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Outline

• Propagation of TeV photons and Cascade Emission

• Plasma instabilities in beams and TeV blazars

• Heating by TeV Blazars - TeV Feedback
 
• Cosmological Impact of Heating
• Hotter IGM -- inverted temperature-density profile
• Suppression of dwarfs -- missing satellite/void phenomenon

• Strong evolution consistent with Fermi observations

• Summary
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Propagation of TeV photons
• 1 TeV photons that meet 1 eV photons have a c.o.m. energy of 1 MeV

• Typical Length scale for this depends on the density of 1 eV photons
• But it is typically ~100 Mpc 
• Produce pairs with energy of 1 TeV

• These pairs inverse Compton scatter off the CMB photons
• mean free path is roughly 300 kpc.
• Producing gamma-rays of ~1 GeV

γ + γ → e+ + e−

• TeV energies get downgraded to GeV energies  -- GeV calorimeter of 
the TeV universe

E ∼ Γ2ECMB ∼ 1GeV



Where is the inverse Compton emission?
• Every TeV source should be associated with a 1-100 GeV gamma-ray 
halo -- NOT SEEN!

expected Gamma ray 
spectra

Fermi Constraints
TeV detections

TeV spectraNevonov & Vovk (2010)

• Magnetic fields?  or missing plasma physics
• Charged particle beams are violently unstable -- two-stream, weibel, oblique



Measuring the intergalactic mangetic field 
from TeV/GeV Observations

• TeV beam of electrons and positions are deflected out of the line of 
sight reducing the GeV IC flux.

• IC distance: 

• Larmor radius: rL =
E
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• For the associated 10 GeV IC photons angular resolution is 0.2 degrees or

θ ∼ 3× 10−3 rads

• 
xIC

rL
> θ → B � 10−16 G



Beam-Plasma (two-stream) Instability: 
Intuitive Picture

• Basically an overstable Langmuir wave (plasma oscillation)

e+

E field

acceleration deacceleration acceleration

high densitylow density

• Move to the reference frame of the wave

k vector

v ≈ vph



Oblique Instability: Intuitive Picture
• Almost the same as beam plasma

e+

E field

• Move to the reference frame of the wave

k vector

• Deflections of particle trajectory instead of particle straight-line velocity

• Greater growth rate than two-stream because ultrarelativistic particles 
are easier to deflect than to change their parallel velocities (Nakar, Bret & 
Milosavljevic 2011).

v cos θ ≈ vph



missing plasma physics?
Growth rate of Oblique instability beats inverse Compton off CMB by 
orders of magnitude.
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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+ ! = 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, ", and cooling lengthscale
along the top and right axes, respectively.
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Since the creation of pairs is dominated by EBL photons near
the pair-production threshold, the typical energy of the rele-
vant EBL photons is roughly 4m2ec4/E (i.e., twice the thresh-
old value for transverse EBL photons). This corresponds to a
transverse momentum dispersion of p!/p" ! 4m2ec4/E2, or a
temperature of
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In the center-of-mass frame of the pairs, i.e., the “beam” frame,
this corresponds to a temperature of # mec2/k. These are all
much smaller than the momentum associated with the bulk
motion of the beam, which has a typical Lorentz factor of
E/2mec2 ! 106. Thus we may safely assume that the beam
is transversely kinematically cold.

2.3. Density of the Ultra-Relativistic Pair Beam in General

The density of the pair beam at a given point within the IGM
is set by the rate at which pairs are produced, duration of the
TeV emission, advection of the pairs through the IGM, and the
processes by which they lose their kinetic energy. That is, the
evolution of the density of pairs per unit Lorentz factor, n" , is
governed by the Boltzmann equation:
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= ṅ" , (5)

where the left-hand side assumes all the pairs are moving away
from the TeV source relativistically (vr = c and pr = "mec),
and the right-hand side corresponds to pair production. Gener-
ally, we may neglect advection, which alters n" over timescales
of Dpp/c, much longer than any relevant timescale of interest
here (i.e., (c/r2)!r2n"/!r may be neglected). Furthermore,
for most of the potential sources we will consider (primar-
ily TeV blazars) we will assume that the duration of the TeV
emission is sufficiently long that n" reaches a steady state (i.e.,
!n"/!t = 0). In this case, we have "̇!n"/!" ! ṅ" .
Making further progress requires us to define the spectrum

of the pairs, which itself depends upon the spectrum of the
gamma rays and the energy dependence of the cooling pro-
cesses. Nevertheless, we may obtain an estimate of the beam
density in the vicinity of a given Lorentz factor, nb ! "n" , by
setting !n"/!" ! !n"/" = !nb/"2.
The source term is given by twice (since each gamma-ray

produces two leptons) the rate at which high-energy gamma
rays with energy E ! 2"mec2 annihilate within the region of
interest, i.e., "ṅ" = 2(EdN/dE)/Dpp = 2FE/Dpp, where N is
the gamma-ray number flux, with units of photons cm!2 s!1.
Thus, upon defining a cooling rate !$ !"̇/", we have

nb !
2FE
Dpp!

, (6)

i.e., the density of pairs of a given energy is determined by
balancing cooling and pair creation.
Generally, ! is a function of energy and beam density, as

well as external factors (e.g., seed photon density, IGM den-
sity, etc.). Thus this gives a non-linear algebraic equation to
solve for nb, the particulars of which depend upon the various
mechanisms responsible for extracting the bulk energy of the
beam. In practice, given expressions for !, associated with the
processes discussed in following section, we solve Equation (6)
numerically to obtain nb(E,FE ,z).
Which mechanism dominates the cooling of the beam de-

pends upon a variety of environmental factors and the prop-
erties of the pair beam itself. Nevertheless, inverse-Compton
cooling via the cosmic microwave background (CMB) pro-
vides a convenient lower limit upon !, and thus an upper limit
upon nb. This is a function of z and " alone, given by

!IC =
4#TuCMB
3mec

" ! 1.4" 10!20(1+ z)4" s!1 , (7)

where #T denotes the Thompson cross section. The strong red-
shift dependence arises from the rapid increase in the CMB
energy density with z (uCMB % (1+ z)4). Furthermore, since it
is% ", inverse-Compton cooling is substantially more efficient
at higher energies. The associated cooling rate is shown as a
function of E for a number of redshifts in Figure 2.
When we set ! ! !IC, we obtain the following upper limit

Oblique Instability

Inverse Compton



The TeV Blazar Luminosity Function
• Sum over the flux of 28 TeV blazars with good spectral measurements.
• Account for the selection effects.THE COSMOLOGICAL IMPACT OF BLAZAR TEV EMISSION I 11

visualization of the SED of BL Lacs).
HBLs are muchmore powerful particle accelerators, with the

synchrotron peak reaching into the UV or, in some cases, the
soft X-ray bands. The inverse-Compton peak can then reach
TeV energies (Ghisellini & Tavecchio 2008; Tavecchio&Ghis-
ellini 2008; Abdo et al. 2010d).11 It is with this class of objects
that we identify the TeV blazars listed in Table 1. We note
that there is presently no evidence for the hypothetical class of
ultra-HBLs that were proposed to have a very energetic syn-
chrotron component extending to !-rays (Ghisellini 1999). If
such a population of bright and numerous sources exists, Fermi
should have seen it (Abdo et al. 2010c). The UHBLs may have
escaped detection from Fermi thus far by being either intrinsi-
cally dim !-ray sources or very rare objects (Costamante et al.
2007).
HBLs have a redshift distribution that is peaked at low red-

shifts extending only up to z = 0.7. This ismost likely entirely a
flux selection effect; HBLs are intrinsically less luminous than
LBLs and FSRQs, with an observed isotropic-equivalent lumi-
nosity range of 1044!2!1046 erg s!1, with the highest redshift
HBLs also being among the most luminous objects (see Fig.
23 in Abdo et al. 2010c). That HBLs should be intrinsically
less luminous than FSRQs is not entirely unexpected, however.
Ghisellini et al. (2009) have argued that the physical distinc-
tion between FSRQs and HBLs has its origin in the the differ-
ent accretion regimes of the two classes of objects. Using the
gamma-ray luminosity as a proxy for the bolometric luminos-
ity, the boundary between the two subclasses of blazars can be
associated with the accretion rate threshold (nearly 1% of the
Eddington rate) separating optically thick accretion disks with
nearly Eddington accretion rates from radiatively inefficient ac-
cretion flows. The spectral separation in hard (BL Lacs) and
soft (FSRQs) objects then results from the different radiative
cooling suffered by the relativistic electrons in jets propagat-
ing into different surrounding media (Ghisellini et al. 2009).
Hence in this model, HBLs cannot reach higher luminosities
than approximately 2! 1046 ergs!1 since they are limited by
the nature of inefficient accretion flows that power these jets
and by the maximum black hole mass, " 1010M!.

5.1.2. An Empirical Local !B(z,L)

While we have attempted to place the observed TeV blazars,
which we have identified with the HBLs, into the broader con-
text of AGNs using the unified model, due to the substantial
distinctions in accretion rate, emission properties, object mor-
phology and geometry, it is not obvious that any of the proper-
ties of HBLs should be similar to those of AGNs more gener-
ally. Nevertheless, evidence for a simple connection between
the two populations can be found in the similarities of the lu-
minosity functions (a fact we will exploit later in estimating
the redshift evolution of the TeV blazars). Here we define the
luminosity for the purposes of defining "B to be the isotropic-
equivalent value associated with emission between 100GeV
and 10TeV. While this may be considered to be a VHEGR
luminosity, due to the spectral turn-over near 100GeV in most
HBLs, this corresponds to majority of the emission from these
objects.
The objects listed in Table 1 were chosen because they have

well defined SEDs, based upon a combination of VERITAS,
H.E.S.S., and MAGIC observations. These 28 sources have
11 For the highest energies scattering occurs in the Klein-Nishina regime,

which results in steeper inverse-Compton spectra.

Figure 5. Comparison between the luminosity-weighted quasar and TeV-
blazar luminosity functions (L!Q(z,L) and L!B(z,L), respectively). The solid
lines show the absolute L!Q (in comoving Mpc), while the dashed lines show
L!Q rescaled in magntiude by 1.5! 10!3 and shifted to lower luminosities by
a factor of 0.45. In both cases the black, orange, and red lines correspond to
!Q(0.1,L), !Q(0.5,L), and !Q(1,L), respectively. The points and upper-limits
show !B of the sources listed in Table 1, excluding MAGIC J0223+430 and
using the relevant limits for PKS 1553+113 and PKS 1424+240. Presented in
the inset is the TeV source distance as a function of source luminosity, with the
dotted line showing the distance-dependence of the flux limit we employ in the
completeness correction.

VHEGR spectra that are well fit by the form,
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where f0 is the normalization in units of cm!2 s!1 TeV!1. The
gamma-ray energy flux is trivially related to dN/dE by FE =
EdN/dE # E1!!, from which we obtain a VHEGR flux,
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and for sources with a measured redshift a corresponding
isotropic-equivalent luminosity, L = 4#D2LF , where DL is the
luminosity distance.12 The resulting f0, E0, $, F , and L
are collected in Table 1. In addition we list the redshift, in-
ferred comoving distance, isotropic-equivalent luminosity and
absorption-corrected 1TeV intrinsic spectral index, obtained
via

$̂E = !
d lnE!!e"E
d lnE

$

$

$

$

E
$ $! %E . (24)

For high-redshift sources $̂1TeV can be substantially less than
2, implying that an intrinsic spectral upper-cutoff must exist.
To produce "B, we must account for a variety of selection

effects inherent in the sample listed in Table 1. To estimate
12 If the VHEGR spectra of TeV blazars exhibit a spectral break above

100GeV, which is likely for many of the sources in Table 1, this may over-
estimate the luminosity by a factor of order unity.

Broderick, PC & Pfrommer (2012)

• Construct a BLF using the 28 
blazars with good spectral 
measurements.

• Fits a rescaled version of 
Hopkin et al (2007) quasar 
luminosity function.

Hopkins et al (2007) QLF

Rescale by 0.4%



TeV Blazar Heating Rate

• Best estimate for the amount of blazar heating at z=0.

PC, Broderick & Pfrommer (2012)

• Blazar heating is 
volumetrically constant!

Q̇ = 7× 10−8 eV cm−3 Gyr
−1

• We rescale this to z>0 using Hopkins et al (2007) QLD.
PC, Broderick & Pfrommer (2012)

Increased by factor
of ~7

He reionization

H reionization

w. blazar heating

only photoheating



It Is All About the Efficiency
• Recombination rate of H is of order the Hubble time (at present) and is 
instantly ionized with excess energy of 4 eV. So every proton in the 
universe gets:

• Cosmic baryon fraction in BHs is 0.01%

• 

• BLD is 0.4% of the quasar luminosity density.

�rad,BH = 10−5

• factor of 10 larger than photoheating.

• Efficiency of plasma heating make up for their relative lack of power of 
TeV blazars

Eph = 4 eV

ETeV = 4× 10−3 × �rad,BH ×mpc
2 = 40 eV



Thermal History of the intergalactic medium

• Blazars completely change the thermal history of the diffuse IGM

• Changes the history of structure formation of the IGM.

PC, Broderick & Pfrommer (2012)

Increased by factor
of ~7

He reionization

H reionization

w. blazar heating

only photoheating



Thermal History of the IGM
PC, Broderick & Pfrommer (2012)

• Because heating is constant per volume -- T increase is largest in voids.

• Naturally produces inverted equation of state.
• Which is otherwise difficult to do in standard heating models.

• Increases low density regions to a few × 105 K

only photoheating Blazar heating increased by 50% (optimistic model)

overdensity

Te
m

pe
ra

tu
re

Viel et al measurement



Comparison with ObservationsThe Lyman-! forest in a blazar-heated Universe 7

Figure 4. We compare IGM temperatures in simulations with
and without blazar heating to constraints from Lyman-! forest
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 (see text for more details).

Overall, the thermal histories of our simulations with
and without blazar heating are remarkably di!erent. In the
next sections, we will explore how this a!ects predictions for
the Lyman-! forest.

3.2 Photoionisation rates and e!ective optical
depths

To obtain detailed predictions for the Lyman-! forest in
our simulations, we create synthetic spectra, as described in
Sect. 2.3. Examples of such spectra are shown in Fig. 5.
They are based on neutral hydrogen fractions computed
under the assumption of ionisation equilibrium with the
UV background which is described by the FG’09 model. In
comparison to the simulation without blazar heating, there
is significantly more flux transmitted in the runs that in-
clude blazars. Individual lines absorption lines are shallower
and maximum values close to complete transmission are at-
tained. Blazar heating boosts the transmitted flux most ef-
ficiently in lines with intermediate column densities, while
damped Lyman-! systems are almost una!ected. Evidently,
due to these substantial di!erences, the mean transmission
in one of the simulations will be inconsistent with observa-
tional constraints.

In the past, simulated absorption spectra for the
Lyman-! forest were typically not taken at face value. In-
stead, the optical depths were rescaled to match the ob-
served mean transmission values. This can be justified if the
actual UV background in the Universe is only poorly con-
strained. While changing the UV background is expected
to not have a huge dynamical impact in the simulations, it
will significantly change neutral hydrogen fractions, which
are computed under the assumption of ionisation equilib-
rium in the presence of this background. In short, increas-
ing the UV flux by some factor boosts the photoionisation

rate by the same factor, and thereby lowers the lifetime of
a freshly recombined hydrogen atom also by that factor.
In equilibrium, the neutral hydrogen density (and thus also
the optical depths) are proportional to the lifetime of a neu-
tral hydrogen atom. Thus, by tuning the UV background
one can rescale the optical depths. Commonly this was ap-
plied in the following way: using densities and internal en-
ergies from simulations, the corresponding optical depths
were computed. These were then rescaled by an appropriate
change of the UV background such that the resulting mean
transmission was in agreement with observations. This pro-
cedure, however, can ultimately only be justified if the re-
quired UV background after rescaling is still consistent with
observational constraints on the photoionisation rate. This
consistency condition becomes increasingly more important
as more accurate measurements for the background are be-
coming available.

We followed this approach with our simulations, with
and without blazar heating, i.e. we rescaled the optical
depths from the simulations and made them equal to ob-
served values from FG’08 (the latter are indicated in Fig. 7).
In Figure 6, the photoionisation rates that this rescaling
implies are compared to the original FG’09 rates actually
adopted in the simulations, as well as to the observational
constraints on the photoionisation rates from FG’08. We
note that the latter, however, depend on the assumed IGM
EOS. We show them for a standard EOS with T ! "0.62 and
an inverted EOS with T ! "!0.5.

The photoionisation rates required to bring the mean
transmission of the simulation without blazar heating into
agreement with observations is clearly inconsistent with the
FG’08 constraints. It deviates at all considered redshifts by 4
to 7 #. The photoionisation rates required by the simulations
with blazar heating are, in contrast, in good agreement with
measured values. Ideally, we expect them to fall in between
the constraints for the standard and the inverted EOS, as
the slope of the EOS around the mean density, where we
expect the measurements to be most sensitive, is between
"0.5 and 0.62 (see Fig. 2). Indeed, the required photoion-
isation rates exactly populate this region, approaching the
inverted EOS results for stronger blazar heating, which con-
firms our expectation. Note also that the rates required by
the simulations with blazar heating are not very di!erent
from the FG’09 rates that were adopted when performing
the simulations.

Overall, this result shows that rescaling the optical
depths to bring the mean transmission into agreement with
observations is clearly not consistent in the run without
blazar heating. The optical depths in simulations with blazar
heating could in principle be rescaled without violating the
measured photoionisation rates. However, our results would
only mildly change, as the required rates already perfectly
match the measured mean transmissions and are very similar
to the ones that were used in the simulation. Thus, we chose
not to scale the UV background described by the FG’09
model in our further analysis as it agrees well with the FG’08
data, especially when including higher redshift results, al-
lowing us to treat all simulations equally. We hence use the
simulation predictions directly in a self-consistent fashion,
without applying any rescaling to the UV background.

Figure 7 displays the e!ective optical depth, $e! , cor-
responding to the mean transmission defined by e!!eff =

c! 0000 RAS, MNRAS 000, 000–000
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Figure 8. PDFs of the transmitted flux fraction for simulations
with and without blazar heating. Results are shown for redshifts
z = 2.07, 2.52, and 2.94, and for the three di!erent normalisa-
tions of the blazar heating rate. Observational constraints from
Kim et al. (2007) are shown for reference. Especially in the inter-
mediate transmitted flux range of F = 0.05!0.9, the simulations
with blazar heating are in much better agreement with the data
than the simulations without it.

given in Figure 11 for lines with NHI > 1013cm!2. Obser-
vational constraints based on Kirkman & Tytler (1997) are
shown for reference. Again, the data are only consistent with
simulations that include blazar heating.

Figure 12 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 a!ected by blazar heating4, and
all simulations are in reasonable agreement with the data.

4 The distributions depend however significantly on the choice of
the lower column density cuto!.

Figure 9. One-dimensional power spectra of transmitted flux
contrast exp(!!)/"exp(!!)# ! 1. Results are shown for simula-
tions 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. Including blazar heating in the simulations
drastically improves the agreement with this 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 with observed
e!ective optical depths and flux PDFs in these runs.

In sum, we find that the simulation predictions match
the observed properties of Lyman-! absorption systems im-
pressively well when blazar heating is included. In particular,
we would like to stress that the improved agreement with the
observed lower cuto! of line-widths is a direct and indepen-
dent confirmation of high IGM temperatures. Note that this
method does not rely on measurements of the photoionisa-
tion rate; a rescaling of the optical depths would only change
the column densities but not the widths of absorption lines.

4 OUTLOOK AND COSMOLOGICAL
IMPLICATIONS

In this section, we use our previous results on the ef-
fects of blazar heating for the Lyman-! forest and quali-
tatively discuss their impact on estimates of "8 (through
the Lyman-! 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

c$ 0000 RAS, MNRAS 000, 000–000

• Measured temperature of the mean IGM 
in better agreement with blazar heating.

• High transmitted flux fraction in much 
better agreement with blazars -- makes 
IGM hotter, so less recombinations

Puchwein et al 2012



Strong Evolution of TeV Blazars - 
Comparison with Fermi

Spectral Index

Volume 

Instrinsic L 

N (> S) =

� 2

0
dΓ

�
dV

dz
dz

� ∞

L(F=S,z)
dLφB (z, L,Γ)

• Instrinsic L contains the effects of absorption
• Integral over spectral index only includes hard Fermi 
sources: spectral index < 2
•                   contains the rescaled quasar luminosity 
function with an empirical spectral index constructed 
from Fermi data.

φB(z, L,Γ)



Strong Evolution - consistent with log N - 
log S

1FHL Catalog log N - log S

Calculated log N - log S

z < 0.3

z < 0.1

Broderick, Pfrommer, Puchwein, PC (2013)



Strong Evolution - consistent with hard 
blazar redshift distribution

1LAC

2LAC

Theory - continuous and binned

Broderick, Pfrommer, Puchwein, PC (2013)

Strong evolutions is consistent with the observed falloff in 
numbers of hard blazars with redshift - due to flux limit



Summary

• Plasma Physics is important for the propagation of TeV pair beams.
• Beams are violently unstable to the “oblique” and beam-plasma 
instability.

• TeV blazars dominate the heating of the IGM at z < 2-3
• Beats photoheating by an order of magnitude

• Changes the temperature structure of the IGM

• Implications for structure formation - dwarfs and clusters

• Strong evolution is consistent with Fermi observations


