalactic backgroud
light (infrared, eV)

=)

AIP
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Plasma instabilities

a = Z=w==i ==
——

— pair plasma beam propagating
through the intergalactic medium

=)

AIP
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Plasma instabilities

@ pair beam intergalactic medium (IGM)
et,e” ~< B
_ p, e
et e T
_ - p, e
e, e T
- p, €

-
-

@ this configuration is unstable to plasma instabilities

@ characteristic frequency and length scale of the problem:
47e2n, c

AIP
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Beam physics — growth rates

excluded for collective 5 @ consider a Iight beam
plasma phenomena

104 1\@5 106 107 penetrating into

; T ||L\II‘ UL S AL \HH% 1 relatively dense plasma
— C — ] @]
L 10t EDR 8 @ maximum growth rate
~ 10 4 R
@ E = 2 MNpeam
T 10 L 110 = ~04~y wp
= E 5 Mnam
a0 E = 108,
£ 10 g i 5 o .
5 E .~ 104 . @ oblique instability beats
S 105 oot d T i
O E W' 2 8 inverse Compton
10-6 | fTIT I AT COO“ng by factor 10—1 00
102 100 1 10 10? _ 3
E (TeV) @ assume that instability
grows at linearrate up  —x
Broderick, Chang, CP (2012), also Schlickeiser+ (2012) tO Saturation g

AIP
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TeV emission from blazars — a new paradigm

N inv. Compton cascades — 9gev
Yev +Yev — € +e —
plasma instabilities

absence of ygey's has significant implications for . ..
@ intergalactic magnetic field estimates

@ unified picture of TeV blazars and quasars

=)

AIP
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How many TeV blazars are there?

— use all-sky survey of
the GeV gamma-ray sky:
Fermi gamma-ray space
telescope

=)

AIP
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How many TeV blazars are there?

log[ ®(z, Ms <-27) ] [Mpc”]
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Hopkins+ (2007)
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How many TeV blazars are there?

log[ ®(z, Ms <-27) ] [Mpc]

7.0

-7.5

-8.0

-8.5

-9.0

-9.5

Fermi hard :
gamma-ray blazar "
counts

2 3 4 5 6

Hopkins+ (2007)

=)

AIP
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How many TeV blazars are there?

-7.0 T T T —T
Fermi extragalactic
gamma-ray background

Fermi hard !
gamma-ray blazar
counts

log[ ®(z, Ms <-27) ] [Mpc]

2 3 4 5 6

Hopkins+ (2007)

=)

AIP
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Redshift distribution of Fermi hard ~-ray blazars

£

1LAC, Abdo et al. 2010
2LAC, Ackermann et al. 2011

b}

evolving hard gamma-ray blazars

N /above the Fermi flux limit

Ry

dlog #,/dz
©
L B e b S E
—

(o]
gl
b
b
b

o
o
o
—
—
o

2
Broderick, CP+ (2013)

B
— evolving (increasing) blazar population consistent with observed g
declining evolution (Fermi flux limit)! AIP
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log N — log S distribution of Fermi hard ~-ray blazars

104

T T TTTIT T T T T T T T T T

T T T TV

103 °

102

10

01 1 1 1111111 1 1 1111“1 1 1 1111111 1 I
107" o7 1o 1o 1B07: ick, CP+ (2013
- F 457 (Ph Cm*z s71) r'o erick, CP+ ( ) —
— predicted and observed flux distributions of hard Fermi blazars g

between 10 GeV and 500 GeV are indistinguishable! AIP
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TeV photon absorption by pair production

E? dN/dE

10 goroo T
_E_ ~~._ [Intrinsic 3
e E
0l g 3
1072 7 E
10-8 bl il i Nl vl )
0. 1 10 100 10° 104 0°
E (GeV)
za | [ B s‘i‘a/'“‘;i,%:w‘ O
E, 0Bl o ¢ 3
E-at- E
By . | - A
0 0.5 1 1.5 2
z

Broderick, CP+ (2013)

intrinsic and observed SEDs
of blazars at z =1

— ~-ray attenuation by an-
nihilation and pair producing
on the EBL

inferred spectral index I'r for
the spectra in the top panel;
overlay of Fermi data on
BL Lacs and non-BL Lacs
(mostly FSRQs)

a

AIP
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Extragalactic gamma-ray background

= T \\\HH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T TTTTTH
L Dominated by Abdo et al. (2010) -
soft sources Ackermann et al. (in prep.)

10-3

unabsorbed

""" absorbed by
~ =~ _pair production ™

£ absorbed, after subtracting
F the resolved hard blazars, z < 0.3

-
Ll

E2dN/dE (MeV s! cm~? sr-t)
—
o
A

R YT A AT

1075 L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘
102 10t 1 10 102 108 10
E (GeV) Broderick, GP+ (2013)
— evolving population of hard blazars provides excellent match to g
latest EGRB by Fermifor E > 3 GeV AIP
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TeV emission from blazars — a new paradigm

N inv. Compton cascades — 9gev
Yev +Yev — € +e —
plasma instabilities — IGM heating

absence of ygey's has significant implications for . ..
@ intergalactic magnetic field estimates
@ unified picture of TeV blazars and quasars:
explains Fermi’s v-ray background and blazar number counts
additional IGM heating has significant implications for . ..
@ thermal history of the IGM: Lyman-« forest F

@ late-time formation of dwarf galaxies AIp
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Blazar heating vs. photoheating

@ total power from AGN/stars vastly exceeds the TeV power of blazars
@ Tigu ~ 10* K (1 eV) at mean density (z ~ 2)

T —9
eh=—> ~10
= e

@ radiative energy ratio emitted by BHs in the Universe (Fukugita & Peebles 2004)
Erad =1 Qo ~ 0.1 x 107 ~ 107°
@ fraction of the energy energetic enough to ionize H 1is ~ 0.1:

ewv ~ 0.16ag ~ 1078 = KT ~ keV

@ photoheating efficiency 7pn ~ 107°  — KT ~ nonh cuy mpc? ~ eV
(limited by the abundance of H I/He 11 due to the small recombination rate)

@ blazar heating efficiency nonh ~ 1072 = KT ~ 1jon £rag MpC> ~ 10V F

(limited by the total power of TeV sources) —_—
AIP
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Thermal history of the IGM

blazar heating

10° ‘ :
HI,Hel-/Hell-reionization -~ / e

) 100 | | temperature
&~ 10x higher
photoheating
105 10 5 2 1
1+z CP, Chang, Broderick (2012) F
— increased temperature at mean density!

AIP
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Temperature-density relation

no blazar heating intermediate blazar heating

3.3 K ~ =~ Vieletal. 2009, F=0.1-0.8
e Viel et al. 2009, F=0-0.9

0 1 2 3 -2 -1

logio(p/(P))

Puchwein, CP, Springel, Broderick, Chang (2012) g
AIP
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Conclusions on blazar heating

Blazar heating: TeV photons are attenuated by EBL; their kinetic
energy — heating of the IGM; it is not cascaded to GeV energies

o lack of GeV bumps in blazar spectra without IGM B-fields
e unified TeV blazar-quasar model explains Fermi source
counts and extragalactic gamma-ray background

@ dramatically alters thermal history of the IGM:

e uniform and z-dependent preheating
@ no clear sign in Lyman-« forest at z > 2

@ only modifies late-time structure formation:

@ suppresses late dwarf formation
e void phenomenon (?)

=)

AIP
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of the extragalactic gamma-ray background, Apd, 790, 137, 2014.
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nonlinear Landau damping on ultrarelativistic beam plasma instabilities, ApJ,
2014, 797, 110.
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