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TeV blazars
unified AGN model:
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-> the universe is not transparent to TeV γ-rays
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-> every TeV source should also be seen in GeV γ-rays 
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Extragalactic magnetic fields?
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-> point source diluted to faint pair halo 
-> need volume-filling magnetic field B ≳10-16 G 
	 (difficult from outflows, primordial origin?)
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-> no increase in co-moving number density with redshift 
allowed (as observed for other AGN) 
-> otherwise extragalactic GeV background would be 
overproduced  
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Interlude: plasma physics
How do e+/e� beams propagate through the intergalactic medium?

interpenetrating beams of charged particles are unstable to
plasma instabilities
consider the two-stream instability:

one frequency (timescale) and one length in the problem:
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pair beam IGM

-> such a configuration can be unstable to plasma instabilities
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Figure 1. Schematic of a group of particles interacting reso- 
nantly with waves in an unmagnetized plasma. (a) Maxwellian 
plasma. The energy gained from the waves by the slower 
particles is more than the energy given to the waves by the 
faster particles. (b) Beam-plasma system where the phase 
velocity of the wave is less than the beam speed Vo. 

beam-plasma system, one can create a situation where in 
a given velocity interval around the phase velocity of the 
wave, there are a greater number of faster particles than 
of slower particles. Such a case is shown in Figure lb. 
This situation corresponds to inverse Landau damping 
or plasma (Cherenkov) instability, as the waves grow by 
gaining energy from the particles. For this latter situa- 
tion, one can say that there is "free energy" available for 
wave growth. Similarly, the cyclotron resonant interac- 
tions between the waves and the particles give rise to a 
damping or instability phenomenon which is akin to 
Landau damping or instability [Stix, 1962]. 

Space plasmas are magnetized and can support a 
variety of plasma waves. The resonant interaction be- 
tween electromagnetic waves and particles has been 
studied in detail [Kennel and Petschek, 1966; Lyons and 
Williams, 1984]. The interacting particles undergo pitch 
angle diffusion, which causes them to be scattered into 
the atmospheric loss cone, or undergo energy diffusion, 
which results in a harder spectrum for the trapped par- 
ticles. 

In this review we have tried to explain some funda- 
mental concepts of wave-particle interactions involving 
electromagnetic waves. The Lorentz force plays a crucial 
role in the resonant interactions between electromag- 
netic waves and particles. Analytical expressions for 
pitch angle diffusion due to resonant wave-particle in- 

teractions are derived. We assume that the electron 

plasma frequency 12pe = (4•rNq2/m-) 1/2 is greater than 
the electron cyclotron frequency, 12-, where N is the 
electron number density and m- is the electron mass. 

2. BASIC CONCEPTS 

Equation (1) below is the Lorentz force in centime- 
ter-gram-second (cgs) units. A particle with charge q 
moving with velocity V across a magnetic field of 
strength B 0 experiences a force, the well known Lorentz 
force, Fi•, which is orthogonal to both V and B0, 

F L = q V X S 0 (1) c 

where c is the speed of light. Figure 2 illustrates this 
situation for a positively charged particle (e.g., a proton) 
moving exactly perpendicular to a uniform magnetic 
field B0. Since in a uniform field, the Lorentz force can 
change only the direction of the particle's velocity vector 
Vñ perpendicular to B 0, the charged particle will exhibit 
a circular motion about the magnetic field B 0. The radius 
r of this orbit, known as the particle gyroradius, can be 
calculated by balancing the magnitude of the Lorentz 
force Fi• = (qVñBo/c) with the centrifugal force mV2•/r, 
where m is the mass of the particle. 

Equating the Lorentz and centrifuged forces and solv- 
ing for r, one gets r = m l/ñc/qB o. Further, the angular 
frequency of motion, dO/dt = I/z/r, is equal to qBo/mc, 
the cyclotron (or Larmor) frequency 12 of the charged 
particle. 

Figure 3 illustrates the concept of a particle pitch 
angle. For this particular example we assume the particle 
charge is positive (positive ion). In a uniform magnetic 
field the angle that the instantaneous particle velocity 
makes relative to the magnetic field vector is constant 
and is called the pitch angle. The particle velocity vector 
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Figure 2. The Lorentz force and a positively charged particle 
gyromotion in a uniform magnetic field. 
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Two-stream instability: mechanism
consider wave-like perturbation in background plasma along the
beam direction (Langmuir wave):

initially homogeneous beam-e�:
attractive (repulsive) force by potential maxima (minima)
e� attain lowest velocity in potential minima! bunching up
e+ attain lowest velocity in potential maxima! bunching up

+Φ

e e− −

p p

Christoph Pfrommer The Physics and Cosmology of TeV Blazars

plasma (Langmuir) wave

492 ß Tsurutani and Lakhina: WAVE-PARTICLE INTERACTIONS 35, 4 / REVIEWS OF GEOPHYSICS 

f(v) 

a) 

•'• / slower particles 
articles 

qT•'l • 

v 
ph 

f(v) 

b). 

slower 
s 

i 2• 

+ + v 
v v 

ph 0 

Figure 1. Schematic of a group of particles interacting reso- 
nantly with waves in an unmagnetized plasma. (a) Maxwellian 
plasma. The energy gained from the waves by the slower 
particles is more than the energy given to the waves by the 
faster particles. (b) Beam-plasma system where the phase 
velocity of the wave is less than the beam speed Vo. 

beam-plasma system, one can create a situation where in 
a given velocity interval around the phase velocity of the 
wave, there are a greater number of faster particles than 
of slower particles. Such a case is shown in Figure lb. 
This situation corresponds to inverse Landau damping 
or plasma (Cherenkov) instability, as the waves grow by 
gaining energy from the particles. For this latter situa- 
tion, one can say that there is "free energy" available for 
wave growth. Similarly, the cyclotron resonant interac- 
tions between the waves and the particles give rise to a 
damping or instability phenomenon which is akin to 
Landau damping or instability [Stix, 1962]. 

Space plasmas are magnetized and can support a 
variety of plasma waves. The resonant interaction be- 
tween electromagnetic waves and particles has been 
studied in detail [Kennel and Petschek, 1966; Lyons and 
Williams, 1984]. The interacting particles undergo pitch 
angle diffusion, which causes them to be scattered into 
the atmospheric loss cone, or undergo energy diffusion, 
which results in a harder spectrum for the trapped par- 
ticles. 

In this review we have tried to explain some funda- 
mental concepts of wave-particle interactions involving 
electromagnetic waves. The Lorentz force plays a crucial 
role in the resonant interactions between electromag- 
netic waves and particles. Analytical expressions for 
pitch angle diffusion due to resonant wave-particle in- 

teractions are derived. We assume that the electron 

plasma frequency 12pe = (4•rNq2/m-) 1/2 is greater than 
the electron cyclotron frequency, 12-, where N is the 
electron number density and m- is the electron mass. 

2. BASIC CONCEPTS 

Equation (1) below is the Lorentz force in centime- 
ter-gram-second (cgs) units. A particle with charge q 
moving with velocity V across a magnetic field of 
strength B 0 experiences a force, the well known Lorentz 
force, Fi•, which is orthogonal to both V and B0, 

F L = q V X S 0 (1) c 

where c is the speed of light. Figure 2 illustrates this 
situation for a positively charged particle (e.g., a proton) 
moving exactly perpendicular to a uniform magnetic 
field B0. Since in a uniform field, the Lorentz force can 
change only the direction of the particle's velocity vector 
Vñ perpendicular to B 0, the charged particle will exhibit 
a circular motion about the magnetic field B 0. The radius 
r of this orbit, known as the particle gyroradius, can be 
calculated by balancing the magnitude of the Lorentz 
force Fi• = (qVñBo/c) with the centrifugal force mV2•/r, 
where m is the mass of the particle. 

Equating the Lorentz and centrifuged forces and solv- 
ing for r, one gets r = m l/ñc/qB o. Further, the angular 
frequency of motion, dO/dt = I/z/r, is equal to qBo/mc, 
the cyclotron (or Larmor) frequency 12 of the charged 
particle. 

Figure 3 illustrates the concept of a particle pitch 
angle. For this particular example we assume the particle 
charge is positive (positive ion). In a uniform magnetic 
field the angle that the instantaneous particle velocity 
makes relative to the magnetic field vector is constant 
and is called the pitch angle. The particle velocity vector 

v 

• Bo 

/ F, / \ 

\ / 
\ / 

•'"' - - "• proton cyclotron motion 
gyromotion Left-hand rotation 

Figure 2. The Lorentz force and a positively charged particle 
gyromotion in a uniform magnetic field. 
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Figure 2. The Lorentz force and a positively charged particle 
gyromotion in a uniform magnetic field. 
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beam-plasma system, one can create a situation where in 
a given velocity interval around the phase velocity of the 
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of slower particles. Such a case is shown in Figure lb. 
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tion, one can say that there is "free energy" available for 
wave growth. Similarly, the cyclotron resonant interac- 
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damping or instability phenomenon which is akin to 
Landau damping or instability [Stix, 1962]. 
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angle diffusion, which causes them to be scattered into 
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where c is the speed of light. Figure 2 illustrates this 
situation for a positively charged particle (e.g., a proton) 
moving exactly perpendicular to a uniform magnetic 
field B0. Since in a uniform field, the Lorentz force can 
change only the direction of the particle's velocity vector 
Vñ perpendicular to B 0, the charged particle will exhibit 
a circular motion about the magnetic field B 0. The radius 
r of this orbit, known as the particle gyroradius, can be 
calculated by balancing the magnitude of the Lorentz 
force Fi• = (qVñBo/c) with the centrifugal force mV2•/r, 
where m is the mass of the particle. 

Equating the Lorentz and centrifuged forces and solv- 
ing for r, one gets r = m l/ñc/qB o. Further, the angular 
frequency of motion, dO/dt = I/z/r, is equal to qBo/mc, 
the cyclotron (or Larmor) frequency 12 of the charged 
particle. 

Figure 3 illustrates the concept of a particle pitch 
angle. For this particular example we assume the particle 
charge is positive (positive ion). In a uniform magnetic 
field the angle that the instantaneous particle velocity 
makes relative to the magnetic field vector is constant 
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Figure 2. The Lorentz force and a positively charged particle 
gyromotion in a uniform magnetic field. 
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beam-plasma system, one can create a situation where in 
a given velocity interval around the phase velocity of the 
wave, there are a greater number of faster particles than 
of slower particles. Such a case is shown in Figure lb. 
This situation corresponds to inverse Landau damping 
or plasma (Cherenkov) instability, as the waves grow by 
gaining energy from the particles. For this latter situa- 
tion, one can say that there is "free energy" available for 
wave growth. Similarly, the cyclotron resonant interac- 
tions between the waves and the particles give rise to a 
damping or instability phenomenon which is akin to 
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force, Fi•, which is orthogonal to both V and B0, 
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where c is the speed of light. Figure 2 illustrates this 
situation for a positively charged particle (e.g., a proton) 
moving exactly perpendicular to a uniform magnetic 
field B0. Since in a uniform field, the Lorentz force can 
change only the direction of the particle's velocity vector 
Vñ perpendicular to B 0, the charged particle will exhibit 
a circular motion about the magnetic field B 0. The radius 
r of this orbit, known as the particle gyroradius, can be 
calculated by balancing the magnitude of the Lorentz 
force Fi• = (qVñBo/c) with the centrifugal force mV2•/r, 
where m is the mass of the particle. 

Equating the Lorentz and centrifuged forces and solv- 
ing for r, one gets r = m l/ñc/qB o. Further, the angular 
frequency of motion, dO/dt = I/z/r, is equal to qBo/mc, 
the cyclotron (or Larmor) frequency 12 of the charged 
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Figure 3 illustrates the concept of a particle pitch 
angle. For this particular example we assume the particle 
charge is positive (positive ion). In a uniform magnetic 
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Figure 2. The Lorentz force and a positively charged particle 
gyromotion in a uniform magnetic field. 
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Oblique instability
k oblique to vbeam: real word perturbations don’t choose “easy”
alignment =

P
all orientations

oblique grows faster than two-stream: E-fields can easier deflect
ultra-relativistic particles than change their parallel velocities
(Nakar, Bret & Milosavljevic 2011)

Bret (2009), Bret+ (2010)

Christoph Pfrommer The Physics and Cosmology of TeV Blazars

Physics of blazar heating
The intergalactic medium

Structure formation

Black hole jets
Plasma instabilities
Gamma-ray sky

Oblique instability
k oblique to vbeam: real word perturbations don’t choose “easy”
alignment =

P
all orientations

oblique grows faster than two-stream: E-fields can easier deflect
ultra-relativistic particles than change their parallel velocities
(Nakar, Bret & Milosavljevic 2011)

Bret (2009), Bret+ (2010)

Christoph Pfrommer The Physics and Cosmology of TeV Blazars

-> oblique modes grow 
	 fastest 
!
-> grows close to linear 
	 rate up to saturation



Plasma instabilities vs. inverse Compton cooling

The Astrophysical Journal, 752:22 (23pp), 2012 June 10 Broderick, Chang, & Pfrommer

Figure 2. Initial pair beam cooling rates due to the kinetic oblique instability (thick solid) and inverse Compton scattering (dotted) as a function of VHEGR energy
(E) at a number of redshifts (z). In all cases 1 + δ = 1, corresponding to a mean-density region, and the isotropic-equivalent luminosity of the source at energy E,
ELE , is 1045 erg s−1, similar to the brightest TeV blazars seen from Earth. Finally, we list the initial pair Lorentz factor, γ , and cooling length scale along the top and
right axes, respectively.
(A color version of this figure is available in the online journal.)

3.1. A Fundamental Limit on Plasma Cooling Rates

For collective phenomena to be relevant, it is necessary for
many pairs to be present within each wavelength of the unstably
growing modes. As we shall see, the relevant scale for the beam
plasma instabilities we describe below is the plasma skin depth
of the IGM,

λP ≡ 2πc

ωP

=

!
πmec2

e2nIGM
= 2.3×10−9(1 + δ)−1/2(1 + z)−3/2 pc ,

(8)
where ωP ≡

"
4πe2nIGM/me is the IGM plasma frequency and

nIGM = 2.2 × 10−7(1 + δ)(1 + z)3 cm−3 is the IGM free-electron
number density. Generally, the growing mode must be uniform
on scales considerably larger than λP , both longitudinally and
transversely (otherwise, it is not well represented as a single
Fourier component), and thus the volume in which many

particles must be present is much larger than that defined by a
sphere of diameter λP . Nevertheless, this gives us a conservative
constraint, i.e., we require

π

6
λ3

P nb ≫ 1 . (9)

With Equation (5) this gives a maximum plasma cooling rate:

Γplasma ≪ π

3
FE

Dpp
λ3

P . (10)

Plasma processes with cooling rates that exceed this limit
necessarily saturate near this cooling rate. Such a super-critical
process can potentially operate only until the beam density is
driven below the value at which pairs can support collective
phenomena, at which point they necessarily quench. However,
after plasma cooling ceases, the plasma beam density rises again

5

assuming growth close to the linear rate up to saturation

The Astrophysical Journal, 752:22 (23pp), 2012 June 10 Broderick, Chang, & Pfrommer

Figure 2. Initial pair beam cooling rates due to the kinetic oblique instability (thick solid) and inverse Compton scattering (dotted) as a function of VHEGR energy
(E) at a number of redshifts (z). In all cases 1 + δ = 1, corresponding to a mean-density region, and the isotropic-equivalent luminosity of the source at energy E,
ELE , is 1045 erg s−1, similar to the brightest TeV blazars seen from Earth. Finally, we list the initial pair Lorentz factor, γ , and cooling length scale along the top and
right axes, respectively.
(A color version of this figure is available in the online journal.)

3.1. A Fundamental Limit on Plasma Cooling Rates

For collective phenomena to be relevant, it is necessary for
many pairs to be present within each wavelength of the unstably
growing modes. As we shall see, the relevant scale for the beam
plasma instabilities we describe below is the plasma skin depth
of the IGM,

λP ≡ 2πc

ωP

=

!
πmec2

e2nIGM
= 2.3×10−9(1 + δ)−1/2(1 + z)−3/2 pc ,

(8)
where ωP ≡

"
4πe2nIGM/me is the IGM plasma frequency and

nIGM = 2.2 × 10−7(1 + δ)(1 + z)3 cm−3 is the IGM free-electron
number density. Generally, the growing mode must be uniform
on scales considerably larger than λP , both longitudinally and
transversely (otherwise, it is not well represented as a single
Fourier component), and thus the volume in which many

particles must be present is much larger than that defined by a
sphere of diameter λP . Nevertheless, this gives us a conservative
constraint, i.e., we require

π

6
λ3

P nb ≫ 1 . (9)

With Equation (5) this gives a maximum plasma cooling rate:

Γplasma ≪ π

3
FE

Dpp
λ3

P . (10)

Plasma processes with cooling rates that exceed this limit
necessarily saturate near this cooling rate. Such a super-critical
process can potentially operate only until the beam density is
driven below the value at which pairs can support collective
phenomena, at which point they necessarily quench. However,
after plasma cooling ceases, the plasma beam density rises again

5

Broderick et al. 2012

oblique instability

inverse Compton



Plasma instabilities vs. inverse Compton cooling

The Astrophysical Journal, 752:22 (23pp), 2012 June 10 Broderick, Chang, & Pfrommer

Figure 2. Initial pair beam cooling rates due to the kinetic oblique instability (thick solid) and inverse Compton scattering (dotted) as a function of VHEGR energy
(E) at a number of redshifts (z). In all cases 1 + δ = 1, corresponding to a mean-density region, and the isotropic-equivalent luminosity of the source at energy E,
ELE , is 1045 erg s−1, similar to the brightest TeV blazars seen from Earth. Finally, we list the initial pair Lorentz factor, γ , and cooling length scale along the top and
right axes, respectively.
(A color version of this figure is available in the online journal.)

3.1. A Fundamental Limit on Plasma Cooling Rates

For collective phenomena to be relevant, it is necessary for
many pairs to be present within each wavelength of the unstably
growing modes. As we shall see, the relevant scale for the beam
plasma instabilities we describe below is the plasma skin depth
of the IGM,

λP ≡ 2πc

ωP

=

!
πmec2

e2nIGM
= 2.3×10−9(1 + δ)−1/2(1 + z)−3/2 pc ,

(8)
where ωP ≡

"
4πe2nIGM/me is the IGM plasma frequency and

nIGM = 2.2 × 10−7(1 + δ)(1 + z)3 cm−3 is the IGM free-electron
number density. Generally, the growing mode must be uniform
on scales considerably larger than λP , both longitudinally and
transversely (otherwise, it is not well represented as a single
Fourier component), and thus the volume in which many

particles must be present is much larger than that defined by a
sphere of diameter λP . Nevertheless, this gives us a conservative
constraint, i.e., we require

π

6
λ3

P nb ≫ 1 . (9)

With Equation (5) this gives a maximum plasma cooling rate:

Γplasma ≪ π

3
FE

Dpp
λ3

P . (10)

Plasma processes with cooling rates that exceed this limit
necessarily saturate near this cooling rate. Such a super-critical
process can potentially operate only until the beam density is
driven below the value at which pairs can support collective
phenomena, at which point they necessarily quench. However,
after plasma cooling ceases, the plasma beam density rises again

5

assuming growth close to the linear rate up to saturation

The Astrophysical Journal, 752:22 (23pp), 2012 June 10 Broderick, Chang, & Pfrommer

Figure 2. Initial pair beam cooling rates due to the kinetic oblique instability (thick solid) and inverse Compton scattering (dotted) as a function of VHEGR energy
(E) at a number of redshifts (z). In all cases 1 + δ = 1, corresponding to a mean-density region, and the isotropic-equivalent luminosity of the source at energy E,
ELE , is 1045 erg s−1, similar to the brightest TeV blazars seen from Earth. Finally, we list the initial pair Lorentz factor, γ , and cooling length scale along the top and
right axes, respectively.
(A color version of this figure is available in the online journal.)

3.1. A Fundamental Limit on Plasma Cooling Rates

For collective phenomena to be relevant, it is necessary for
many pairs to be present within each wavelength of the unstably
growing modes. As we shall see, the relevant scale for the beam
plasma instabilities we describe below is the plasma skin depth
of the IGM,

λP ≡ 2πc

ωP

=

!
πmec2

e2nIGM
= 2.3×10−9(1 + δ)−1/2(1 + z)−3/2 pc ,

(8)
where ωP ≡

"
4πe2nIGM/me is the IGM plasma frequency and

nIGM = 2.2 × 10−7(1 + δ)(1 + z)3 cm−3 is the IGM free-electron
number density. Generally, the growing mode must be uniform
on scales considerably larger than λP , both longitudinally and
transversely (otherwise, it is not well represented as a single
Fourier component), and thus the volume in which many

particles must be present is much larger than that defined by a
sphere of diameter λP . Nevertheless, this gives us a conservative
constraint, i.e., we require

π

6
λ3

P nb ≫ 1 . (9)

With Equation (5) this gives a maximum plasma cooling rate:

Γplasma ≪ π

3
FE

Dpp
λ3

P . (10)

Plasma processes with cooling rates that exceed this limit
necessarily saturate near this cooling rate. Such a super-critical
process can potentially operate only until the beam density is
driven below the value at which pairs can support collective
phenomena, at which point they necessarily quench. However,
after plasma cooling ceases, the plasma beam density rises again

5

Broderick et al. 2012

oblique instability

inverse Compton

-> plasma instabilities beat 
inverse Compton cooling of 

the pair beam



Summary of the two scenarios
Physics of blazar heating
The intergalactic medium

Structure formation

Black hole jets
Plasma instabilities
Gamma-ray sky

TeV emission from blazars – a new paradigm

�TeV + �eV ! e+ + e� !

8
<

:

inv. Compton cascades ! �GeV

plasma instabilities ! IGM heating

absence of �GeV’s has significant implications for . . .

intergalactic magnetic field estimates

unified picture of TeV blazars and quasars

explains Fermi’s �-ray background and blazar number counts

additional IGM heating has significant implications for . . .

thermal history of the IGM: Lyman-↵ forest

late time structure formation: dwarf galaxies, galaxy clusters

Christoph Pfrommer The Physics and Cosmology of TeV Blazars

(?)

requires (primordial?) extragalactic magnetic fields & 
a redshift evolution of TeV blazers quite different from other AGN 

assumes growth close to linear rate 
!

-> invalidates lower limits on extragalactic B-fields 
-> different thermal properties of the IGM



TeV blazar heating rate
The Astrophysical Journal, 752:22 (23pp), 2012 June 10 Broderick, Chang, & Pfrommer

Figure 5. Comparison between the luminosity-weighted quasar and TeV-blazar
luminosity functions (LφQ(z, L) and LφB (z, L), respectively). The solid lines
show the absolute LφQ (in comoving Mpc), while the dashed lines show LφQ

rescaled in magnitude by 2.1×10−3 and shifted to lower luminosities by a factor
of 0.55. In both cases the black, orange, and red lines correspond to φQ(0.1, L),
φQ(0.5, L), and φQ(1, L), respectively. The points and upper limits show φB

of the HBL and IBL sources listed in Table 1, assuming the relevant limits for
PKS 1553+113 and PKS 1424+240. Presented in the inset is the TeV source
luminosity distance as a function of source luminosity for all of the sources
in Table 1 with redshift estimates (including limits). The dotted line shows the
distance dependence of the flux limit we employ in the completeness correction.
(A color version of this figure is available in the online journal.)

TeV blazars per unit log10 L in each logarithmic luminosity
bin and dividing by the comoving volume. The resulting φB ,
weighted by luminosity (and therefore showing the luminosity
density in comoving units), is shown in Figure 5. It peaks at
∼4 × 1044 erg s−1, implying that, as expected, these objects are
systematically dimmer than most other AGNs, and exhibits the
broken power-law shape typical of AGN luminosity functions.
More importantly, despite a handful of sources with redshifts
∼0.5, the objects in Table 1 are all nearby, and therefore our φB

corresponds to that in the local universe, i.e., z ∼ 0.1. Based on
this, the inferred present-day TeV-blazar luminosity density is
roughly 1 × 1038 erg s−1 Mpc−3.

Also shown in Figure 5 is the LφQ obtained by Hopkins et al.
(2007). After rescaling LφQ to lower luminosities (0.55) and
lower-luminosity densities (2.1×10−3), it provides a remarkably
good fit to our LφB (reduced χ2 of 0.13 with 3 degrees of
freedom), i.e., we find

φB(0.1, L) ≃ 3.8 × 10−3φQ(0.1, 1.8L) , (29)

where an explicit expression for φQ is given in Appendix B.
While there is considerable uncertainty in LφB , especially at
low luminosities, it clearly does not fit LφQ at higher z. This
suggests two immediate conclusions.

1. The bolometric output of TeV blazars and quasars is
regulated by similar mechanisms, presumably accretion,
despite the large difference in luminosity and the details of
the emission processes between the two populations.

Figure 6. Normalized number of TeV blazars (presumably the hard gamma-
ray blazars composed of hard ISPs and all HSPs) that are expected to have
been observed by Fermi as a function of redshift. The dashed lines and solid
histograms show the ideal and binned distributions for α = 1.95, though neither
varies significantly with α. The total number of objects is sensitive to the spectral
index and shown as a function of α in the inset. Different colors correspond to
different normalizations between the 100 GeV–10 TeV and 100 MeV–100 GeV
luminosities: ηmin = 0.78 (red), 1.6 (green), and 3.1 (blue), i.e., the former is
the latter luminosity multiplied by ηmin. For reference, the normalized number
of hard gamma-ray blazars (HSPs and half of the ISPs) observed by Fermi is
shown by the black circles, and the black square in the inset shows the average
spectral index and total number observed, with horizontal error bars giving the
1σ range.
(A color version of this figure is available in the online journal.)

2. TeV blazars and quasars are contemporaneous elements in
a single AGN distribution; specifically, TeV-blazar activity
does not lag that of quasars.

5.1.3. Extending φB (z, L) to High-z

Based on the strong similarities between φB and φQ and the
associated implications, we make the conservative theoretical
assumption that the redshift evolution of the TeV blazars follows
that of quasars. That is, we suppose that Equation (29) holds
at all z. This implies that the integrated comoving TeV-blazar
isotropic-equivalent luminosity density is given by

ΛB(z) ≡
! ∞

−∞
LφB(z, L) d log10 L = ηBΛQ(z) , (30)

where the constant of proportionality, ηB ≃ 2.1 × 10−3, is then
set by the comparison between φB and φQ at z = 0.1. As
a consequence, in comoving units, the TeV-blazar luminosity
density would be roughly an order of magnitude larger at z ≃ 2,
∼1 × 1039 erg s−1 Mpc−3.

5.2. Fermi TeV-blazar Counts and the Local
Evolution of φB

The redshift distribution of the Fermi BL Lac sample (i.e.,
the First LAT Catalog, 1LAC; Abdo et al. 2010d) is peaked at
z < 0.2 and falls rapidly thereafter. Inasmuch as the Fermi HSP
and ISP counts directly probe the low-z φB , it may appear that
they are inconsistent with the rapidly evolving φB described in
the previous section. Indeed, an analysis of the first three months
of Fermi observations suggested that the BL Lac population
does not grow substantially with redshift (Abdo et al. 2009).
However, as seen in Figure 6, this is not necessarily the case.
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In principle, we define the TeV-band luminosity function of
TeV blazars by

φ̃B(z,LTeV) =
dN

d log10 LTeV d3x
, (1)

where N is the number of TeV blazars with isotropic equiva-
lent TeV luminosities above LTeV, and in keeping with the no-
tation in Papers I-III we denote quantities defined in terms of
physical volumes by tildes (as opposed to co-moving volumes).
Measuring φ̃B in practice is complicated by the large optical

depth to annihilation on the EBL for gamma rays with energies
above 100 GeV. The pair-production mean free path is both
energy and redshift dependent, locally given by (Paper I)

Dpp(E,z) = 35
!

E
1 TeV

"−1!1+ z
2

"−ζ

Mpc , (2)

where ζ = 4.5 for z< 1 and ζ = 0 for z≥ 1 (Kneiske et al. 2004;
Neronov & Semikoz 2009). The redshift evolution is due to
the EBL, and is sensitive primarily to the star formation his-
tory. The associated optical depth for a gamma-ray emitted at
redshift z and observed at an energy Eobs, is then

τ (Eobs,z)≡
# z

0

dDp

dz′
dz′

Dpp [Eobs(1+ z′),z′]
, (3)

whereDP ≡
$

cdt ′ =
$

cdz/[H(z)(1+z)] is the proper distance5.
At 1 TeV this is unity at a redshift of z≃ 0.14, and TeV blazars
are visible at only low redshifts, preventing a direct measure-
ment of the evolution of φ̃B.
The existing collection of TeV blazars is the result of tar-

geted observations, motivated by features in other wavebands,
and is therefore subject to a number of ill-defined selection ef-
fects. Nevertheless, in Paper I we constructed an approximate
luminosity function for these objects at z ∼ 0.1. It was found
that this was in excellent agreement with the quasar luminosity
function, φ̃Q, given by Hopkins et al. (2007), and summarized
in Appendix A, upon rescaling the bolometric luminosity and
overall normalization:

φ̃B(0.1,LTeV)≃ 3.8× 10−3φ̃Q(0.1,1.8LTeV) . (4)

Included in this are a variety of uncertain corrections for var-
ious selection effects. Previously, we have attempted to esti-
mate these by identifying the TeV blazars with the Fermi hard
gamma-ray blazars. Within the context of the 2LAC we re-
consider these, focusing upon the duty cycle (ηduty) and source
selection (ηsel) corrections. There remains considerable uncer-
tainty in the relevant source populations to compare, however.
The TeV blazars are necessarily at very low redshift, suggest-
ing that we should compare them only to the nearbyFermi hard
gamma-ray blazar population. Less clear is what redshift cut to
impose. At z = 0.1, 0.15, and 0.2, there are 9, 14, and 17 TeV
blazars and 16, 37, and 49 Fermi hard gamma-ray blazars with
measured redshifts in the 2LAC, respectively (i.e., above the
catalog’s flux limit). Noting that nearly all of the TeV blazars
have now been detected by Fermi, this implies that the selection
bias induced by the incomplete sky and time coverage of TeV
observations requires a correction factor of 1.8 to 2.9. Further-
more, of the 277 Fermi hard gamma-ray blazars in the 2LAC,

5 In the definition of the Hubble function, we adopt theWMAP7 parameters,
H0 = 70.4 km s−1 Mpc−1, Ωm = 0.272 and ΩΛ = 0.728, in terms of which,
H(z)2 = H20

!

(1+ z)3Ωm + (1+ z)2(1−Ωm −ΩΛ)+ΩΛ

"

.

only 110 have measured redshifts. Assuming these are drawn
from the same underlying population, this provides an addi-
tional correction of 2.56. In combination, the associated selec-
tion correction ranges from 4.5 to 9.8. In Paper I, and implic-
itly employed in Equation (4), we assumed ηsel× ηduty = 6.4,
intermediate to those inferred from the above. However, the
origin of this factor is rather different: the decrease in ηduty
to unity has been nearly exactly offset by the increase in the
overall number of Fermi sources, and thus in ηsel. Hence, the
numerical factors in equation (4), as derived in Paper I, remain
unchanged.
Motivated by the strong similarities with the local quasar lu-

minosity function, we posited that this relationship held at large
z as well. This has received indirect circumstantial support
via the observational consequences of the plasma-instability
induced heating of the intergalactic medium described in Pa-
pers II, III and Puchwein et al. (2012). Of particular note is the
great success in the quantitative reproduction of the high-z Lyα
forest.

2.2. Relationship to The Fermi Blazars
While relating the TeV blazars and the Fermi hard gamma-

ray blazars is natural in principle, some care must be taken
in practice. Difficulties arise from the uncertain relationship
between the observed Fermi-band fluxes and LTeV, the anni-
hilation of the high-energy gamma rays, and the distribution
of source properties. Here we assume a specific family of
SEDs for the TeV blazars, use these to define the associated
Fermi observables, and discuss the inherent restrictions upon
the Fermi blazar population implied by these choices.

2.2.1. Intrinsic Fermi Hard Gamma-ray Blazar SED
Relating the fluxes above a TeV and at energies relevant for

Fermi (! 100 GeV), requires some knowledge about the intrin-
sic SED of the TeV blazars. As already mentioned, the SED
above a TeV is slowly falling, with a photon spectral index of
3 typical (i.e., E2dN/dE ∝ E−1). However, for the two bright-
est TeV blazars in the sky, Mkn 421 and 1ES 1959+650, the
Fermi photon spectral indexes, defined from 1 GeV–100 GeV,
are ΓF = 1.77 and 1.94, respectively (i.e., E2dN/dE ∝ E0.2).
This spectral shape is generic; TeV sources with spectra well
characterized by Fermi below 100 GeV show amedian shift be-
tween their photon spectral indexes below 100 GeV and above
1 TeV of 1.2 (see Figure 44 of Ackermann et al. 2011) and the
typical ΓF for the hard gamma-ray blazars is ∼ 1.8 (see be-
low). Thus, it is clear empirically that a single power law is a
poor model for the intrinsic SED (see, e.g., Figures 13 & 21 of
Abdo et al. 2010c).
A more complicated SED is further motivated theoretically

by the identification of the high-energy gamma-ray emission
with the Comptonized synchrotron bump. Models of the blazar
spectrum exhibit a peak near the TeV for the TeV-bright ob-
jects, suggesting that a similarly peaked SED must be consid-
ered in practice. Here, we model the intrinsic SED as a family
of broken power laws:

dN
dE

= f

%

!

E
Eb

"Γl

+

!

E
Eb

"Γh
&−1

, (5)

6 This estimate should be taken with some caution, however. In Paper I we
found that based upon their spectral index and flux distributions, the population
without redshifts were more consistent with being drawn from lower redshifts
(z < 0.25) than higher redshifts. This would increase the normalization some-
what.
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Figure 8. Fermi isotropic EGRB anticipated by the hard gamma-ray blazars.
The dotted, dashed, and solid lines correspond to the unabsorbed spectrum,
spectrum corrected for absorption on the EBL, and spectrum corrected for re-
solved point sources (assuming all hard gamma-ray blazars with z! 0.291 are
resolved, see text). These are compared with the measured Fermi EGRB re-
ported in Abdo et al. (2010a, red squares) and Ackermann et al. (2012b, blue
circles). Note that below ∼ 10 GeV the EGRB is dominated by soft sources,
specifically, the Fermi FSRQs.

has the most dramatic effect at z ∼ 1–2, limits upon such an
evolution have historically come from modeling the EGRB.
The Fermi EGRB spectrum is constructed following Section

5.3 of Paper I, the only distinction being the subsequent av-
erage over Γl . We first define a TeV-luminosity normalized
intrinsic spectrum:

ÎE =
E (dN/dE)

! 10 TeV
0.1 TeV dE E (dN/dE)

, (16)

in terms of which, the EGRB spectrum is

E2
dN̄

dEdΩ
=
E
4π

" 2

0
dΓl

" ∞

z2LAC
dz

" ∞

0
d log10LTeV

4πD2A
dDP

dz
LTeV
4πD2L

ÎE(1+z)e−τ (E,z)φ̃B(z,LTeV,Γl) , (17)

To exclude identifiable point sources we impose a lower red-
shift cutoff set by when the peak of the luminosity function,
at isotropic equivalent luminosity of ∼ 2× 1045 erg s−1, passes
the 2LAC, flux limit, approximately at z2LAC ≃ 0.291. This is
slightly larger than the z1LAC ≃ 0.25 chosen in Paper I owing
to the increased sensitivity limit of the 2LAC, which after two
years should have a flux limit roughly

√
2 lower and thus re-

lated by D2L(z2LAC) =
√
2D2L(z1LAC).

Important modifications to the intrinsic hard gamma-ray
blazar spectra are the absorption above ∼ 1 TeV due to the
extragalactic background light (EBL) and the removal of iden-
tifiable point sources. As mentioned earlier, it is in the treat-
ment of the former that our approach differs from other efforts
to constrain the hard gamma-ray blazar population: here we as-
sume that this energy is primarily dumped into the IGM as heat,
instead of being reprocessed to lower energies by the inverse
Compton cascades. Both the unabsorbed and point source un-
corrected spectra are shown in Figure 8 for comparison.
Combined with absorption and point source identification,

Figure 9. Contribution to the Fermi EGRB from hard gamma-ray blazars be-
low various redshifts. Specifically, for objects with z < 0.5 (blue dot), 0.75
(green short dash), 1.0 (yellow long dash), 1.5 (orange short dash dot), 2.0 (red
long dash dot), 2.5 (dark red long dash-short dash), and all redshifts (black
solid). In all cases it was assumed that all sources with z! 0.291 are resolved.
These are compared with the measured Fermi EGRB reported in Abdo et al.
(2010a, red squares) and Ackermann et al. (2012b, blue circles). Note that
below ∼ 10 GeV the EGRB is dominated by soft sources, specifically, the
Fermi FSRQs. The inset shows the cumulative flux fraction as a function of
redshift for 1 GeV (red solid), 10 GeV (green long dash), and 100 GeV (blue
short dash).

the high value of Γh measured in bright TeV sources implies
that the EGRB must be substantially suppressed above a TeV.
That is, the power-law behavior implied by the Abdo et al.
(2010a) measurement of the Fermi EGRB cannot extend sig-
nificantly beyond the 100 GeV upper limit for which it was
reported. This is seen explicitly in Figure 8, where for the dis-
tribution of Γl adopted in Section 2.2.1 the anticipated contri-
bution to the EGRB peaks near 10 GeV followed by a rapid
decline at larger photon energies. This provides a remarkable
agreement with the recent estimate of Fermi EGRB spectrum
by Ackermann et al. (2012b), shown by the blue circles in in
Figure 8. Moreover, the spectrum of the EGRB above 6 GeV
appears to show a high energy bump upon a monotonically de-
creasing spectrum, which we identify with the specific popula-
tion of hard gamma-ray blazars.
Even in the presence of substantial absorption, the bulk of the

EGRB is produced at high redshifts, seen explicitly in Figure 9.
At 10GeV, roughly half of the observed EGRB is due to objects
with z> 1. The typical redshifts that contribute are necessarily
energy-dependent, with the higher energy EGRB arising from
more nearby sources. Nevertheless, it is clear that even above
a few GeV the Fermi EGRB is probing the high-redshift blazar
population.
The contribution to the EGRB spectrum from the hard

gamma-ray blazars below 10 GeV is nearly flat, and con-
sequently dominates their contribution to F25, consisting of
roughly 10%, and responsible for the value obtained in Sec-
tion 3.1. However, this number is quite uncertain, depending
upon the behavior of the extension of the gamma-ray blazar
luminosity function to Γl > 2.
Below a few GeV the Fermi EGRB is dominated by soft

gamma-ray sources, the most important of which are the FS-
RQs (see, e.g., Cavadini et al. 2011; Stecker & Venters 2011).
Their intrinsically soft spectra combined with their typically

unabsorbed
EBL absorption

removing 
resolved 
sources
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In principle, we define the TeV-band luminosity function of
TeV blazars by

φ̃B(z,LTeV) =
dN

d log10 LTeV d3x
, (1)

where N is the number of TeV blazars with isotropic equiva-
lent TeV luminosities above LTeV, and in keeping with the no-
tation in Papers I-III we denote quantities defined in terms of
physical volumes by tildes (as opposed to co-moving volumes).
Measuring φ̃B in practice is complicated by the large optical

depth to annihilation on the EBL for gamma rays with energies
above 100 GeV. The pair-production mean free path is both
energy and redshift dependent, locally given by (Paper I)

Dpp(E,z) = 35
!

E
1 TeV

"−1!1+ z
2

"−ζ

Mpc , (2)

where ζ = 4.5 for z< 1 and ζ = 0 for z≥ 1 (Kneiske et al. 2004;
Neronov & Semikoz 2009). The redshift evolution is due to
the EBL, and is sensitive primarily to the star formation his-
tory. The associated optical depth for a gamma-ray emitted at
redshift z and observed at an energy Eobs, is then

τ (Eobs,z)≡
# z

0

dDp

dz′
dz′

Dpp [Eobs(1+ z′),z′]
, (3)

whereDP ≡
$

cdt ′ =
$

cdz/[H(z)(1+z)] is the proper distance5.
At 1 TeV this is unity at a redshift of z≃ 0.14, and TeV blazars
are visible at only low redshifts, preventing a direct measure-
ment of the evolution of φ̃B.
The existing collection of TeV blazars is the result of tar-

geted observations, motivated by features in other wavebands,
and is therefore subject to a number of ill-defined selection ef-
fects. Nevertheless, in Paper I we constructed an approximate
luminosity function for these objects at z ∼ 0.1. It was found
that this was in excellent agreement with the quasar luminosity
function, φ̃Q, given by Hopkins et al. (2007), and summarized
in Appendix A, upon rescaling the bolometric luminosity and
overall normalization:

φ̃B(0.1,LTeV)≃ 3.8× 10−3φ̃Q(0.1,1.8LTeV) . (4)

Included in this are a variety of uncertain corrections for var-
ious selection effects. Previously, we have attempted to esti-
mate these by identifying the TeV blazars with the Fermi hard
gamma-ray blazars. Within the context of the 2LAC we re-
consider these, focusing upon the duty cycle (ηduty) and source
selection (ηsel) corrections. There remains considerable uncer-
tainty in the relevant source populations to compare, however.
The TeV blazars are necessarily at very low redshift, suggest-
ing that we should compare them only to the nearbyFermi hard
gamma-ray blazar population. Less clear is what redshift cut to
impose. At z = 0.1, 0.15, and 0.2, there are 9, 14, and 17 TeV
blazars and 16, 37, and 49 Fermi hard gamma-ray blazars with
measured redshifts in the 2LAC, respectively (i.e., above the
catalog’s flux limit). Noting that nearly all of the TeV blazars
have now been detected by Fermi, this implies that the selection
bias induced by the incomplete sky and time coverage of TeV
observations requires a correction factor of 1.8 to 2.9. Further-
more, of the 277 Fermi hard gamma-ray blazars in the 2LAC,

5 In the definition of the Hubble function, we adopt theWMAP7 parameters,
H0 = 70.4 km s−1 Mpc−1, Ωm = 0.272 and ΩΛ = 0.728, in terms of which,
H(z)2 = H20

!

(1+ z)3Ωm + (1+ z)2(1−Ωm −ΩΛ)+ΩΛ

"

.

only 110 have measured redshifts. Assuming these are drawn
from the same underlying population, this provides an addi-
tional correction of 2.56. In combination, the associated selec-
tion correction ranges from 4.5 to 9.8. In Paper I, and implic-
itly employed in Equation (4), we assumed ηsel× ηduty = 6.4,
intermediate to those inferred from the above. However, the
origin of this factor is rather different: the decrease in ηduty
to unity has been nearly exactly offset by the increase in the
overall number of Fermi sources, and thus in ηsel. Hence, the
numerical factors in equation (4), as derived in Paper I, remain
unchanged.
Motivated by the strong similarities with the local quasar lu-

minosity function, we posited that this relationship held at large
z as well. This has received indirect circumstantial support
via the observational consequences of the plasma-instability
induced heating of the intergalactic medium described in Pa-
pers II, III and Puchwein et al. (2012). Of particular note is the
great success in the quantitative reproduction of the high-z Lyα
forest.

2.2. Relationship to The Fermi Blazars
While relating the TeV blazars and the Fermi hard gamma-

ray blazars is natural in principle, some care must be taken
in practice. Difficulties arise from the uncertain relationship
between the observed Fermi-band fluxes and LTeV, the anni-
hilation of the high-energy gamma rays, and the distribution
of source properties. Here we assume a specific family of
SEDs for the TeV blazars, use these to define the associated
Fermi observables, and discuss the inherent restrictions upon
the Fermi blazar population implied by these choices.

2.2.1. Intrinsic Fermi Hard Gamma-ray Blazar SED
Relating the fluxes above a TeV and at energies relevant for

Fermi (! 100 GeV), requires some knowledge about the intrin-
sic SED of the TeV blazars. As already mentioned, the SED
above a TeV is slowly falling, with a photon spectral index of
3 typical (i.e., E2dN/dE ∝ E−1). However, for the two bright-
est TeV blazars in the sky, Mkn 421 and 1ES 1959+650, the
Fermi photon spectral indexes, defined from 1 GeV–100 GeV,
are ΓF = 1.77 and 1.94, respectively (i.e., E2dN/dE ∝ E0.2).
This spectral shape is generic; TeV sources with spectra well
characterized by Fermi below 100 GeV show amedian shift be-
tween their photon spectral indexes below 100 GeV and above
1 TeV of 1.2 (see Figure 44 of Ackermann et al. 2011) and the
typical ΓF for the hard gamma-ray blazars is ∼ 1.8 (see be-
low). Thus, it is clear empirically that a single power law is a
poor model for the intrinsic SED (see, e.g., Figures 13 & 21 of
Abdo et al. 2010c).
A more complicated SED is further motivated theoretically

by the identification of the high-energy gamma-ray emission
with the Comptonized synchrotron bump. Models of the blazar
spectrum exhibit a peak near the TeV for the TeV-bright ob-
jects, suggesting that a similarly peaked SED must be consid-
ered in practice. Here, we model the intrinsic SED as a family
of broken power laws:

dN
dE

= f

%

!

E
Eb

"Γl

+

!

E
Eb

"Γh
&−1

, (5)

6 This estimate should be taken with some caution, however. In Paper I we
found that based upon their spectral index and flux distributions, the population
without redshifts were more consistent with being drawn from lower redshifts
(z < 0.25) than higher redshifts. This would increase the normalization some-
what.
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Figure 1. Distribution of the Fermi photon spectral index for TeV blazars
(blue solid) and all of the Fermi blazars (red dashed) with z < 0.2. The
adopted intrinsic Γl distribution, a Gaussian fit with mean 1.78 and standard
deviation 0.18, is shown by a dashed line. For reference, the spectral cut
defining the hard gamma-ray blazars is shown by the vertical dotted line.

for some normalization f (with units of photons GeV−1 s−1,
and where we will set Eb = 1 TeV, Γh ≃ ΓTeV = 3, chosen as
typical values.
The choice of Γl is complicated by the fact that some of the

observable tests described in Section 3 are sensitive to its value.
However, we have some observational guidance in the form of
the Fermi photon spectral indexes for the TeV blazars them-
selves. Figure 1 shows the ΓF distribution of the nearby TeV
blazars and the Fermi hard gamma-ray blazars. The former is
well fit by a Gaussian, with mean Γ̄l = 1.78 and standard devi-
ate σl = 0.18. Based upon this we adopt the expanded luminos-
ity function:

φ̃B(z,LTeV,Γl)≡
dN

d log10LTeV d3xdΓl

= φ̃B(z,LTeV)
e−(Γl−Γ̄l )2/2σ2l

√
2πσl

.

(6)

Note that the ΓF distribution of the TeV blazars is somewhat
harder than that of the hard gamma-ray blazars. This is likely
due to the dramatic drop in TeV luminosity when the location
of the Compton peak falls well below 100 GeV. We discuss this
point, and the limitation it implies, in more detail in Section
2.2.3.

2.2.2. Relating the TeV blazars and the hard gamma-ray blazars

The luminosity function in Equation (6) is still presented in
terms of intrinsic quantities (e.g., Γl , LTeV, etc.). However, fre-
quently it will be necessary to relate these to quantities that
are directly measurable by Fermi. These will be impacted both
by the redshifting of the intrinsic spectrum and the gamma-ray
annihilation on the EBL.
It is straightforward to show that the flux and fluence ob-

served by Fermi between energies Em and EM (e.g., 100 MeV
and 100 GeV) from a source at redshift z is

FF =
1

4πD2L

! (1+z)EM

(1+z)Em
dE E

dN
dE

e−τ [E/(1+z),z] , (7)

Figure 2. Ratio of the intrinsic TeV-band luminosity and the observed Fermi-
band luminosity (100 MeV–100 GeV) as a function of Γl for various redshifts,
ranging from 0 to 2.5 in steps of 0.5.

and

FF =
1+ z
4πD2L

! (1+z)EM

(1+z)Em
dE

dN
dE

e−τ [E/(1+z),z] , (8)

respectively, where DL is the luminosity distance. Similarly,
the intrinsic TeV luminosity is,

LTeV =
! 10 TeV

0.1 TeV
dE E

dN
dE

. (9)

Thus, we have a redshift and SED-dependent relationship be-
tween FF and LTeV:

LTeV
4πD2LFF

(z,Γl) =
" 10 TeV
0.1 TeV dE E (dN/dE)

" (1+z)EM
(1+z)Em dE E (dN/dE)e−τ [E/(1+z),z]

, (10)

where the denominator is simply the isotropic equivalent
Fermi-band luminosity. This is shown for a handful of red-
shifts as a function of Γl in Figure 2. Note that this neglects
any inverse Compton cascade component, which would other-
wise increase FF beyond the intrinsic emission.
Similarly important for the definition of the Fermi sources is

the Fermi-band photon spectral index, ΓF . Again this is modi-
fied by the redshift (different portions of the intrinsic spectrum
are being observed) and by absorption on the EBL. Assess-
ing the impact these have upon the measured ΓF depends on
how it is defined. Here we estimate ΓF via a least-squares fit
to the redshifted and absorbed intrinsic spectrum7 between 1
GeV and 100 GeV, the energy range over which it is defined in
the 2LAC. The impact upon ΓF is shown in Figure 3. At high
redshift even intrinsically hard spectra appear soft due to ab-
sorption. For example, a source at z = 0.667 with Γl = Γ̄l = 1.78,
will have a ΓF ≃ 2. Thus, evenmoderate redshifts are sufficient
to move objects out of the hard gamma-ray blazar class.
Also shown in Figure 3 is the evolution of the distribution

of ΓF for the Fermi blazars. This may occur for a variety
of reasons, including a correlation between ΓF and bolomet-
ric luminosity (see, e.g., Ghisellini 2011). Recently, it has
been shown explicitly that this cannot account for the entirety

7 In practice this is done via a linear fit in logdN/dE versus logE .
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where the denominator is simply the isotropic equivalent
Fermi-band luminosity. This is shown for a handful of red-
shifts as a function of Γl in Figure 2. Note that this neglects
any inverse Compton cascade component, which would other-
wise increase FF beyond the intrinsic emission.
Similarly important for the definition of the Fermi sources is

the Fermi-band photon spectral index, ΓF . Again this is modi-
fied by the redshift (different portions of the intrinsic spectrum
are being observed) and by absorption on the EBL. Assess-
ing the impact these have upon the measured ΓF depends on
how it is defined. Here we estimate ΓF via a least-squares fit
to the redshifted and absorbed intrinsic spectrum7 between 1
GeV and 100 GeV, the energy range over which it is defined in
the 2LAC. The impact upon ΓF is shown in Figure 3. At high
redshift even intrinsically hard spectra appear soft due to ab-
sorption. For example, a source at z = 0.667 with Γl = Γ̄l = 1.78,
will have a ΓF ≃ 2. Thus, evenmoderate redshifts are sufficient
to move objects out of the hard gamma-ray blazar class.
Also shown in Figure 3 is the evolution of the distribution

of ΓF for the Fermi blazars. This may occur for a variety
of reasons, including a correlation between ΓF and bolomet-
ric luminosity (see, e.g., Ghisellini 2011). Recently, it has
been shown explicitly that this cannot account for the entirety
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Figure 3. The gas density-temperature distribution in simulations without blazar heating (left panel) and with intermediate blazar
heating (right panel) at redshift z = 3. The gas mass per pixel Mpix is colour-coded. The colour scale spans 5 orders of magnitude.
The contours indicate the neutral hydrogen fractions log10(NHI/NH) in the simulations. Also shown are the IGM T-ρ relations obtained
by Viel et al. (2009) based on an analysis of the Lyman-α forest transmitted flux distribution in two transmitted flux fraction ranges,
F = 0.1− 0.8 and F = 0− 0.9, respectively, whose difference indicates the uncertainty in the data.

Figure 4. Volume-weighted probability distribution functions of temperature (left panel) and density (right panel) of the IGM. Results
are shown for redshifts z between 0 and 5.3, and for simulations without blazar heating (dotted) and with intermediate blazar heating
(solid). In the latter run, the temperature distribution is shifted towards larger values once blazar heating becomes efficient for z < 5.
Without blazar heating, the temperature distribution evolves towards lower values once adiabatic cooling by the Hubble expansion
exceeds heating by He ii-reionisation at z ! 3.5. With blazar heating, Hubble cooling starts to dominate only at z ! 0.5. In both runs,
the density distribution shifts towards lower values (in units of the mean baryon density ⟨ρ⟩) as a consequence of structure formation. It
can also be clearly seen that blazar heating has a noticeable effect on the density distribution for z ! 2.
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Figure 2. IGM temperatures in simulations with and without
blazar heating as a function of redshift z. Shown are the median
temperatures of the gas particles with densities between 0.95 and
1.05 times the mean cosmic baryon density. At low redshift, blazar
heating strongly boosts IGM temperatures. For simulations with-
out blazar heating, the temperature evolutions are shown for two
different methods of treating hydrogen reionisation. We show that
the IGM temperature at redshifts z < 5 does not depend on the
implementation of hydrogen reionisation. The x-axis was chosen
to be linear in log10(1 + z). The no blazar heating curve is some-
what difficult to identify since it is identical with the blazar heat-

ing curves for z > 5 and almost identical with the no blazar

heating, modified H-reionization curve for z < 5.

changes in the Lyman-α forest. This will be explored in more
detail in the following sections.

Overall, Fig. 3 shows that the distribution of IGM mass
in temperature and density is significantly altered by blazar
heating. The changes are, however, even more dramatic in
the distribution of the cosmic volume in temperature and
density. This is illustrated in Fig. 4. At redshift z = 5.3,
before blazar heating is turned on, both simulations natu-
rally have the same temperature and density distributions.
Subsequently, due to ongoing structure formation, most of
the volume evolves towards lower density compared to the
mean density. Such underdense regions evolve, however, very
differently in runs with and without blazar heating. In the
latter case, they cool adiabatically by the Hubble expansion
once the heating by He ii reionisation becomes subdominant
at z ! 3.5. In contrast, blazars heat these regions efficiently
in the former case. Together, this results in fundamentally
different evolutions of the temperature distributions in runs
with and without blazar heating. By redshift z = 0, the
IGM that permeates most of the volume astonishingly is
two orders of magnitude hotter when blazar heating is in-
cluded. At low redshift, the differences in the density distri-
bution also become noticeable. In particular, there is less vol-
ume above the mean density, which likely has implications
for late-forming structures as suggested by Pfrommer et al.
(2011).

In Fig. 5, we directly compare the temperature in our
simulations to temperature measurements based on Lyman-
α forest observations (Becker et al. 2011). The observational

constraints were obtained by relating the curvature of ob-
served Lyman-α forest spectra to the IGM temperature at a
specific redshift-dependent overdensity ∆(z). ∆(z) increases
from ∆ ∼ 1 at z = 5 to ∼ 6 at z = 2. We computed the IGM
temperatures in our simulation at the same overdensities to
make them directly comparable.

However, even at a fixed overdensity there is some am-
biguity in the temperature definition. This can also be seen
in Fig. 3, which shows that the temperature distribution at
a fixed overdensity between 3 and 6 is skewed and has a
long tail towards high temperatures. Thus, the mean, the
median, and the mode of the temperature distribution will
differ. Becker et al. (2011) define the temperature T (∆) by
fitting a power law T-ρ relation near the mean density and
evaluate this fit at overdensity ∆. In runs without blazar
heating, the temperature obtained in this way closely tracks
the mode of the mass-weighted temperature distribution at
overdensity ∆, which is the temperature where the distribu-
tion attains its maximum value. Thus, we use this temper-
ature definition in Fig. 5.

For z < 3, the simulation with intermediate blazar heat-
ing is in excellent agreement with the data, while the run
without blazar heating has too low temperatures T (∆).

For z > 3, where the temperature increase due to blazar
heating becomes progressively unimportant, the IGM tem-
peratures in all our simulations, including the one without
blazar heating, exceed the Becker et al. (2011) values. This
indicates tension between the early He ii reionisation history
implied by the FG’09 UV background model and the Lyman-
α forest temperature measurements by Becker et al. (2011).
We would like to point out, however, that our blazar heat-
ing simulations are also in good agreement with temperature
measurements based on the small-scale Lyman-α flux power
spectrum (e.g., Zaldarriaga et al. 2001; Lidz et al. 2009) in
the range 2 < z < 3, while our simulated temperatures are
smaller than these measured values for z > 3.5. For z > 3.5,
the simulated temperatures in all our runs, thus, fall in be-
tween constraints based on the flux curvuture statistics and
the small-scale power spectrum, while being formaly incon-
sistent with both at the 1−σ level. This points to an uniden-
tified systematics in either one or both of the methods for
z > 3.5, where the absorbed fraction of the spectrum in-
creases considerably, possibly suggesting an observational
complication in measuring the temperature of the IGM at
these redshifts.

Overall, the thermal histories of our simulations with
and without blazar heating are remarkably different. In the
next sections, we will explore how this affects predictions for
the Lyman-α forest.

3.2 Effective optical depths and photoionisation

rates

To obtain detailed predictions for the Lyman-α forest in
our simulations, we create synthetic spectra, as described
in Sect. 2.3. Examples of such spectra are shown in Fig. 1.
They are based on neutral hydrogen fractions computed un-
der the assumption of ionisation equilibrium with the UV
background which is described by the FG’09 model. In com-
parison to the simulation without blazar heating, there is
significantly more flux transmitted in the runs that include
blazars. Individual absorption lines are shallower and max-
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Figure 5. We compare IGM temperatures in simulations with
and without blazar heating to constraints from Lyman-α for-
est observations by Becker et al. (2011). The temperatures in the
simulations were computed at the same redshift-dependent over-
density ∆(z) as in Becker et al. (2011), so as to allow a direct
comparison. At z < 3, the additional heat input in the simula-
tion with intermediate blazar-heating brings the IGM tempera-
ture into excellent agreement with the observations. At z > 3,
where the temperature increase due to blazar heating becomes
progressively subdominant, the IGM is too hot in all our simula-
tions, including the one without blazar heating. This discrepancy
indicates tension between the He ii reionisation history implied by
the FG’09 UV background and the Lyman-α forest temperature
measurements.

Figure 6. Effective optical depths, τeff , as a function of redshift
for simulations with and without blazar heating. Observational
data from FG’08, Viel et al. (2004), and Tytler et al. (2004) are
shown for reference. The simulations with blazar heating repro-
duce the observed optical depths very well. The results are based
on the self-consistent UV background.

imum values close to complete transmission are attained.
Blazar heating boosts the transmitted flux most efficiently
in lines with intermediate column densities, while fully ab-
sorbed lines are almost unaffected. Evidently, due to these
substantial differences, the mean transmission in one of
the simulations will be inconsistent with observational con-
straints.

In the past, simulated absorption spectra for the
Lyman-α forest were typically not taken at face value. In-
stead, the optical depths were rescaled to match the ob-
served mean transmission values at every redshift separately.
This can be justified if the actual UV background in the
Universe is only poorly constrained. We checked that chang-
ing the UV background does not have a noticeable dynami-
cal impact in the simulations. However, it will significantly
change neutral hydrogen fractions, which are computed un-
der the assumption of ionisation equilibrium in the presence
of this background. In short, increasing the UV flux by some
factor boosts the photoionisation rate by the same factor,
and thereby lowers the lifetime of a freshly recombined hy-
drogen atom also by that factor. In equilibrium, the neutral
hydrogen density (and thus also the optical depths) are pro-
portional to the lifetime of a neutral hydrogen atom. Thus,
by tuning the UV background one can rescale the optical
depths. Commonly this was applied in the following way:
using densities and internal energies from simulations, the
corresponding optical depths were computed. These were
then rescaled by an appropriate change of the UV back-
ground such that the resulting mean transmission was in
agreement with observations.

In the following, we check whether such a rescaling of
the UV background is necessary to make our simulations
match observed mean transmission values. Figure 6 displays
the effective optical depth, τeff , corresponding to the mean
transmission defined by e−τeff = ⟨e−τ ⟩, as a function of red-
shift. Our simulations with blazar heating nicely reproduce
the observed effective optical depths at all considered red-
shifts, while the simulation without blazar heating yields val-
ues that are significantly too large. This shows that blazar
heating together with the recent FG’09 model of the cos-
mic UV background can fully account for the observed mean
transmissions as a function of redshift. Instead, the run with-
out blazar heating requires a rescaling of the UV background
to get mean transmissions that are compatible with the data.

We perform our analysis of the simulated Lyman-α for-
est in the remainder of this paper in two independent ways,
these are:

• We compute synthetic Lyman-α forest absorption spec-
tra by self-consistently adopting the same FG’09 UV back-
ground model that was used to follow photoheating in the
simulations. This UV background model agrees well with ob-
servational constraints from FG’08. In the following we refer
to results obtained in this way to being based on the self-

consistent UV background.6 In this approach, all simulations
are treated equally and the change in the Lyman-α forest

6 Self-consistent here refers to the fact that the same UV back-
ground model is used for the simulations and the Lyman-α forest
analysis. The model is not based on following the UV sources in
the simulations.
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Figure 8. One-dimensional power spectra of transmitted flux contrast exp(−τ)/⟨exp(−τ)⟩ − 1. Results are shown for simulations with
and without blazar heating for redshifts z = 2.07 and 2.52. Observational constraints from Viel et al. (2004) and Kim et al. (2004a)
for redshifts z = 2.125 and 2.58, respectively, are shown for reference. The left panels show results for the self-consistent FG’09 UV
background, while the right panels show results for a UV background that, for each simulation and redshift, was tuned to match the
observed mean transmission. Including blazar heating in the simulations generally improves the agreement with this data, in particular
for our self-consistent UV background analysis.

are shown for reference. For both the self-consistent and the
tuned UV background analysis, the data are only consistent
with simulations that include blazar heating. Comparing the
figure’s panels also shows that this method relies only very
weakly on the assumed photoionisation rate, as a rescaling
of the optical depths only changes the column densities but
not the widths of absorption lines. Thus, the only effect is
a slight shift of the threshold value above which lines are
included. Due to the weak dependence of the lower b-cutoff
on column density, this does not strongly affect the results.

Figure 11 compares both, the normalised distribution
of column densities, as well as the frequency of lines with
given column density per unit redshift to observations. The
former distribution is only mildly affected by blazar heat-
ing8, and all simulations are in good agreement with the
data. In contrast, the frequency of lines per unit redshift
is much better reproduced in the runs with blazar heating.
This is, of course, closely related to the better agreement of
flux PDFs in these runs.

In sum, we find that the simulation predictions match
the observed properties of Lyman-α absorption systems im-

8 The distributions depend however significantly on the choice of
the lower column density cutoff.

pressively well when blazar heating is included. In partic-
ular, we would like to stress that the improved agreement
with the observed lower cutoff of line-widths is a direct and
independent confirmation of high IGM temperatures.

4 OUTLOOK AND COSMOLOGICAL

IMPLICATIONS

In this section, we use our previous results on the effects
of blazar heating and qualitatively discuss their impact
on the local Lyman-α forest, on estimates of σ8 (through
the Lyman-α forest), on constraints of (sterile) neutrino
masses, Helium ii reionisation, formation of dwarfs and
galaxy groups/clusters, and on particle acceleration at cos-
mological structure formation shocks. While we provide per-
tinent arguments for each point, we stress that each of these
topics merits a thorough analyses to reliably quantify and
confirm the mentioned effects, something which is beyond
the scope of the present work.

The trend that the Lyman-α forest probes larger over-
densities at lower redshift, as mentioned in the discussion of
Fig. 5, continues down to z = 0 (see e.g., Schaye 2001). In
particular, significant absorption lines in the local Lyman-α
forest are expected to be due to absorbers at overdensities
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Figure 9. The distribution of Lyman-α absorption lines in column density, NHI, and line width, b, for simulations without (left panel)
and with intermediate blazar heating (right panel) at redshift z = 3. The frequency of lines per pixel (in arbitrary units) is colour-coded.
Fits of roughly 104 absorption lines in the synthetic spectra were used for these figures. Their distribution was adaptively smoothed using
an SPH-like algorithm. The white-dashed lines indicate a fit to the observed lower b-envelope found by Kirkman & Tytler (1997) which is
in good agreement with the simulation with intermediate blazar heating. The shown distributions are based on the self-consistent FG’09
UV background.

Figure 10. The normalised distribution function of Lyman-α line widths, b, for simulations with and without blazar heating at redshift
z = 3. Included are all lines with NHI > 1013cm−2. Observational constraints based on Kirkman & Tytler (1997) are shown for reference.
They were obtained by using all lines from their Table 1 which were classified as Lyman-α lines, have NHI > 1013cm−2 and redshifts
close to the simulation output (2.75 < z < 3.05). The left panel shows results for the self-consistent FG’09 UV background, while the
right panel shows results for a UV background that was tuned for each simulation to match the observed mean transmission. The error
bars assume Poissonian errors.
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Figure A1. Scatter plot of the distribution of Lyman-α lines in column density, NHI, and line width, b, for simulations without (left
panels) and with intermediate blazar heating (middle panels) at redshift z = 3. In the right panels, data from Kirkman & Tytler (1997)
are shown for comparison. All Lyman-α lines with redshifts 2.75 < z < 3.05 listed in their Table 1 were included. The lengths of the
(stitched) simulated lines-of-sight were chosen so as to yield the same number of significant (NHI > 1012.5cm−2) Lyman-α absorption
lines as in the observed sample. The blue-dashed lines indicate fits to the lower b-envelope found by Kirkman & Tytler (1997, given
by their Eq. 4). The upper panels show results for the self-consistent FG’09 UV background, while the lower panels show results for
a UV background that was tuned for each simulation to match the observed mean transmission. The number of lines nb<bmin

with
NHI > 1012.5cm−2 that fall below the fit to the lower b-envelope is indicated in each panel. For the observed sample one of these lines
is not indicated in the figure as is has NHI > 1015cm−2.
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Summary & Conclusions

• TeV blazars produce a beam of e+/e- 
• plasma instabilities may drain the beam energy 
➡ invalidates extragalactic B-field lower limits 
➡ allows different redshift evolution of TeV blazers & explains 

high-energy EGRB 
• beam energy is then likely dissipated in the IGM  
➡ inverted density-temperature relation in the low-density 

IGM & standard relation at higher density 
➡ improved agreement of Lyman-α forest flux PDFs, line 

widths & power spectra with the data


