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Prompt emissions from TeV blazars pair produce off the extragalactic background light and the
highly energetic resulting pair beams then cascade through inverse Compton scattering to give
rise to secondary gamma-rays. Such reprocessed cascade emission that can be associated with
individual blazar sources has not been detected thus far. The absence of pair halos around
these sources, along with the non-observation of isotropic gamma-ray background excess, seems
to suggest that collective plasma effects, such as beam-plasma instabilities, can play a crucial
role in alleviating this GeV-TeV tension by transferring the energy from the pair beams into
the background plasma of the intergalactic medium (IGM). This has profound implications not
only for TeV astrophysics, but also the strength of the intergalactic magnetic field and properties
of dark matter (DM). A direct consequence of the instability losses and IGM heating is the
modification of thermal history at late times, which suppresses structure formation particularly
in baryonically underdense regions, potentially holding a clue towards resolving the small-scale
crisis in cosmology. In a blazar-heated universe, the observation of dwarf galaxies and Lyman-𝛼
measurements present a favoured mass range for DM candidates such as light axion-like particles.
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1. Introduction

TeV blazars, ubiquitous in the gamma-ray sky, have prompt TeV emission that is reprocessed
through various cascading mechanisms into the GeV band. At first, the TeV gamma rays, upon
reaching the circumgalactic medium pair produce off the extragalactic background light (EBL),
which is a combination of diffuse X-ray emission from star formation as well as the cosmic
microwave background (CMB). The most abundantly produced pairs, electrons and positrons, can
form a pair beam that propagates through large cosmological distances, well into the cosmic voids.
From the injection at production, the pairs are expected to lose energy through inverse Compton
scattering with the CMB photons, leading to a continuous cascade that creates a GeV flux in the
100 GeV - 1 TeV band. The non-observation of such reprocessed GeV emission [1] has led to three
broad classes of hints.

• A. Pair deflection: Deflection of the charged 𝑒+𝑒− pairs is thought to deviate the visible flux
of the cascaded gamma rays away from the line of sight. The efficacy of this mechanism
depends on the strength of the intergalactic magnetic field (IGMF).

• B. Collective plasma effects: When the pairs in blazar beams interact with the background
thermal plasma of the intergalactic medium (IGM), unstable modes of the Langmuir excita-
tions in the beam can grow leading to an energy drain from the pair beams into the IGM.
However, the efficiency of this process is debated and is not entirely independent of the IGMF.

• C. Beyond the Standard Model processes: The existence of dark matter (DM) candidates
such as axion-like particles (ALPs) that can interact with photons and 𝑒+𝑒− may be able to
eliminate some of the energy away from the cascades.

When the IGMF strength is ∼ O(10−9 G), the pairs are deflected sufficiently far away from
the blazars such that the cascade emission derived from them cannot be associated with a specific
source. This immediately implies an additional contribution to the isotropic gamma-ray background
(IGRB). However, the contribution of the so-called “known” components to the IGRB is well-
understood and primarily comes from various sources such as misaligned AGNs and star-forming
galaxies, which limits the diffuse blazar contribution to ≲ 10%. The absence of any observed IGRB
excess thus points towards a weaker IGMF [2]. In the instance it is weaker than nG-strength, the
deflection of beam pairs should lead to the creation of a diffuse pair halo around the TeV blazars.
Since such pair halos have not been observed by gamma-ray telescopes such as Fermi-LAT [3],
the IGMF could be weaker than 10−14 G. In a recent analysis using 1750 blazars from the Fermi
4FGL catalogue, [2] has inferred that for blazars with an intrinsic power-law cutoff above 5 TeV,
the standard astrophysics of TeV blazars is bound to overproduce the IGRB. The absence of such
an IGRB excess then introduces a sliding scale in the IGMF strength corresponding to a correlation
length of 1 Mpc, while the magnetic deflection or diffusion competes with collective plasma effects.

On the one hand, for an IGMF strength of 10−18 − 10−14 G, either plasma instabilities or
magnetic diffusion of the pair beams could be important, while closer to the upper limit, the
magnetic diffusion can quench the instability growth. On the other hand, for an IGMF strength
≲ O(10−18 G), plasma instability is the leading explanation for the missing cascade within the
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Standard Model. In the subsequent sections, we outline how instability-induced heating of the
IGM leads to interesting consequences for structure formation in the small scale at late times via
its thermal history and indicates a preferred mass window for light DM in presence of such blazar
heating.

2. Plasma instability and IGM heating

2.1 Beam evolution

Amidst various growing modes of instability, electrostatic instabilities are deemed the most
efficient in cooling the cosmic pair beams; however, their exact efficiencies are debated and depend
strongly on parameters such as the beam Lorentz factor, the ratio of the number density of particles
in the beam to that in the background plasma, beam temperature characterised by the initial width
of the momentum distribution at pair injection etc. The induced electric fluctuations within the
beam, due to instabilities or inhomogeneities in the background plasma, leads to a self-heating of
the beam that can subsequently increase its angular width and suppress the instability growth. This
interplay between the energy dissipation and diffusion shapes the evolution of the beam-plasma
system, which can be described in a compact form with a Fokker-Planck equation, as shown for the
first time in [4]:

𝜕

𝜕𝑡
𝑓 (p, 𝑡) = − 𝜕

𝜕𝑝𝑖
[𝑉𝑖 (p, 𝑡) 𝑓 (p, 𝑡)] +

𝜕

𝜕𝑝𝑖

[
𝐷𝑖 𝑗 (p, 𝑘, 𝑡)

𝜕

𝜕𝑝 𝑗

𝑓 (p, 𝑡)
]
, (1)

where in the RHS the first drift term represents energy loss owing to instability V(p, 𝑡) = ¤p and
the second diffusion term shows momentum diffusion through coefficient 𝐷𝑖 𝑗 . As the electrostatic
modes grow, the mode-dependent spectral energy density of the electric field 𝑊 (𝑘) increases as

𝑊 (𝑘, 𝑡) = 𝑊0

∫ 𝜏

0
𝑒2𝛿𝑖 (𝑘 )𝜔𝑝𝑡𝑑𝑡 (2)

over one e-folding time, i.e, growth time T ∼ 1/(𝛿𝑖𝜔𝑝) with generic dimensionless growth
rate 𝛿𝑖 and plasma frequency 𝜔𝑝. For an astrophysical pair beam, a Lorentz factor of 𝛾𝑏 ∼ 105−106

and a density contrast of 𝛼 ∼ 10−18 − 10−15 reflect standard conditions.

2.2 Thermal history of the intergalactic medium

The intergalactic medium undergoes a plethora of heating and cooling processes, the efficiency
of which depends on the local overdensity. Defining the matter overdensity as 𝛿 = (𝜌 − 𝜌)/𝜌, with
𝜌 being the density at a given location, and 𝜌 the cosmic mean density, the thermal evolution of the
IGM is best described as the phenomenological relation:

𝑇 = 𝑇0(1 + 𝛿)𝛾′ (𝑧)−1 = 𝑇0Δ
𝛾′ (𝑧)−1 (3)

where 𝛾′ denotes the index of the tight power law, often characterised as the equation of
state for the IGM, 𝑇 is the temperature of the IGM at a given redshift 𝑧, and the mean density
temperature profile, 𝑇0 [5]. The thermal evolution of the IGM at late times is governed by four
components: a) cooling due to Hubble expansion, b) increase in entropy due to structure formation,
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Figure 1: Temperature-density-redshift relation without blazar heating

c) photoionization, photoheating and various other redshift-dependent processes, and d) heating
of the IGM through other mechanisms [5]. The IGM temperature as a function of redshift and
therefore time is then [6]:

𝑑𝑇

𝑑𝑡
= −2𝐻𝑇 + 2𝑇

3Δ
𝑑Δ

𝑑𝑡
+ 2

3𝑘𝐵𝑛bary

𝑑𝑄

𝑑𝑡
(4)

where the first term on the RHS denotes Hubble cooling due to the expansion of the universe.
Overdensity is represented by Δ and 𝑛bary is the baryon number density. The blazar heating term
is expressed as ¤𝑄𝐵, and all other standard heating and cooling processes are expressed in units of
3860 K per free particle per Gyr, which add to the third term in the RHS as Σstd such that [5]

¤𝑄 = ¤𝑄B + 3𝑘𝐵𝑛𝑏
2

Σstd ¤Q (5)

whereΣstd ¤Q = ¤QH−I,photo+ ¤QHe−I,photo+ ¤QHe−II,photo+ ¤QH−II,rec+ ¤QHe−III,rec+ ¤QCompton+ ¤Qfree−free.
For a heating rate contribution of ¤𝑄𝐵 from blazars, we use the parameterisation based on 40 observed
blazars within 1-𝜎 uncertainty as shown in [7], [8]:

log10

(
¤𝑄B/𝑛bary

1eVGyr−1

)
= 0.0315(1 + 𝑧)3 − 0.512(1 + 𝑧)2 + 2.27(1 + 𝑧) − log10

¤𝑄mod. (6)

In this work, the following parameter 𝑝 describes the contribution of blazar heating as
log10

¤𝑄mod = 𝑝 = {3 − 6} for moderate to weak blazar heating cases, depending on the insta-
bility growth rate. We show the temperature-density relation as a solution to Eq. 4, neglecting
local changes to overdensity at the redshift window of interest 𝑧 ∼ 2 − 3.5, in Figs. 1, 2, and 3
without blazar heating, for weak blazar heating (𝑝 = 5.5), and moderate blazar heating (𝑝 = 3.5)
respectively. In Fig. 1, the slope of the temperature-density relation is qualitatively consistent with
canonical heating mechanisms described above [5] without shocks or additional heating compo-
nents such as plasma instabilities. Subsequently, in presence of weak blazar heating 𝑝 = 5.5, we
witness the transition to inverted 𝑇 − 𝜌 and 𝑇 − 𝑧 relations in Fig. 2, while the expected inversion
is clearly visible in Fig. 3 for moderate blazar heating 𝑝 = 3.5. In order to understand the realistic
heating scenario, we plot the IGM temperature at mean density for a range of 𝑝, as shown in Fig. 4
using Lyman-𝛼 datasets [9],[10].
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Figure 2: Temperature-density-redshift relation for weak blazar heating characterised by 𝑝 = 5.5
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Figure 3: Temperature-density-redshift relation for strong blazar heating characterised by 𝑝 = 3.5
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Figure 4: Temperature at mean density in
units of 104 K plotted against redshift for
various degrees of blazar heating within the
range 𝑝 = 3 − 6. Lyman-𝛼 measurements
of the IGM temperature at mean density are
shown as datapoints in orange for Hiss et
al. (2018) [10] and blue for Walther et al.
(2019)[9].

We have set 𝑧 = 3.5 as the end of reionization while
initializing our computation in solving for the redshift-
dependent temperature-density relation. The main source
of uncertainty in the calculation stems from the HeII mod-
els used.

3. Impact on late-time structure formation

Fuelled by the discrepancies between cosmological
simulations and observations of dwarf galaxies, there is a
long-standing doubt cast on the validity of the collision-
lessΛCDM scenario in the small-scale, in terms of the so-
called “missing satellite problem”, “cusp vs. core issue”,
and the “too-big-to-fail problem” [11]. Apart from mod-
elling various baryonic feedback processes, modifications
to the standard cold dark matter paradigm have been pro-
posed by either making DM collisional (self-interacting)
or relativistic to introduce a cutoff scale (warm DM), or
invoking the fluid-like behaviour of light scalars such as
ALPs. In presence of blazar heating, a hotter IGM leads to
an elevated pressure scale, with its impact on late-forming
structures of particular significance. In order to understand how this fares against the predictions of
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DM models that suppress the small-scale power, correction due to both to the mass confined within
the corresponding pressure scale, i.e., the Jeans masses should be taken into account.

3.1 Modification of pressure scale

The Jeans wave mode for a halo depends on the sound speed 𝑘J,th(𝑎) ≡
(
𝑎/𝑐s,th(𝑎)

) √︁
4𝜋𝐺�̄�(𝑎)

where the scale factor 𝑎 ≡ 1/(1 + 𝑧) and 𝐺 is the gravitational constant. Considering the index
of the equation of state 𝛾gas = 5/3 for H & He, the corresponding sound speed is estimated as
𝑐s,th(𝑎) ≡

√︁
5𝑘𝑇 (𝑎)/3𝜇𝑚𝑝 where mean molecular weight 𝜇 = 0.533 such that 𝑚 = 𝜇𝑚𝑝, with

𝑚𝑝 as proton mass for standard IGM conditions. 𝑇 (𝑎) is the redshift (scale factor)-dependent gas
temperature and 𝑘𝐵 represents the Boltzmann’s constant. In this work, we confine the discussion
regarding DM to light ALPs that have a non-zero contribution to the sound speed, introducing an
axionic Jeans scale 𝑘J,a(𝑎) =

(
16𝜋𝐺�̄�(𝑎)𝑚2

𝑎

)1/4 where 𝑚𝑎 is the ALP mass.
Changes in pressure require finite time to impact the IGM gas distribution in presence of Hubble

expansion, and the Jeans scale only takes into account the instantaneous sound speed. Taking the
entire thermal history of the IGM into account, a better measure in terms of a filtering scale 𝑘𝐹 can
be introduced such that the baryonic and DM perturbations, written as 𝛿𝑏 and 𝛿𝑋 respectively, grow
according to 𝛿𝑏 = 𝛿𝑋 exp

[
−𝑘2/𝑘2

𝐹

]
. Above this scale the baryonic perturbations are smoothened in

linear perturbation theory, setting a characteristic mass scale. For relatively high redshifts up until
after reionization 2 < 𝑧 ≲ 3.5, we can compute the filtering-scale wave mode from an effective Jeans
scale using an Einstein-deSitter approximation for matter-dominated models, with a corresponding
filtering mass 𝑀F(𝑎) ≡ (4𝜋/3) �̄�(𝑎) (2𝜋𝑎/𝑘𝐹 (𝑎))3 such that

1
𝑘2
𝐹
(𝑎)

=
3
𝑎

∫ 𝑎

𝑎min

𝑑𝑎′
1

𝑘2
𝐽
(𝑎′)

[
1 −

(
𝑎′

𝑎

)1/2
]

(7)

3.2 Void dwarfs and limits on light ALP mass

We note from Figs. 2 and 3 that the impact of blazar heating is most prominent in underdense
regions. Dwarf galaxies are largely dark-matter dominated structures that are isolated when residing
in a cosmic void, and their merger and accretion histories are thus significantly less rich compared
to their counterparts in denser environments. Thus, void dwarfs serve as excellent testbeds for
exploring the permitted parameter ranges for light DM in presence of blazar heating.

Characteristic masses of dwarf galaxies in the field and the local void have been estimated
using the latest stellar kinematics measurements from the Keck Cosmic Web Imager (KCWI) [12].
We derive the corresponding ALP masses for void and field dwarfs that are presented in Fig. 5
shown as blue crosses with 1𝜎 error as the beige contour, in panel (a)-(b) and (c)-(d) respectively.
The left (right) panels represent 𝑝 = 5.5 (𝑝 = 6). We note that dwarf galaxy characteristic masses
are comparable to halo filtering masses at a given redshift, especially for those without significant
environmental effects such as mergers and tidal disruptions. From Fig. 5, we infer a favoured ALP
mass range of 10−10.5 − 10−8.5 eV for void dwarfs, and 10−10 − 10−9 eV for field dwarfs, using the
degree of heating parameterised as 𝑝 = 5.5 and 𝑝 = 6. For our analysis, we chose weak heating to
conservatively demonstrate the impact of blazar heating on the filtering scale and the ALP masses
they correspond to.
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Figure 5: Favoured light ALP masses derived from KCWI measurements of dwarf galaxy characteristic
masses with 1𝜎 contour, with top panels (a)-(b) for void dwarfs and bottom panels (c)-(d) for field dwarfs.
The panels on the left side (a), (c) correspond to 𝑝 = 5.5 and panels to the right (b), (d) are for 𝑝 = 6.

4. Summary and outlook

The absence of an observed IGRB excess due to diffuse blazar cascades and non-observation of
pair halos associated with TeV blazars indicate a feeble IGMF that competes with plasma instabilities
in resolving the GeV-TeV tension. Such collective plasma effects transport energy from the pair
beams into the IGM through unstable electrostatic Langmuir oscillation modes, altering its thermal
state locally with its effect most pronounced in underdense regions such as the cosmic voids. Even
though particle-in-cell simulations estimate that ≲ 10% of the beam energy could be lost through
instabilities [4], it can still contribute to considerable IGM heating. Computing a global average
heating from such instability-associated losses in blazar beams, we applied Lyman-𝛼 measurements
to refine the ranges of degree of heating consistent with the IGM temperature at mean density. Our
results are applicable to the linear regime, and hold particular significance in environments where
the baryonic components co-evolve with DM. Assuming that all of DM is composed of stable light
ALPs, we derived favoured ALP masses in the range 10−10.5 − 10−8.5 eV and 10−10 − 10−9 eV
in presence of blazar heating based on respectively the characteristic masses of the void and field
dwarf galaxies computed from the KCWI stellar kinematics datasets.
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