
New absorption window into composite dark matter and large scale structure

Anoma Ganguly ,* Rishi Khatri,† and Tuhin S. Roy‡

Department of Theoretical Physics, Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai 400005, India

(Received 15 December 2023; accepted 7 February 2024; published 7 March 2024)

We propose a new method to hunt for dark matter using dark forest/absorption features across the whole
electromagnetic spectrum from radio to gamma rays, especially in the bands where there is a desert, i.e.,
regions where no strong lines from baryons are expected. Such novel signatures can arise for dark matter
models with a composite nature and internal electromagnetic transitions. The photons from a background
source can interact with the dark matter resulting in an absorption signal in the source spectrum. In case of
a compact source, such as a quasar, such interactions in the dark matter halos can produce a series of
closely spaced absorption lines, which we call the dark forest. We show that the dark forest feature is a
sensitive probe of the dark matter self-interactions and the halo mass function, especially at the low mass
end. There is a large volume of parameter space where dark forest is more sensitive compared to the best
current and proposed direct detection experiments. Moreover, the absorption of cosmic microwave
background (CMB) photons by dark matter gives rise to a global absorption signal in the CMB spectrum.
For dark matter transition energies in the range 2.5 × 10−4 − 5 × 103 eV, such absorption features result
in spectral distortions of the CMB in the COBE/FIRAS band of 60–600 GHz. If the dark matter transition
frequency is in the 100–200 GHz range, we show that the absorption of CMB photons by dark matter can
provide an explanation for the anomalous absorption feature detected by the EDGES collaboration in the
50–100 MHz range.
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I. INTRODUCTION

Dark matter, although making up a major fraction of the
matter content in our Universe, continues to remain a
mystery. Owing to its elusive nature, the different experi-
ments searching for it [1,2] have until now only succeeded
in placing stringent constraints on its possible interactions
beyond the usual gravitational force. The allowed parameter
space for possible dark matter candidates is huge, with
masses roughly ranging from 10−22 eV ultralight bosons to
1043 GeV compact objects. A naive estimate for the
smallest dark matter mass can be obtained by restricting
the de Broglie wavelength of dark matter to galactic scales
∼kpc. For dark matter velocity dispersion ∼100 km=s, the
lower limit on dark matter mass comes out to be∼10−22 eV.
More careful analyses using observations of ultrafaint dwarf
galaxies [3,4] and satellite galaxies of the Milky Way [5]
improve the lower limit on the dark matter mass to be in the
∼10−21–10−19 eV range. Therefore a more clear picture of
the true nature of dark matter can only start emerging if we
find new methods to look for dark matter in experiments.
The current searches for dark matter broadly fall into three

categories: direct detection, where detectors search for
nuclear/electronic recoil due to dark matter; indirect detec-
tion, where experiments look for emission signals of
different Standard Model particles produced from dark
matter annihilation, decay, etc.; or collider searches, where
high energy accelerators try to produce dark matter by
colliding Standard Model particles. The absence of a
distinct signature of dark matter in any of these searches
so far not only hints at its far more nuanced nature, but also
calls for new detection strategies. In this work, we propose a
novel method to look for dark matter in the absorption lines
of a background source. The main advantage of absorption
lines is their ability to probe very weak interactions between
dark matter and photons, which is possible if the back-
ground source is sufficiently bright.
Absorption lines are a generic feature of a class of models

where dark matter is a composite particle with a discrete
energy spectrum. The presence of a small electromagnetic
coupling can allow the transitions between different dark
matter energy states via emission/absorption of a photon.
As a specific example, we will consider dark matter to be a
composite particle made of two elementary particles of
the dark sector. A strong dark attractive potential between
the constituents makes dark matter stable on cosmological
scales. As a whole, dark matter stays electromagnetically
neutral, while the constituents carry a millicharge.
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This simple model allows us to describe dark matter as a
bound state with weak electromagnetic transitions similar to
a hydrogen atom. The generic signatures of such models
will include both absorption as well as emission lines in
experiments. While a lot of work in the past has been on
composite dark matter induced emission lines [6–9] and
electromagnetic signals in colliders [10,11], only a few
touch upon the absorption signatures of dark matter [12,13].
In addition to electromagnetic/radiative transitions, the
transitions between different energy states can happen via
inelastic scattering between dark matter particles. This has
been studied in the context of small scale structure problems
like the core-cusp problem and the missing satellite problem
[14–30]. Additionally, composite dark matter models have
also been invoked to resolve the Hubble tension [31,32]. We
would like to emphasize that even though our dark matter is
a bound state of millicharged constituents, as a whole it is
electromagnetically neutral. Therefore the existing direct
and indirect constraints on millicharged dark matter models
do not directly apply to us. However, higher order electro-
magnetic moments of dark matter give rise to signals at
direct detection experiments especially sensitive to small
recoil such as XENON 10 [33], XENON 100 [34,35],
Dark-Side [36], SENSEI (protoSENSEI@surface [37] and
protoSENSEI@MINOS [38]), and CDMS-HVeV [39]. We
discuss these constraints in Sec. V.
In this work, we focus on the less studied and more

promising signature of composite dark matter: the absorp-
tion of light. The absorption line from dark matter inside a
single galaxy cluster at gamma ray frequencies was studied
in [12,13]. However, there is no a priori reason to be
confined to the gamma-ray band. In particular, the detection
of an absorption line unidentifiable with the known tran-
sitions in baryonic atoms or molecules in any part of the
electromagnetic spectrum is a tell-tale signature of such dark
matter models. In addition to a single absorption line, we
can even have a collection of absorption lines or dark forest
similar to the Ly-α or 21 cm forest generated by the neutral
hydrogen atoms. The dark forest arises due to absorption of
light by dark matter halos along the line of sight (LOS) to a
quasar. We show that the dark forest opens a new window to
the large scale structure as it traces the evolution of dark
matter temperature and distribution inside the dark matter
halos through the cosmic history.
We make a detailed study of the evolution of dark forest

from redshift of 7 to 0 for dark matter transitions at
radiowave frequency of 156 GHz. Interestingly, we find
that the amount of absorption by a dark matter halo of a
given mass is sensitive to the presence of dark matter self-
interactions. Moreover, the density of absorption lines has a
strong dependence on the smallest dark matter substructures
present in the Universe. In general, the dark forest can
appear in any part of the electromagnetic spectrum includ-
ing radio, microwave, infrared, optical, x ray, and gamma
ray bands. In particular, the detection of absorption lines in

the spectrum of a bright quasar at z ∼ 6 at frequencies
< 200 MHz, below the 21 cm forest of neutral hydrogen,
will be a smoking gun signature for this model. This may be
possible with the upgraded Giant Meterwave Telescope
(uGMRT) [40,41] and the Square Kilometer Array (SKA)
[42] which have lowest frequency bands in 50–350 and
125–250 MHz, respectively.
When the isotropic cosmic microwave background

(CMB) acts as a background source, the absorption of
CMB photons by inelastic composite dark matter gives rise
to a global absorption feature in the CMB spectrum. The
origin of the global absorption signal from transitions in
dark matter is similar to the global absorption feature
caused by the hyperfine transitions in neutral hydrogen
during the Dark Ages [43–46]. After dark matter decouples
from the electron-baryon plasma, it cools as ð1þ zÞ2, with
the temperature soon becoming much lower than the CMB
temperature. At very high redshifts, the strong inelastic
collisions between dark matter particles bring the two dark
matter energy levels in kinetic equilibrium with the dark
matter temperature. The dark matter temperature being
much lower than the CMB temperature implies that the
dark matter particles in the ground state can absorb
the CMB photons and generate an absorption signal in
the CMB spectrum. As the Universe cools and the number
density of dark matter particles gets diluted, the radiative
transitions due to CMB photons take over the dark matter
collisional transitions, bringing the level population in
equilibrium with the CMB temperature and the signal
vanishes. An important difference from 21 cm cosmology
is the role of bremsstrahlung, which is important before
recombination when the Universe has an ample number of
electrons and protons. This process can erase spectral
distortions in the low frequency tail of the CMB before
recombination and establish an almost perfect blackbody
spectrum in the Rayleigh-Jeans tail. Thus, the high redshift
(low frequency) edge of the absorption signal is entirely
determined by bremsstrahlung, while the low redshift
(high frequency) edge of the signal depends on the ratio
of collisional to radiative coupling of dark matter.
Tantalizingly, we find that the absorption of CMB photons

by dark matter with a transition frequency in the 100–
200 GHz range at redshifts ∼4000–1000 can produce a
global absorption feature that is consistent with the mea-
surements of the Experiment to Detect the Global Epoch of
reionization Signal (EDGES) collaboration [47,48]. The
EDGES collaboration reported a strong absorption feature
which is almost double in amplitude compared to the
maximum absorption expected from 21 cm absorption by
hydrogen in the Standard Model of cosmology. Another
experiment called the Shaped Antenna measurement of the
background Radio Spectrum (SARAS 3) [49] has disfavored
the EDGES absorption profile from being cosmological in
origin. A recent paper from the EDGES collaboration [50]
does a Bayesian analysis jointly constraining the receiver
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calibration, foregrounds, and the measured signal reaffirm-
ing the presence of an absorption feature. Several other
groups such as Large aperture Experiment to detect the Dark
Ages (LEDA) [51–53], Probing Radio Intensity at high Z
from Marion (PRIZM) [54], Radio Experiment for the
Analysis of Cosmic Hydrogen (REACH) [55], Sonda
Cosmológica de las Islas para la Detección de Hidrógeno
Neutro (SCI-HI) [56], and Cosmic Twilight Polarimeter
(CTP) [57] are working on validating these claims. Even if
the exact profile measured by EDGES turns out to be due to
systematics, an anomalously large amplitude of the absorp-
tion signal would still require beyond Standard Model
physics, if confirmed by other experiments. The proposed
solutions to the EDGES anomaly broadly fall into two
classes: decreasing the spin temperature of neutral hydrogen
by cooling the baryons via elastic scattering with milli-
charged dark matter [58], or increasing the radiation temper-
ature at radiowave frequencies [59]. A large chunk of the
parameter space of the vanilla millicharged dark matter has
been ruled out by the early Universe observations of CMB
and big bang nucleosynthesis (BBN) [60–63]. Recent works
in the literature have tried to reopen this parameter space by
introducing additional features such as two-component
[64,65] and composite millicharged dark matter [66].
We begin with a discussion of the theoretical framework

of composite dark matter in Sec. II. We make a detailed
study of the unique absorption signatures of such dark
matter models in Sec. III, where we discuss the physics of
dark forest in Sec. III A, and the global absorption feature
in the CMB spectrum in Sec. III B. We then proceed
towards the implications of different astrophysical experi-
ments in Sec. IVand direct detection experiments in Sec. V
on the allowed parameter space for our dark matter model.
We conclude our results in Sec. VI.
We use the Planck 2018 [67] cosmological parameters

(Hubble constant: H0 ¼ 100h ¼ 67.66 km s−1Mpc−1,
Ωm ¼ 0.3111, and Ωb ¼ 0.049). We also use the publicly
available codes RECFAST++ [68,69], COLOSSUS [70], and
FeynCalc [71–73] in our analysis.

II. A THEORETICAL FRAMEWORK
FOR THE DARK SECTOR

In this section, we set up a theoretical framework for the
underlying physics of the dark sector whose principal
modes of observation are absorption features in the spec-
trum of a background source. We begin by describing the
minimal (simplified) model of the dark sector. In particular,
we chalk out the essential parametrizations needed in order
to describe the physics of the absorption signatures of the
dark sector quantitatively. For the purpose of phenomeno-
logical studies, this discussion is sufficient and the reader
may skip Sec. II B. The purpose of Sec. II B is to put the
simplified model in Sec. II A on a firmer theoretical ground.
We present a proof of principle model where the simplified

model emerges dynamically at low energies because of
confinement in a strongly coupled dark sector.

A. A simple two-state dark matter model

The main ingredients of the setup is a dark sector (shown
in Fig. 1) characterized by two states, namely the ground
state (state 0) and the excited state (state 1). Interchangeably
we will refer to state 0 as particle χ (with massmχ) and state
1 as particle χ� (with mass mχ�). As shown in the figure, the
minimal model allows for transition χ� → χ þ γ, which
suggests that the total angular momentum (J) of χ and χ�
differ by 1. We will choose χ to be a scalar state (J ¼ 0) and
χ� to be a vector state (J ¼ 1). The existence of electro-
magnetic transitions also dictates that χ and χ� must have
identical quantum numbers for all other possible symmetry
transformations. For example, if we invoke an additional
symmetry that makes χ stable, then the particle χ� must
carry the same nontrivial charge as χ, since the only
distinction between χ and χ� is the angular momentum
quantum number. Therefore, without loss of generality, we
can take the ratio of degeneracy of state 0 (say g0) and state
1 (say g1) to be g1=g0 ¼ 3.
We denote the rest energy of χ and χ� by E0 ¼ mχc2 and

E1 ¼ mχ�c2, respectively. In this work, we assume the
energy splitting between the two states to be hierarchically
smaller than the mass scales themselves. Mathematically,
the energy of the emitted (absorbed) photon Eγ satisfies

Eγ ¼ hν0 ≡ kBT� ¼ E1 − E0 ¼ ðmχ� −mχÞc2
≪ mχc2 < mχ�c2; ð1Þ

where h is the Planck’s constant and kB is the Boltzmann
constant. We also took the opportunity to define the
transition temperature (T�) and frequency (ν0) in Eq. (1).
Below, we discuss only the minimal set of parametriza-

tions needed to describe the physics of absorption signa-
tures of the dark sector:

(i) The population of dark matter particles in the two
states is decided by the collisional and radiative
transition rates. The ratio of the number density of
dark matter particles in the ground state (n0) with
respect to the excited state (n1) is parametrized by
the excitation temperature Tex,

FIG. 1. Electromagnetic transition in the simplified dark matter
model characterized by two states χ and χ� with an energy
splitting Eγ .
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n0
n1

≡ g0
g1

expðT�=TexÞ: ð2Þ

In our simplified model, the occupation number of
0 and 1 states gives the total dark matter number
density,

nχ ¼ n0 þ n1: ð3Þ

(ii) The transition between the two states can happen via
emission/absorption of a photon which is parame-
trized in terms of Einstein A and B coefficients in the
following way:
The number of radiative transitions per unit time

per unit volume from level 0 to level 1 is propor-
tional to the Einstein coefficient B01,

dn0→1

dt
¼ n0B01J̄; ð4Þ

where J̄ is the mean intensity of incident light. The
number of radiative transitions per unit time per unit
volume from level 1 to level 0 is a sum total of
spontaneous emission which is proportional to the
Einstein coefficient A10 and stimulated emission
which is proportional to B10,

dn1→0

dt
¼ n1ðA10 þ B10J̄Þ: ð5Þ

The Einstein coefficients A10, B01, and B10 are
related to each other via the Einstein relations which
follow from the principle of detailed balance,

A10 ¼
2hν30
c2

B10;

g0B01 ¼ g1B10: ð6Þ

In this work, we parametrize the Einstein coefficient
for hyperfine transitions in the dark sector in terms
of the Einstein coefficient for hyperfine transitions in
the hydrogen atom,

A10 ¼ αAAHI
10; where AHI

10 ¼ 2.85× 10−15 s−1: ð7Þ

We will set αA ¼ 0.35 in our numerical compu-
tations (see Sec. IV for justification) unless stated
otherwise.

(iii) The transition between the two states can also happen
via inelastic collisions between dark matter particles
parametrized in terms of the collisional excitation
and deexcitation coefficients C01 and C10, respec-
tively. The number of collisional transitions per unit
volume from level i to level j is given by

dni→j

dt
¼ niCij; ð8Þ

where i ≠ j and i, j run from 0 to 1. For a thermal
velocity (Maxwell Boltzmann) distribution of dark
matter particles at temperature Tχ , the two collisional
coefficients are related as

CijðTχÞ ¼
gj
gi
expð−T�=TχÞCjiðTχÞ: ð9Þ

In case of a quasar, we simply consider the impli-
cations for two extreme scenarios, onewhere inelastic
collisions are completely absent (collisionless dark
matter) and the other where the inelastic collisions are
strong (collisional dark matter) [see Eq. (14) in
Sec. III A]. In case of CMB as a background source,
we use intermediate collisional cross-section param-
eters as a function of dark matter temperature [see
Eq. (23) of Sec. III B for details].

B. The composite dark sector

In this subsection, we provide a proof of principle
scenario when the simplified model described in the
previous section emerges dynamically for a strongly coupled
dark sector. As we show later in this subsection, our setup
consists of an ultraviolet (UV) complete model with a non-
Abelian gauge theory (dark color) with specifically designed
matter (dark quarks) which carry small electromagnetic
charges. The low energy spectrum of this theory consists
of color neutral bound states. Similarly, our candidates for
dark matter (χ and χ�) are bound states with 0 electric
charge. However, the higher electromagnetic moment oper-
ators involving χ, χ�, and electromagnetic field tensor Fμν

allow for the radiative transitions χ� → χ þ Aμ.
In the effective model we describe below, we will not

explicitly specify the mechanism by which the dark quark
acquires a millicharge. There exist different mechanisms in
literature for generating dark quarks with a small electro-
magnetic coupling [74–77]. An important point to note is
that in these models the millicharge of dark quarks is not
due to the kinetic mixing between the photon and a dark
photon. In cases where a dark photon exists, we assume the
dark photon to be massive enough that it is nonrelativistic at
the time of BBN and does not contribute to the relativistic
degrees of freedom (Neff ). The dark photon also does not
play any direct role in the cosmological scenarios consid-
ered in this work.
Before we build such a model, we note the following set

of considerations which guided us in the model-building
exercise. Even though each of these conditions need not be
fulfilled strictly, stating them is useful. This not only allows
us to stay general but also provides a direction for building
the dark sector model as described later in this subsection.
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(A) Consider first the simplified scenario described in
the previous section. As discussed before, all states
linked via electromagnetic transitions must have the
same quantum numbers apart from the total angular
momentum. In our model we introduce an Abelian
symmetry [say Uð1ÞD] which gives χ a nonzero
charge (call it darkness number). The entire tower of
states (call it dark tower) (which in principle can be
connected to χ via one or multiple electromagnetic
transitions) must therefore have the same darkness
number.

(B) By construction, we have χ and the entire tower of
transitioning states electrically neutral. This allows us
to evade strong bounds from CMB [78,79], virial-
ization in dark matter halos, elliptical shape of
galaxies [80], bullet cluster [81], etc. In our model,
the states in the dark tower are composites of
constituents having small electric charge. Therefore
the operators that give rise to χ� → χ þ γ transition
are irrelevant.

(C) We demand that our UV model must yield the
composite state with

Eγ ≪ Ebinding ≲mass of composite state: ð10Þ

Composite states with binding energy comparable
to the transition energy (as described in previous
section) yield signals of ionization (typically much
stronger) in the vicinity of emission/absorption lines.
In the early Universe, ionized dark matter will be
subject to radiation pressure similar to the baryons
which can modify the CMB acoustic peaks, imprint
acoustic oscillation features in the dark matter power
spectrum, and erase structure on small scales. At late
times, the Coulomb scattering between ionized dark
matter particles inside a halo can give rise to cored
central density profiles (see Sec. IV for details). This
suggests that for scenarios where the transition
energy and binding/ionization energy are similar
(Eγ ≃ Ebinding), the signals from ionization are a far
better probe. The mass of dark matter also plays an
important role in the strength of the absorption
signal. A smaller dark matter mass yields a larger
number density which in turn gives rise to a stronger
signature in the spectrum of a source.

We now describe our proof-of-principle UV complete
model which at low energy can yield the simplified setup
described in the previous section. In our model, the dark
matter χ is a bound state of dark quarks, where the dark
gluons of a non-Abelian SUðNÞ gauge theory provide the
attractive potential. The matter content of the model under
the gauge group as well as charges under additional global
symmetries (flavor) are listed in Table I. The model is
characterized in terms of three scales:

(1) ΛN : the intrinsic scale of dark color (roughly related
to the scale at which the gauge coupling of dark
color becomes strong),

(2) MQ: the scale of heavy quarks (QD and Qc
D) and,

(3) mq: the scale of light quarks (qD and qcD).
The mass terms for the dark quarks in Weyl representation
are therefore given by

L ⊃ MQQDQc
D þmqδabqDaqcDb þ H:c:; ð11Þ

where a and b are the flavor indices.
The physics of the model at high energy is rather simple

and straightforward. The infrared (IR) spectrum however
requires careful thinking. Below we summarize the essen-
tial features of the low energy behavior:

(i) We utilize the mild hierarchy: mq < ΛN < MQ. The
mass term for dark quarks in Eq. (11) ensures
that the condensate hqDqcDi is flavor diagonal signal-
ing that the global SUð2ÞDL × SUð2ÞDR ×Uð1ÞDL ×
Uð1ÞDR gets spontaneously broken into a diagonal
SUð2ÞDV ×Uð1ÞD, with an additional axial Uð1ÞA
broken by the dark color itself. However, a nonzero
mq itself explicitly breaks the axial SUð2ÞDA . There-
fore, there are no massless Nambu-Goldstone bo-
sons (NGBs), but there exist three light pseudo-
NGBs or dark pions πD lying in the coset SUð2ÞDL×
SUð2ÞDR=SUð2ÞDV . One can use the usual exponential
parametrization to express πD as

ΣD ≡ exp

�
2iπD
fD

�
where πD ≡ πaDt̃

a;

and ΣD⟶
SUð2ÞDL×SUð2ÞDRLDΣDR

†
D: ð12Þ

The broken generators t̃a belong to the coset, fD is
the energy scale of the dark condensate hqDqcDi, and
LD and RD are transformation operators for SUð2ÞDL
and SUð2ÞDR , respectively.

(ii) We identify Uð1ÞD as the global symmetry respon-
sible for stability of dark matter, and charges under
Uð1ÞD as the darkness number. We take Q̄DqD
bound state (darkness number −1) as the candidate
for dark matter. Similar to the matter antimatter
asymmetry in the visible sector, the asymmetry in

TABLE I. The dark quarks in the Weyl representation and their
charges under gauge and global symmetries.

SUðNÞ SUð2ÞDL SUð2ÞDR Uð1ÞD Uð1Þem
qD N 2 1 0 þϵ̄
qcD N̄ 1 2̄ 0 −ϵ̄
QD N 1 1 þ1 þϵ̄
Qc

D N̄ 1 1 −1 −ϵ̄
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the number of dark (darkness number −1) versus
antidark states (darkness number þ1) yields the
observed dark matter abundance.

(iii) The lowest lying bound state Q̄DqD contains both
spin 0 (pseudoscalar) and spin 1 (vector) states. We
take the spin 0 state as the candidate for χ and spin 1
state for χ�. A convenient way to represent these four
physical states collectively is using a matrix field Xv
which is an eigenstate of the velocity v of the dark
bound state,

Xv ≡ Pþðχ�μγμ − χγ5Þ: ð13Þ

The projection operator Pþ ¼ 1
2
ð1þ vÞ captures

only the small fluctuations (≪ MQ) for this heavy
quark effective field theory (HQET) [82–85].

(iv) χ − χ� exhibits a nearly degenerate system. The mass
difference between χ and χ�, known in the literature
as the hyperfine splitting Eγ , arises from operators
shown in (A7) of Appendix A. This splitting is
suppressed by the heavy quark mass MQ, but
contains a number of unknown parameters and in
the limit MQ → ∞, χ and χ� become exactly
degenerate.

(v) The spontaneous emission rate for the χ� → χγ
process is computable within the paradigm of the
chiral Lagrangian for the heavy-light systems using
the operator mentioned in Eq. (A8) of Appendix A.

(vi) In order to derive the χ�χ�πD or χχ�πD couplings,
one needs to take into consideration the symmetry
properties of the heavy-light bound states. It is
conventional to write the interactions between the
bound states and dark pions by defining the vectorial
and axial currents which contain the dark pions.
These couplings also contribute nontrivially to the
hyperfine splitting as well as the transition rates. In
this work, we assume Eγ < mπD , which implies that
as far as χ� ↔ χ transitions are concerned, we can
disregard the dark pion transitions.

One cannot help but notice at this point the essential
similarities of our dark sector model with the Standard
Model of particle physics. In nature, the strong interactions
of quantum chromodynamics (QCD) play a similar role in
producing heavy-light bound states such as D mesons or B
mesons. The spontaneous breaking of the approximate
chiral symmetry associated with the light quarks of the
visible sector gives rise to pions [pseudo-Nambu-
Goldstone bosons (pNGBs) of the visible sector] with
substantial interactions with the heavy light mesons.
Following the formalism of the chiral Lagrangian for
the heavy flavor [86–88], one can write down the form
of interaction between the dark states and the dark pions,
and estimate the hyperfine splitting, transition rates, etc.
Even though the formalism of HQET seems to describe

the different properties of the B and D meson states, such as

the pattern of their couplings and mass gaps extremely well,
there is one crucial drawback. The physics of these states is
described in terms of unknown constants. While in the
context of states in the visible sector, the existence of data
allows us to determine these constants (which in turn,
makes it possible to predict several other observables rather
precisely), such a procedure is not practical for our dark
bound states. We also cannot just scale up QCD to predict
these, since the number of colors, flavors, and pattern of
masses are not the same. Of course, lattice QCD can make
definitive statements about the size of splittings and photon
transition rates, but such an exercise is beyond the scope of
this work.

III. EXPERIMENTAL SIGNATURES

The composite dark matter particle can make an electro-
magnetic transition from the ground state to an excited state
by absorbing a photon. Such transitions can give rise to
unique experimental signatures in the form of absorption
lines in the spectrum of a bright background source. In
particular, the detection of a new absorption line, not
identifiable with a known atomic or molecular transition
in any part of the electromagnetic spectrum, would be a
smoking gun signature for such dark matter models.
The high dark matter density in structures like dark matter

halos and dwarf galaxies makes these sites ideal targets that
can generate such absorption signals. In particular, when
one such object lies along the line of sight (LOS) to a
compact source, the absorption of light by the composite
dark matter particles inside these objects produces an
absorption line in the source spectrum. The shape of the
line is characterized by the density and velocity distribution
profile of dark matter particles inside the absorber. In reality,
we will have multiple such absorbers along the LOS to a
distant quasar resulting in a series of absorption lines at
different frequency locations in the observer’s frame. The
frequency location of the absorption lines is decided by the
transition frequency and the redshift of the absorber. We
study the absorption lines in the spectrum of a compact
source for a single absorber by taking an example of a dwarf
galaxy and a general dark matter halo in Sec. III A 1. We
then proceed towards the case of multiple absorbers along
the LOS to a quasar in Sec. III A 2.
When the source is isotropic, i.e. the CMB, the

composite dark matter particles absorb the CMB radiation
giving rise to a broad global absorption feature in the CMB
spectrum.We study such a dark global absorption feature in
Sec. III B.

A. Absorption lines in the spectrum of a compact source

When the LOS to the compact source passes through an
absorber, such as a dark matter halo, the composite dark
matter particles inside these structures can absorb the
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incident light, imprinting an absorption feature in the source
spectrum. Similar to absorption, we can also have emission
lines from dark matter imposed on the average spectrum of a
galaxy inside the dark matter halo.
In the rest frame of a pointlike absorber situated at

redshift z0, the absorption/emission happens at the transition
frequency ν0. Because of the expansion of the Universe, the
absorption/emission line is observed today at a frequency
ν ¼ ν0=ð1þ z0Þ. However, complication arises for absorb-
ers of finite size and nontrivial density and velocity profiles
in different possible astrophysical scenarios.

(i) Dark matter density profile: For an extended
absorber intersected by the LOS to the source at
an impact parameter p (as shown in Fig. 2), the
cumulative net absorption (true absorption minus
stimulated emission) gets contribution from all of the
particles present along the LOS, which is denoted
by s. Let us consider a line element ds (in Fig. 2)
along the LOS. The true absorption (stimulated

emission) is proportional to the number density of
dark matter particles in the ground (excited) state,
which in turn is proportional to the total number
density of dark matter particles nχðrÞ ¼ ρðrÞ=mχ ,
where ρðrÞ is the dark matter density at a distance r
from the center.

(ii) Excitation temperature: The population of dark
matter particles in the two states at a radius r inside
the dark matter halo is determined by the excitation
temperature Tex defined in Eq. (2). The excitation
temperature is determined by two processes, namely,
the radiative transitions due to the CMB photons
which try to bring the two levels in kinetic equilib-
rium with the CMB temperature [Tγðz0Þ], and the
collisional transitions due to inelastic collisions
between dark matter particles inside the halo, which
try to bring the two levels in kinetic equilibrium with
the temperature of the halo [ThðrÞ]. In this work we
will study two extreme scenarios for dark matter
(DM) inelastic self-interactions,

TexðrÞ ¼
�
Tγðz0Þ collisionless DM;

ThðrÞ collisional DM:
ð14Þ

The general scenario would lie somewhere between
these two extremes. We will indeed find that the
absorption lines are sensitive to the collisional nature
of dark matter.

(iii) Doppler broadening: The nontrivial velocity profile
of the dark matter particles along the LOS gives rise
to the Doppler broadening of the absorption line
around ν0 in the halo’s rest frame. This broadening is
characterized by the line profile,

ϕðνh;r;pÞ¼
1ffiffiffi

π
p

ΔνDðrÞ
exp

�
−
ðνh−ν0ð1þvLOSðr;pÞ=cÞÞ2

ΔνDðrÞ2
�
; whereΔνDðrÞ¼

ν0ð1þvLOSðr;pÞ=cÞ
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBThðrÞ

mχ

s
; ð15Þ

νh being the absorption frequency in the halo’s rest frame,
and vLOS being the peculiar velocity of the dark matter halo
along the LOS. The effect of vLOS is simply to shift the
frequency location of the line in the observer’s frame. In
this work, we will not be calculating the two-point
correlations but only the one-point statistics of the dark
matter forest. So we will ignore the halo peculiar velocity
and set vLOS ¼ 0.
In the presence of absorption, the flux density measured
by the observer falls exponentially with the column
density along the LOS. Conventionally, the observed

absorption line is quantified by the optical depth τν which
is defined as

τν ¼ log

�
F0
ν

Fν

�
; ð16Þ

where Fν and F0
ν are the flux densities of the source in the

presence and absence of absorption, respectively.
For a halo intersected at an impact parameter p (as

shown in Fig. 2), the optical depth profile in the halo’s rest
frame is given by [89]

FIG. 2. Schematic diagram of the line of sight intersecting an
absorber at an impact parameter p.
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τðνh; pÞ ¼
Z

do

−ds

g1
g0

αAAHI
10c

2

8πν20

ρðrÞ
mχ

ϕðνh; r; pÞ

×

 
1 − e−

T�
TexðrÞ

1þ ðg1=g0Þe−
T�

TexðrÞ

!
ds; ð17Þ

where r2 ¼ p2 þ s2. We set the origin s ¼ 0 to be the
position where the impact parameter intersects the LOS.
We integrate the LOS from the source to the observer. The
distance between the source and the absorber is denoted
by ds and the distance between the observer and the
absorber is denoted by do. In the frame of the observer
on Earth, the optical depth profile is obtained by map-
ping νh → νh=ð1þ z0Þ.
In the rest of the analysis we choose the following dark

matter model parameters: mχ ¼ 1 MeV, ν0 ¼ 156.2 GHz,
and αA ¼ 0.35 (see Sec. IV for justification) for our study.
Our main results are however quite general and we leave
the full exploration of the parameter space for future work.

1. A dark line: Absorption by a single dark matter halo

The dark matter halos are gravitationally bound struc-
tures which form the building block of the nonlinear matter
distribution. We want to study how the different properties
of dark matter halos influence the absorption profile
generated by them.
A dark matter halo is characterized by its mass parameter

(Mh), a length parameter (virial radius rvir), a temperature
(Th), and a dark matter density profile ρðrÞ. Some of these
parameters are related (see Appendix B for exact expres-
sions). We assume a Navarro-Frenk-White (NFW) density
profile [19] for the dark matter halo. The Doppler line
profile for the halo is decided by the halo temperature Th
[see Eq. (B3) in Appendix B for definition].
We proceed towards calculating the optical depth or the

absorption profile generated by a given halo massMh using
Eq. (17). The optical depth depends crucially on the dark
matter density profile, the impact parameter (p expressed in
rvir units), and the Doppler broadening due to random
motion of the dark matter particles parametrized by the
effective temperature (Th) of the dark matter halo. We
present our results in Fig. 3. We plot the optical depth
profiles for a given halo mass (106M⊙=h) at different
redshifts (z ¼ 6, 4, and 2) intersected at p ¼ 0.1rvir in
the top two panels. In the bottom two panels, we plot the
optical depth profiles at a given redshift (z ¼ 5) for different
halo masses (in M⊙=h units) intersected at p ¼ 0.5rvir. We
make the following observations:

(i) There is stronger absorption in collisional DM
compared to collisionless DM.

(ii) As we go to higher redshifts, the total absorption by
a halo, which is equal to the area under the optical
depth profile, grows (top two panels of Fig. 3).

(iii) The width of the absorption profile increases with
halo mass and redshift.

(iv) In the collisionless DM case, the peak amplitude of
the absorption profile increases with the halo mass
(third panel of Fig. 3).

(v) In collisional DM case, the peak amplitude of the
absorption profile decreases with the halo mass
(fourth panel of Fig. 3).

We explain these findings using Fig. 4 where we compare
the halo temperature at the virial radius rvir for different halo
masses with the CMB temperature in the first panel. We also
compare the dark matter number density profile and the halo
temperature profile at different redshifts in the last two
panels. Corresponding to the above observations, the
explanations are as follows:

(i) For halos of mass ≲108M⊙=h, Th < Tγ (first panel
of Fig. 4). Therefore the excitation temperature
[defined in Eq. (14)] for collisional DM is less than
that for collisionless DM, resulting in stronger
absorption in the case of collisional DM.

(ii) As we go to higher redshifts, the number density of
dark matter particles increases which results in
stronger absorption (second panel of Fig. 4).

(iii) The width of the optical depth profile in the halo’s
rest frame ∝

ffiffiffiffiffiffi
Th

p
. The halo temperature, Th, in-

creases with both redshift and halo mass (third panel
of Fig. 4).

(iv) In the collisionless case, Tex ¼ Tγ is independent of
the halo mass. The number density of dark matter
particles increases with the halo mass resulting in
stronger absorption profiles for collisionless DM.

(v) In the collisional case, Tex ¼ Th increases with the
halo mass. Even though the total dark matter number
density increases with the halo mass, a higher value
of Tex implies less dark matter particles in the
ground state, which combined with broadening of
the profile results in smaller peak amplitude of the
absorption profile for higher halo masses.

Note that in this analysis we have assumed the dark
matter density and velocity distribution profiles to be the
same in both collisionless and collisional cases. The
presence of dark matter self-interactions does not change
the Maxwellian velocity profile as discussed in [90]. If the
velocity profile deviates from the Maxwellian distribution, it
would modify the line shape, in particular, the linewidth and
the amplitude of the absorption lines. In principle, strong
dark matter collisions may modify the density profile of
dark matter halos which will affect the amplitude of the
absorption line.
As a detour, to showcase the possibility of hunting for

dark matter absorption signatures in satellite galaxies of
the Milky Way, we take the example of absorption line
generated by the dark matter subhalo that hosts the Leo-T
dwarf galaxy.
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Leo-T dwarf galaxy. Low mass dwarf galaxies are
excellent venues to study dark matter since they have
low star formation activity and weak electromagnetic
emission. Some of the best current constraints on emission

signatures of dark matter come from the dwarf satellite
galaxies of the Milky Way [91–96]. Thus, we also expect
that the absorption of light from a background source by
composite dark matter particles in dwarf galaxies would

FIG. 3. Top: the optical depth profiles for 106M⊙=h halo at impact parameters 0.1rvir in the halo’s rest frame. Bottom: the optical depth
profiles for different halo masses intersected at 0.5rvir at z ¼ 5 in the halo’s rest frame. The solid lines refer to collisionless DM and
dashed lines refer to collisional DM.

FIG. 4. From left: the evolution of halo temperature at rvir as a function of redshift for halo masses 107, 108, and 109M⊙=h, the dark
matter number density profile and the halo temperature profile for 106M⊙=h halo as a function of radius (in rvir units) at different
redshifts z ¼ 6, 4, and 2.
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provide strong tests for such dark matter models. We
consider one such Milky Way (MW) satellite galaxy,
namely, Leo-T. We model its dark matter density profile
using a Burkert profile from [97]. We assume the velocity
distribution of dark matter to be Maxwellian with a velocity
dispersion (

ffiffiffiffiffiffiffiffiffi
hv2i

p
) equal to that of hydrogen ∼6.9 km=s

[98]. The temperature of the halo is defined by the relation
kBTh ¼ 1

3
mχhv2i. For mχ ¼ 1 MeV, we find Th ∼ 2.1 K.

In Fig. 5, we show the absorption profiles of Leo-T
intersected at impact parameters 0.5rs, 1.0rs, and 2.0rs,
where rs is the scale radius of the halo. We note that since
Th ∼ Tγ for Leo-T, the absorption profiles in collisional and
collisionless cases are similar. However, the small differ-
ence in Tex still gives a noticeably stronger absorption in
case of collisional dark matter compared to collisionless
dark matter.

2. Dark forest: Absorption by multiple dark matter halos

If the LOS to the source passes through multiple halos
(located at different redshifts z0), each intersection gives
rise to an absorption profile at ν ¼ νh=ð1þ z0Þ to an
observer on Earth. Collectively, a large number of absorp-
tion lines coming from the same transition in dark matter at
different redshifts, and hence separated in frequency, are
called forest in spectroscopy. In this section we describe the
procedure to simulate a dark forest and discuss its quali-
tative and quantitative aspects.
The simulation consists of discretized frequency bins in

a given frequency range with the bin width adjusted such
that each bin has an identical probability of net absorption.
In a pseudo-experiment, we then simulate the absorption
line by generating a random number to select the bin where

absorption occurs. We plot the observed dip in intensity in
terms of the relative transmission e−τν . We summarize the
algorithm for generating the dark forest spectra below
[89,99,100]:

(i) We begin by selecting the frequency range of
simulation. For an instrument sensitive in νmin to
νmax range, the absorption lines correspond to halos
in zmax ¼ ν0=νmin − 1 to zmin ¼ ν0=νmax − 1 red-
shift range.

(ii) We find the equiprobable bin width Δν at a given ν
by relating it to the probability of finding a halo in
redshift bin Δz centered at z ¼ ν0=ν − 1. This
probability is equal to the fraction of the area on
the sky covered by halos of all masses in Δz redshift
bin. Thus, the probability of intersecting a halo in a
frequency range ν to νþ Δν is given by

ΔNh ¼ Δν
dNh

dν
¼ Δz

dNh

dz

¼ Δz
cð1þ zÞ2
HðzÞ

Z
Mmax

Mmin

dMh
dn
dMh

ðzÞAðMh; zÞ;

where AðMh; zÞ ¼ πrmaxðMh; zÞ2: ð18Þ

The halo mass function dn=dMh in comoving units
is taken from [101], Mmin and Mmax denote the
minimum and maximum halo mass at a given
redshift, respectively, and rmax is the physical radius
of the halo at which the dark matter number density
is equal to the mean dark matter number density in
the Universe. We choose the bin width Δν at each ν
such that the probability of absorption ΔNh ¼ 0.1.

(iii) We generate a random number from a uniform
distribution in [0, 1] in each frequency bin. The
bin is selected for absorption if the random number
is ≤ 0.1.

(iv) The absorption profile is characterized by the halo’s
redshift z0, mass Mh, and impact parameter p. For
the selected bin, we choose Mh from the probability
distribution function of the area fraction occupied by
halos of mass Mh at redshift z0,

pðMh; z0Þ ∝
dn
dMh

AðMh; z0Þ: ð19Þ

We choose the impact parameter from a uniform
distribution over the cross-sectional area of the
halo AðMh; zÞ.

(v) We then generate the absorption profile in the halo’s
rest frame using Eq. (17) and map it to the observer’s
frame by transforming νh → νh/(1þ z0).

We simulate the synthetic dark forest spectra for 100
different LOSs in the redshift range 7 to 0 (see Appendix C
for one such sample spectra). We quantify the information
in the dark forest by studying the distribution functions of

FIG. 5. Optical depth profile for Leo T subhalo for impact
parameters p ¼ 0.5rs; 1.0rs and 2.0rs for collisionless DM
represented by solid lines and collisional DM represented by
dashed lines.
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the peaks (τpeak) and widths (b2) of the absorption lines.
The width is defined in terms of b2 given by [102]

b2 ¼ −2
�
c
ν0

�
2 τ2

ττ00 − τ02
¼ −2

�
c
ν0

�
2 τpeak
τ00peak

; ð20Þ

where τ0 ¼ dτ=dν, τ00 ¼ d2τ=dν2.
By combining the spectra for 100 different LOSs, we

calculate the mean count N and standard deviation in ∼30
bins to get the distribution functions for τpeak and b2. Note
that these distribution functions are unnormalized. The
shape of the distribution functions at very low values is an
artifact of the maximum impact parameter at which a halo
is intersected (∼4.5rvir in our case). So we place a cutoff on
τpeak and b2 at the lower end and plot the distribution
functions only above this cutoff, where we are not affected
by the choice of the maximum impact parameter. We
present our results in Figs. 6 and 7. We observe:

(i) The distribution functions for both τpeak and b2 are
higher for Mmin ¼ 104M⊙=h compared to Mmin ¼
106M⊙=h.

(ii) The tails of both τpeak and b2 distribution functions
in both the collisionless and the collisional case
extend to larger values at lower redshifts (redshift
range 2–1 compared to redshift range 6–5).

(iii) The τpeak distribution function for collisional DM
rises above the collisionless DM at large values
of τpeak.

(iv) In the collisionless DM case, the τpeak distribution
function rises monotonically at lower values of
τpeak. For collisional DM, the curve rises at lower
values of τpeak, reaches a peak, falls, and again rises
at τpeak ∼ 10−3.

(v) The b2 distribution function for collisionless and
collisional DM almost coincide.

(vi) The tail of b2 distribution function for Mmin ¼
106M⊙=h extends to larger values compared to
Mmin ¼ 104M⊙=h.

To explain the findings above, we make two plots in Fig. 8.
In the first plot we compare the number of halos intersected
per unit redshift for three different values of Mmin and in
the second plot we compare the unnormalized probability
of intersecting a halo of mass (Mh) at redshifts 1, 4, and 7.

FIG. 6. Distribution function for the optical depth peaks for minimum halo mass 106M⊙=h and 104M⊙=h in redshift ranges 6–5 (top)
and range 2–1 (bottom), respectively.
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Corresponding to the above observations, the explanations
are as follows:

(i) The lower limit of the halo mass function Mmin
decides the contribution of the low mass end of the
halo mass function to Eq. (18). Thus, the probability
of intersecting a halo is higher for Mmin ¼
104M⊙=h compared to Mmin ¼ 106M⊙=h (first
panel of Fig. 8).

(ii) As the matter overdensities grow, the collapse
fraction increases and the higher mass halos start
contributing to the mass function at lower redshifts.
In addition at lower redshifts, a given redshift interval
dz corresponds to a larger comoving distance interval
dη ¼ dz=HðzÞ resulting in a greater number of halo
intersections (second panel of Fig. 8). This in turn
gives rise to higher τpeak and b2 values at low
redshifts as there is a greater chance of intersecting
more massive halos as well as intersecting halos
close to the center where dark matter density and
halo temperature is high. Moreover, the linewidth for

a halo also increases at lower redshifts due to smaller
Doppler shift [b2 ∝ 1=ð1þ zÞ2].

(iii) At a given redshift, the probability of hitting low
mass halos along the LOS is higher, since the halo
mass function falls exponentially at larger masses
(second panel of Fig. 8). As explained before, the
absorption is stronger for collisional DM compared
to collisionless DM in halos of masses ≲108M⊙=h
(first panel of Fig. 4).

(iv) A new absorption peak is generated when the tails
of two or more absorption profiles overlap. This can
be seen in Fig. 9 where we compare the dark forest
spectrum for collisional and collisionless DM.
Because of stronger absorption in the collisional
DM case, the new lines give rise to an extra feature
in the τpeak distribution function for the collisional
case compared to the collisionless case at the low
τpeak end.

(v) We consider the same velocity distribution profiles
for DM inside the halo for both collisionless and

FIG. 7. Distribution function for linewidths for minimum halo mass 106M⊙=h and 104M⊙=h in redshift ranges 6–5 (top) and 2–1
(bottom), respectively.

GANGULY, KHATRI, and ROY PHYS. REV. D 109, 063512 (2024)

063512-12



collisional DM. The small differences mostly arise
when the absorption profiles of two or more halos
overlap and give rise to new lines which can have
different linewidths in the collisionless versus the
collisional case.

(vi) More massive halos have higher halo temperatures
resulting in a larger linewidth (b2 ∝ Th).

We check the convergence of the distribution functions by
increasing the line of sight directions from 100 to 1000 in
Appendix D.

3. Detectability of dark forest

The dark forest is a collection of absorption lines, where
each line is characterized by a frequency, width, and a peak
amplitude. For our choice of ν0 ¼ 156.2 GHz, the absorp-
tion lines were generated at radiowave frequencies with a
typical width Δν=ν ≈ 10−3. A different ν0 would give rise
to the dark forest in a different part of the electromagnetic
spectrum. The existence of a large number of spectro-
scopic experiments spanning different frequency ranges
already makes the detection of new dark absorption lines
an exciting possibility.
To name a few, experiments like the Square Kilometer

Array (SKA1) [42], Low-Frequency Array (LOFAR) [103],
and the upgraded Giant Meterwave Radio Telescope
(uGMRT) [40,41] operate at radiowave frequencies, the
James Webb Space Telescope (JWST) [104] covers the
infrared, Baryon Oscillation Spectroscopic Survey (BOSS)
[105] and X-shooter [106] look for quasars at redshifts ∼2
to 5 at the optical frequencies, while Chandra [107] and
X-ray Multi Mirror Mission (XMM-Newton) [108] operate
at UV and x-ray frequencies. The frequency coverage and
spectral resolution for these experiments are shown in the
first panel of Fig. 10. We can see that existing experiments
operating in radio and optical frequencies already have the
required spectral resolution (Δν=ν≳ 10−3) to detect the
new dark absorption lines in the spectrum of bright quasars/
blazars. A high signal to noise ratio can be achieved by
increasing the duration of observation or the integration
time which would allow the detection of the weak absorp-
tion lines. Note that the peak amplitude of an absorption
line scales as αA=mχ as shown in Eq. (17). Our choice of αA
is at the boundary of being disallowed for dark matter of
mass 1 MeV by the CMB constraints (shown in the third
panel of Fig. 14 in Sec. IV). However, note that our
constraints are very conservative and a more careful
analysis would considerably weaken them. Also for a

FIG. 8. On the left we plot the number of halos intersected per unit redshift. On the right we plot the unnormalized probability
distribution for intersecting a halo of mass Mh along line of sight at redshifts 1, 4, and 7.

FIG. 9. Dark forest spectrum for collisionless DM (above) and
collisional DM (below) for Mmin ¼ 106M⊙=h. The absorption
lines in the regions of overlap of absorption profiles of two halos
are stronger in the collisional case compared to the collisionless
case. Both of the spectra are for identical halo intersections (i.e.
same simulation), the only difference being the collisional
property of dark matter.
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different value of ν0 outside the observable band of CMB,
higher values of the radiative coupling αA would be
allowed. Thus, all our results and plots can be readily
scaled for different values of αA.
We show the scaling of the τpeak distribution function

with αA=mχ obtained by averaging over 100 different LOS
directions for αA=mχ ¼ 0.035, 0.35, and 3.5 MeV−1 in the
second panel of Fig. 10. We find that if an instrument can
detect absorption lines with τpeak ≥ 0.01, the full distribu-
tion function for αA=mχ ¼ 3.5 MeV−1 can be probed with
the spectra of ∼100 quasars. The sensitivity decreases for
weaker absorption lines and a sufficiently large quasar
sample is required to probe the tail of the distribution
function. For instance, in the αA=mχ ¼ 0.035 MeV−1 case,
only ∼1 in 100 quasar spectra contributes to τpeak > 0.01 in
the tail of the distribution function.

B. Global absorption signal in the CMB spectrum

The absorption of photons of a particular frequency also
leaves a tell-tale signature in the sky-averaged spectrum.
Such features are called global signals. The much studied
21 cm global signal [43–46] in the CMB spectrum due to
neutral hydrogen, for example, carries within important
information about the growth of structure and first stars.
Not surprisingly, we expect a similar global absorption in
CMB in case of transition among the dark sector states. The
underlying physics of the global absorption feature is more
or less similar to the absorption along the LOS to a bright
source. However, there are some crucial differences:

(i) In case of absorption along the LOS to a compact
source, the observed signal is equal to absorption
minus stimulated emission. The effect of sponta-
neous emission is negligible as it gets distributed
along all directions in the 4π solid angle. However,
spontaneous emission is important in the case of
CMB because it is an isotropic source and the

observed signal along a given LOS gets a contri-
bution from spontaneous emission.

(ii) We assume that dark matter is in kinetic equilibrium
with the baryonic plasma and CMB until redshift of
z� ≈ 105 [see Eq. (35) in Sec. IV for details]. As long
as dark matter is kinematically coupled to the CMB,
its temperature is equal to the CMB temperature
∝ ð1þ zÞ. Since the dark matter is nonrelativistic at
decoupling, it cools faster than the CMB with
temperature evolving with redshift ∝ ð1þ zÞ2:

TχðzÞ ¼
8<
:

TγðzÞ z ≥ z�;

Tγðz�Þ
�

1þz
1þz�

�
2

z < z�:
ð21Þ

(iii) First consider the redshift at which dark matter starts
absorbing CMB photons. Let z0 be the redshift at
which dark matter absorbs a photon of frequency
ν0 as before. The optical depth per unit redshift is
given by

dτχ
dz

¼ −
g1=g0

1þ ðg1=g0Þe−
T�

Texðz0Þ
ð1 − e−

T�
Texðz0ÞÞ

×
αAAHI

10c
4nχðz0Þ

8πν30HðzÞ
�
1þ z0
1þ z

�
δðz − z0Þ: ð22Þ

The optical depth τχ in Eq. (22) is obtained by
integrating the line profile along the LOS in an
expanding Universe using Sobolev approximation
[43–46,68,69,109]. The Sobolev approximation is
valid as long as the Doppler linewidth is negligible
compared to the width of the global absorption
feature.

(iv) In case of a single source we analyzed two extreme
limits: collisionless DM and highly collisional DM.
The effect of inelastic collisions is however essential

FIG. 10. On the left, we plot the spectral resolution of different spectroscopic experiments over the electromagnetic spectrum. On the
right, we show the scaling of the τpeak distribution function (for collisionless DM in redshift range 2 to 1 and Mmin ¼ 104M⊙=h) with
αA=mχ [see Eq. (7) for the definition of αA]. The dashed black line shows the minimum sensitivity (τpeak > 0.01) of an experiment.
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to have a global absorption signal. The physics of
dark matter inelastic collisions is described in detail
in Eq. (8) of Sec. II. The exact functional form of the
collisional coefficients depends on the details of the
dark matter model. Even for a simple system of a
hydrogen atom, collision cross sections have a
complicated temperature dependence [110]. For
simplicity, we will assume the dark matter collision
cross sections qualitatively similar to the inelastic
cross sections of hyperfine transitions in hydrogen.
We parametrize C10 as a power law in Tχ at low
redshifts:

C10 ¼ nχhσvi;

where hσvi ¼
8<
:a1hσviBC

�
TχðzÞ
TχðzsatÞ

�
β

z < zsat;

a1hσviBC z≥ zsat;
ð23Þ

where a1 is used to parametrize the saturated
collision cross section in terms of the Bullet cluster
bound [81] at redshifts z ≥ zsat,

hσviBC ¼ 2 cm2 gm−1mχðgmÞvBC; ð24Þ

where vBC is the relative velocity between two
clusters in the Bullet cluster system. We take vBC ¼
4700 km=s [81]. At redshifts z < zsat, the collision
cross section is parametrized as a power law in dark
matter temperature with β as the power law index
which is taken to be positive.

(v) In the presence of both radiative transitions as well
as inelastic collisions, the change in the population
of dark matter particles in the ground state (n0) can
be calculated from Eqs. (4), (5), and (8),

dn0
dz

−
3n0
1þ z

¼ −
1

HðzÞð1þ zÞ ðn1C10 − n0C01

þ n1A10 þ ðn1B10 − n0B01ÞJ̄Þ; ð25Þ

where J̄ is the CMB intensity at ν0.
(vi) From Eq. (25), we find that the level population of

dark matter particles which is parametrized in terms
of the excitation temperature Tex [see Eq. (2)] is
determined by the competition between the colli-
sional rate and the radiative transition rate. By
differentiating Eq. (2) with respect to redshift and
substituting Eq. (25) into it, the evolution equation
for excitation temperature Tex becomes

dTex

dz
¼ T2

ex

T�

�
1

n1

dn1
dz

−
1

n0

dn0
dz

�
: ð26Þ

We note that Eq. (26) is quite general and applies to
any two level system, not just the spin flip transitions.

In particular, we have not made any assumptions
about the smallness of T� with respect to other
temperatures in the problem.

(vii) It is customary to express the specific intensity at
frequency ν, i.e., Iν in terms of the brightness
temperature as

Tb ¼
c2

2ν2kB
Iν: ð27Þ

(viii) Prior to recombination, the collisions between the
free electrons and ions create and destroy photons by
the bremsstrahlung process. Bremsstrahlung plays a
vital role in preserving the blackbody spectrum of
CMB by erasing any distortion that may have
originated in the past. Even when it becomes unim-
portant in maintaining the CMB blackbody spectrum
over most of the frequency range at z ≤ 106, it is still
important in the low energy Rayleigh-Jeans tail of the
CMB spectrum. The bremsstrahlung process tries to
bring the brightness temperature in equilibrium with
the gas/baryon temperature Tg, which is equal to the
CMB temperature (Tb → Tg ¼ Tγ) until z ≈ 500

[111,112]. Consequently, the quantity

x≡ hνðzÞ
kBTgðzÞ

¼ hν0
kBTγðz0Þ

ð28Þ

remains invariant until z ≈ 500. The optical depth
due to bremsstrahlung (τbr) per unit redshift is given
by [113,114]

dτbr
dz

ðxÞ ¼−
cσTαnenB

ð24π3Þ1=2Hð1þ zÞgbrðx;zÞ

×

�
kBTg

mec2

�
−7=2

�
h

mec

�
3
�
1− e−x

x3

�
; ð29Þ

where α is the fine structure constant, σT is the
Thomson scattering cross section, me is the mass
of the electron, nBðzÞ and neðzÞ are the number
densities of baryons and electrons respectively,
gbrðxÞ≡ Z2

i nihgffðxÞi=nB, where Zi is the charge
of the ith ion having number density ni, and hgffðxÞi
is the thermally averaged Gaunt factor which has
been taken from [115].

(ix) At high redshifts, the number density of dark matter
particles is high which results in stronger collisional
transitions between the two dark matter states,
compared to radiative transitions due to CMB
photons. Thus, initially Tex is in kinetic equilibrium
with the dark matter temperature which is much
lower than the CMB temperature (Tex → Tχ ≪ Tγ)
at z < zdec. The dark matter particles absorb the
CMB photons and a net flow of energy takes place
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from CMB to dark matter resulting in an absorption
feature in the CMB spectrum. The absorption of
CMB photons by dark matter at redshift z0 generates
an absorption line at x [defined in Eq. (28)]. If this
line lies in the low frequency Rayleigh Jeans tail
(x ≪ 1) of the CMB spectrum, it gets erased by
the bremsstrahlung emission at subsequent times
(z < z0). As the number density and the temperature
of dark matter falls due to expansion of the Universe,
the collision rate falls and the radiative transitions
involving the CMB photons begin to dominate over
the collisions. This brings Tex in kinetic equilibrium

with the CMB temperature (Tex → Tγ). When this
happens there is no net emission or absorption of the
CMB photons by dark matter and the absorption
signal vanishes. Thus, we expect to see a broad
absorption feature in the CMB spectrum, starting
from the time dark matter decouples until a later time
when the radiative transitions take over.

(x) The evolution of brightness temperature at νðzÞ ¼
ν0ð1þ zÞ=ð1þ z0Þ incorporating the effect of ab-
sorption by dark matter at z ¼ z0 [from Eq. (22)] and
bremsstrahlung [from Eq. (29)] is given by

dTbðνÞ
dz

−
TbðνÞ
1þ z

¼ dτχ
dz

�
−TbðνÞ þ

hν
kB

1

ðehν=ðkBTexðzÞÞ − 1Þ

�
þ dτbrðxÞ

dz

�
−TbðνÞ þ

hν
kB

1

ðehν=ðkBTgðzÞÞ − 1Þ

�
: ð30Þ

The differential brightness temperature δTb observed at frequency νobs ¼ ν0=ð1þ z0Þ is defined as the brightness
temperature [obtained by solving Eq. (30)] minus the brightness temperature of CMB today, i.e., in the observer’s
frame,

δTbðνobs; z ¼ 0Þobserver’s frame ≡ Tbðνobs; z ¼ 0Þ − hνobs
kB

1

ehνobs=ðkBTγðz¼0ÞÞ − 1
: ð31Þ

1. The EDGES anomaly

The EDGES collaboration [47] reported a strong absorp-
tion feature in the CMB spectrum centered around 78 MHz,
having an amplitude of 0.5þ0.5

−0.2 K, and a full-width half
maximum (FWHM) of 19þ4

−2 MHz (where the bounds
provide the 99% confidence intervals). This feature is
almost twice in amplitude compared to the maximum
possible signal expected from the 21 cm transitions in
neutral hydrogen during the cosmic dawn. In this work, we
propose that this anomalous signal is caused by the
absorption of CMB photons by composite dark matter.
In particular, we show that we can get an absorption feature
which has the frequency position of the dip at 78þ10

−10 MHz
and the maximum amplitude and FWHM within 99% con-
fidence intervals of the EDGES best fit signal. We note that
the EDGES collaboration [47] does not have an indepen-
dent measure of noise and error bars on their data points.
They use the reduction in residuals after fitting the fore-
ground þ21 cm signal as evidence for the presence of a
flattened Gaussian absorption profile in the data. We follow
a similar procedure as them [47]. We first randomly sample
the dark matter parameters over a considerably wide range
and calculate the expected dark matter signal for the
selected point in the parameter space. We take into account
the Bullet cluster constraint [81] on the dark matter colli-
sional cross section parametrized in Eq. (23) by placing
an upper cutoff on the collision parameter a1 ≤ 1.

The sampled parameter space of the dark matter model
is given in Table II.
We repeat this for two million sample points in the six

dimensional dark matter parameter space. We then fit the
dark matter signal (Tsignal) from each sampleþ the EDGES
foreground model (TF) to the observed sky temperature
(Tsky) and obtain the best fit parameter values for the
EDGES foreground model by minimizing the residual
given by

residual ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

n
i¼1 ½Ti

sky − ðTFðfiÞ þ TsignalðfiÞÞ�2
n

s
; ð32Þ

where fi is the frequency of the ith data point and n is the
total number of data points. The EDGES foreground model
is given by [47]

TABLE II. The sampled parameter space of the dark matter
model.

Parameter Sampling range

Dark matter mass ½mχðMeVÞ� 10−1–103

Transition temperature ½T�ðKÞ� 4.0–10.0
Radiative coupling ðαAÞ 10−2–102

Collisional parameter ða1Þ 10−5–1
Saturation redshift ðzsatÞ 103–104

Power law index (β) 0–5
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TFðfÞ ¼ a0

�
f
fc

�
−2.5

þ a1

�
f
fc

�
−2.5

log

�
f
fc

�

þ a2

�
f
fc

�
−2.5
	
log

�
f
fc

�

2

þ a3

�
f
fc

�
−4.5

þ a4

�
f
fc

�
−2
; ð33Þ

where fc ¼ 74.8 MHz is the central frequency of the
EDGES band and the coefficients ak, where k runs from
0 to 4 are free parameters of the foreground model.
When just the foreground model is fitted to the observed

sky temperature, the residual rms value is 0.087 K. We note
that we are doing a random search of the dark matter
parameter space. During the fitting procedure, the dark
matter parameters remain fixed and only the foreground
parameters are varied. Thus, for some points in the dark
matter parameter space we will find residuals which are
> 0.087 K while for some the residual would be smaller.
We take the criteria for the presence of a dark matter signal
as residual < 0.087 K. Further, we consider a sample to be
viable if it produces a global signal which has a maximum
amplitude of 0.5þ0.5

−0.2 K at a frequency location 78þ10
−10 MHz

and a FWHM of 19þ4
−2 MHz. We show the viable parameter

space in the form of 2-D plots for fifteen combinations of

different model parameters in Fig. 11 where the color shade
of each point represents the value of the residual. We also
show twenty such global signals along with their residuals
in Fig. 12. The smallest residual we get is 0.055 K. We see
that there is a large volume of the dark matter parameter
space that is consistent with the EDGES data. We discuss
the final allowed parameter space of our model taking into
account both astrophysical and direct detection constraints
in Fig. 17 in Sec. V. Even though our residuals are larger
compared to the EDGES flattened Gaussian profile (having
a residual of 0.025 K), we note that we fit a physical signal
calculated for a specific dark matter model while the
flattened Gaussian is a mathematical function specially
chosen to fit the pattern seen in the data but without a
physical basis. In particular, in such scenarios, look else-
where effect must be taken into account. Having only
residual as the qualitative criterion makes it difficult to have
a fruitful comparison between different models.
We would like to emphasize a few important points

regarding the shape of the global signal:
(i) The left (low frequency) edge of the signal is entirely

decided by the bremsstrahlung process which erases
the absorption by dark matter at high redshifts. This
also fixes the location of the maximum absorption
which happens around the redshift of recombination.

FIG. 11. The viable parameter space of the dark matter model shown as points in the 2-D plots for fifteen combinations of different
model parameters. The color shade of each sample point is represented by the rms value of the residual when the EDGES data is fitted
with the EDGES foreground modelþ dark matter signal of the sample.
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In particular, the rapid decrease in bremsstrahlung
efficiency around recombination provides a sharp
edge to the signal at the low frequency end.

(ii) The right (high frequency) edge of the signal is
decided by the strength of an inelastic collision cross
section relative to the radiative coupling of dark
matter. The shape of the high frequency right edge is
a strong function of the temperature dependence of
the collision cross section which can be tuned by
having the collision cross section to depend weakly
or strongly on the dark matter temperature.

2. General predictions for the shape of the dark
absorption feature

To understand the role of different model parameters in
determining the shape of the global absorption signal, we
vary each model parameter one by one keeping all of the
other parameters fixed. Even though our plots are restricted
to the EDGES frequency band, the qualitative behavior and
results are valid for any ν0 in the Rayleigh Jeans part of the
CMB spectrum at recombination. The variation of the dark
matter absorption feature in the CMB for different dark
matter model parameters is shown in Fig. 13.

(i) Dark matter mass: Given the abundance of dark
matter, smaller mass of dark matter implies a higher
dark matter number density which increases the
strength of the absorption signal.

(ii) Binding energy: Dark matter with a higher binding
energy decouples earlier [see Eq. (34) of Sec. IV],
resulting in a lower dark matter temperature Tχ in
Eq. (21). Since the dark matter inelastic collisional
coupling ∝ Tβ

χ , where β > 0 in Eq. (23), smaller

dark matter temperature implies weaker collisional
coupling. Aweaker collisional coupling compared to
radiative coupling drives Tex → Tγ earlier, resulting
in smaller amplitude of the signal for higher binding
energies.

(iii) Transition frequency:When the transition frequency
is varied, there is an overall shift in the position in
frequency of the absorption signal. Moreover, the
bremsstrahlung rate Eq. (29) is a sensitive function
of the transition frequency. As we go to lower
frequencies, the bremsstrahlung is more efficient
in erasing the absorption signal resulting in a smaller
amplitude.

(iv) Inelastic collision cross section: The high frequency
or right edge of the signal is decided by the relative
strength of collisional versus radiative coupling. If
we change the power law index (β) of the collision
cross section while keeping the amplitude at zrec ¼
1100 fixed, a higher β would mean stronger colli-
sional coupling at z > zrec. Thus, we see stronger
absorption as we increase β.

(v) Radiative coupling: A higher spontaneous emission
rate compared to collisional transition rate couples
Tex → Tγ earlier, shifting the absorption signal to
higher redshifts. The bremsstrahlung process is more
efficient in erasing the signal at higher redshifts.
Since the optical depth ∝ αA, the maximum ampli-
tude of the absorption signal increases for higher
values of αA [see Eq. (7) for the definition of αA].

3. General predictions for the dark absorption feature
in different parts of the CMB spectrum

Irrespective of EDGES, composite dark matter predicts
an absorption feature in the CMB spectrum. Our choice of
transition frequency was motivated by the EDGES obser-
vation. In general, for a different transition frequency ν0 and
absorption redshift z0, the absorption feature will appear in a
different part of the CMB spectrum. The upcoming experi-
ment called the Array of Precision Spectrometers for the
Epoch of RecombinAtion (APSERA) [116], which aims to
detect the recombination lines in the CMB spectrum will
also be sensitive to the dark absorption feature in the
2–6 GHz frequency range.
Any dark absorption feature originating at z0 ≳ 2 × 106

in the CMB cannot be observed. This is because Compton
scattering [117] along with the photon number changing
processes like bremsstrahlung and double Compton scatter-
ing [118–121] are efficient in erasing any deviations from
the blackbody spectrum until z ∼ 2 × 106. As the brems-
strahlung and double Compton scattering rates fall ∝ ν−2

with frequency, they decouple at z ∼ 2 × 106 for photons
having x ∼ 0.01 [118,122–127]. With only Compton scat-
tering efficient in z ∼ 2 × 106–105 range, the equilibrium
spectrum is the Bose-Einstein spectrum and the resulting
deviations from blackbody are created in the form of μ-type

FIG. 12. Twenty dark matter global absorption signals drawn
from the viable parameter space shown in Fig. 13. The curves are
color coded according to the rms values of the residual. The gray
band shows the 99% confidence interval (CI) for the EDGES
best fit signal, where the signal itself is denoted by the black
dashed curve.
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spectral distortions. If the absorption happens at z≲ 105,
we will have a broad absorption feature in the CMB
spectrum. The Cosmic Background Explorer/Far-infrared
Absolute Spectrophotometer (COBE/FIRAS) [128]
experiment strongly limits the CMB spectral distortions
in 60–600 GHz band (see Appendix F). Thus any absorp-
tion happening at z0 < 2 × 106 corresponding to 60 <
ν0ðGHzÞ < 1.2 × 109 range will be strongly constrained
by COBE.
In addition, CMB photons having x ∼ 50 correspond

to different energy states of hydrogen and helium in the
10.2–50 eV range at recombination (z ∼ 1100). If dark
matter absorbs these photons, there would be fewer CMB

photons that can excite and ionize hydrogen and helium
speeding up recombination. An early recombination would
modify the position and amplitude of angular peaks and
the Silk-damping tail of the CMB anisotropy power
spectrum which is strongly constrained by Planck [129].
We leave the detailed analysis of the constraining power of
different CMB observations on our dark matter model to
future work.

IV. ASTROPHYSICAL CONSTRAINTS

For a dark matter model to be viable, it should be
consistent with the existing cosmological and astrophysical
observations. This requirement motivated our choices for

FIG. 13. Role of different model parameters in deciding the shape of the global absorption signal from dark matter. We vary each
parameter at a given time keeping all the other parameters fixed.
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the allowed ranges of dark matter model parameters in the
previous sections. In this section we justify these choices.
The parameter space for composite dark matter is huge and
it is not possible to make a complete study in a single paper.
We therefore focus on the parameter range related to
observations in the radio band. Note that the goal of this
section is not to derive the best constraints on our model but
rather to show that a significant and interesting part of the
parameter space is allowed and has unique experimental
signatures. These constraints should therefore be taken as
an order of magnitude estimate which provide a rough
guidance for the viable parameter space of the model.

(i) Mass of dark matter: At early times when the dark
sector was in thermal equilibrium with the Standard
Model sector, the Universe was characterized by a
single temperature which was equal to the CMB
temperature Tγ . At temperatures above the scale at
which the dark sector becomes strongly coupled, i.e.
kBTγ > ΛN , the dark sector in the UV was charac-
terized by electromagnetically charged dark quarks
as explained in Sec. II B.
The presence of electrically charged dark quarks

also implies that the dark sector can interact with the
Standard Model sector via number changing proc-
esses such as annihilation and pair production, and
momentum exchange processes such as Coulomb
and Compton scattering. Below we list the different
scenarios where these interactions can be important:
(a) If the number changing processes are important

at scales ≲100 keV, the dark sector can modify
the expansion history which can in turn alter the
standard processes in the thermal history of the
Universe such as BBN, etc.

(b) Even if the number changing processes are
unimportant, the momentum exchange processes
can keep the dark sector in thermal equilibrium
with the Standard Model sector. This can result
in an excess radiation pressure during recombi-
nation which can modify the acoustic peaks in
the CMB power spectrum. Such interactions are

strongly constrained by the precise observations
of Planck [129].

(c) Moreover, for dark matter in our ownMilkyWay
(MW) halo (with a virial temperature Tvir) to not
ionize, the energy exchange in each inelastic
collision (∼kBTvir) between two dark matter
particles must be less than the binding energy
of dark matter particles. The lower bound on
dark matter binding energy from MW is shown
in the first panel of Fig. 14.

Oneway to evade the constraint from (ii) is to assume
that the dark sector is characterized by electrically
neutral bound states which do not interact with the
Standard Model sector at scales (with a wave number
k≲ 0.22 Mpc−1) sensitive to Planck. The redshift at
which the smallest scale observed by Planck entered
the horizon is z� ≃ 105. We assume that dark matter
recombines into a stable and neutral composite state
by z ≥ z�. As the Universe expands and the CMB
temperature falls, the peak of the CMB blackbody
spectrum shifts towards lower energies. There are
fewer high energy photons left in the Wein tail of the
CMB spectrum that can ionize the composite dark
matter. Assuming the recombination history of hy-
drogen and dark matter to be similar,

Binding energy
kBTγðz ¼ 1100Þ

����
hydrogen

≈ 50

≈
Binding energy
kBTγðz ¼ z�Þ

����
dark matter

: ð34Þ

This imposes a lower bound on the binding energy of
dark matter, Ebinding ≥ 1.6 keV, as shown in the first
panel of Fig. 14.
Even if dark matter becomes an electrically neutral

bound state, it can still interact with the baryons
owing to higher electromagnetic moment described
by operators in Eqs. (A8) and (A10) of Appendix A.
Therefore in order to evade constraints from (ii) we

FIG. 14. We show the absolutely allowed parameter space for the different astrophysical parameters (left: binding energy; center:
collision cross section; and right: radiative coupling) for our composite dark matter model. The colored region in the plots is ruled out.
We choose the transition frequency ν0 ¼ 156.2 GHz which is motivated to solve the EDGES anomaly.
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will also assume that the dark matter kinetically
decouples from the baryon photon plasma at z ¼ z�.
A conservative estimate can be obtained by assuming
that the timescale of dark matter electron scattering
becomes greater than the age of the Universe at
redshift z� ≃ 105,

nehσviχe
H

����
z¼z�

≈ 1; ð35Þ

where hσviχe is the velocity averaged cross section of
dark matter electron scattering which includes con-
tribution from both elastic [charge radius operator in
Eq. (A10)] and inelastic [χ − χ� transition operator in
Eq. (A8)] processes. The velocity averaged cross
sections for elastic (ES) and inelastic (IS) scattering
are given by

hσviESχe ¼ 16πϵ2α2μ2χe
3m4

χ

ffiffiffiffiffiffiffiffiffi
8Tγ

πμχe

s
; ð36Þ

hσviISχe ¼
8πϵ2α2μ2χe
m2

χm2
e

ffiffiffiffiffiffiffiffiffi
8Tγ

πμχe

s
: ð37Þ

Note that at z� ≈ 105, the kinetic energy of electrons
is ∼20 eV. Therefore χ to χ� inelastic scattering is
kinematically allowed for dark matter energy split-
tings ΔE≲ 20 eV. For energy splittings ΔE≳
20 eV, the scattering between dark matter and
electron is entirely elastic. These constraints are
shown as a black dashed line in Figs. 15 and 17,
respectively. We represent the regions dominated by
inelastic scattering by dark gray color and regions
dominated by elastic scattering by light gray color.

(ii) Radiative coupling: In this section we discuss two
scenarios in the Milky Way halo that can be used to
constrain the radiative coupling of dark matter. We
will assume the dark matter to be collisional such
that the two transitioning states are in kinetic
equilibrium with the virial temperature of the MW
halo, i.e. Tex ¼ Tvir.
(a) When dark matter is collisionally excited in the

MW, its kinetic energy is converted into internal
energy. The excited dark matter particles can
then deexcite by spontaneously emitting a pho-
ton, converting the internal energy of dark matter
into radiation. This would lead to a gravitation-
ally unstable dark matter halo, which cools and
starts collapsing into a disk similar to baryons
which is ruled out by the observations from
GAIA [130]. The cooling timescale tcooling for
this process is given by the ratio of thermal
energy density U in dark matter to the radiative
cooling rate C,

tcooling≈
U
C
≈

3
2
nχkBTvir

C
; where C¼ n1A10kBT�:

ð38Þ

The MW dark matter halo remains gravitation-
ally stable if the cooling timescale is longer than
the age of MW [131]. This puts an upper limit on
the radiative coupling of dark matter [see Eq. (7)
for the definition of αA],

αA <
3

2

Tvir

T�

1

tMWAHI
10

�
1þ g0

g1
e

T�
Tvir

�
: ð39Þ

In this analysis, we have assumed that dark
matter only cools via the dark hyperfine tran-
sitions. In principle, if the states with higher
energies can be collisionally excited and have a
higher spontaneous emission rate, they will
contribute to the cooling process. As discussed
in Sec. II, in this model we assume the other

FIG. 15. The allowed parameter space for ϵ for dark matter
transition energy ranging from radio (10−7 eV) to x rays (10 keV)
and for dark matter mass mχ ¼ 1 MeV. The black solid and
dashed lines refer to direct detection (DD) [33–39] and CMB
constraints from dark matter electron scattering. The regions
where inelastic scattering (χ − χ� transition) dominates for direct
detection is shown by a dark gray color and the regions where
elastic scattering (charge radius) dominates for direct detection is
shown by a light gray color. While the dark forest is allowed in
the whole electromagnetic spectrum, the region above the red
dotted line (τpeak ¼ 0.01) will give rise to a significant fraction of
strong absorption lines (optical depths ≳0.01) in the dark forest
(see Fig. 10). The color shade represents the value of optical
depth τpeak [see Eq. (46) for definition] which becomes darker for
larger energy splittings and larger electric charge of dark quarks
[see Eq. (A9)]. The overlap of the crimson band with τpeak ≳ 0.01
region corresponds to the parameter space where the absorption
of the CMB by dark matter is consistent with the EDGES data
(see Fig. 17 for more details).
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states have energies comparable to the binding
energy of dark matter (∼MeV) which would not
be excited collisionally in most astrophysical
scenarios. We plot the limit on αA in the
third panel of Fig. 14 for transition frequency
156.2 GHz or T� ¼ 7.5 K. This choice
of parameters was motivated by the EDGES
observation.

(b) The collisionally excited dark matter particles in
the MW halo can deexcite by spontaneously
emitting a photon, creating a background radi-
ation with a dipole anisotropy owing to our off-
center position 8.3 kpc [132] away from the MW
halo center. The experiments like WMAP and
Planck [129,133] measure the fluctuations in the
sky temperature in broad frequency bands in the
frequency range of 10–500 GHz.
Considering j to be the integrated specific

intensity and javg be the average integrated
specific intensity due to dark matter emission
(see Appendix G for details), the temperature
fluctuations along a given LOS in a particular
frequency band (νmin to νmax with a central
frequency νc) are given by

δTνc ¼
� jj − javgj
νmax − νmin

�
c2

2kBν2c
: ð40Þ

We note that this dipole will be aligned with the
galactic plane and thus obscured by Galactic
emission. Also this dipole will appear in only one
channel that includes ν0 and would be absent in
other channels. Without doing a detailed analy-
sis, we can just require very conservatively that
this dipole must be smaller than the cosmological
dipole δTνc < 3 mK, imposing an upper bound
on αA. The constraints on αA from Eqs. (39)
and (40) are shown in the third panel of Fig. 14.
In our analysis, we have chosen ν0 ¼ 156.2 GHz
which falls in the frequency band of Planck
centered at νc ¼ 143 GHz with a bandwidth
Δν=ν ¼ 0.33. We note that CMB is the most
precisely measured part of the electromagnetic
spectrum over the whole sky and constraints
from other parts of the spectrum (for other values
of ν0) would be much weaker.

(iii) Inelastic collision cross section: A conservative way
to constrain the collision cross section of dark matter
is to assume the timescale of dark matter collisions
tcollision ¼ ðnχhσviÞ−1 in our local neighborhood
(ρχ ∼ 0.4 GeV cm−3) to be greater than the age of
the Milky Way (tMW ≈ 13 billion years [131]). This
puts an upper limit on the dark matter collision cross
section (elasticþ inelastic). For v ≈ 200 km=s,

hσviχχ <
1

tMW

�
mχ

ρχ

�
: ð41Þ

We show this constraint in the second panel of
Fig. 14. We also show the upper limit on the
collision cross section from Bullet cluster [81]
(σBC=mχ < 2 cm2 g−1) assuming the relative veloc-
ity between the two clusters vBC ≈ 4700 km=s. This
indirectly puts constraints on the dark matter in-
elastic collision cross section.

We note that the collision cross sections usually
have a strong temperature dependence which sug-
gests that dark matter collisions may be insignificant
in MW but maybe important in other dark matter
halos. Our back of the envelope constraints from
MW are very conservative. A more careful analysis
taking into account the non-negligible dark matter
self-interactions which may be preferred by data,
would relax these constraints [134,135]. We there-
fore use the Bullet cluster constraint as a reference in
our analysis.

A. Discussion of preexisting constraints on dark matter
with electromagnetic couplings in the context

of our model

1. Millicharged dark matter constraints

We note that there are stringent constraints on milli-
charged dark matter in literature [78,79,136,137]. However,
in our model the dark matter is neutral and composite in
most astrophysical environments. The existing millicharged
dark matter constraints therefore do not apply to us. The
exception would be extreme environments such as cores of
collapsing supernovae [138]. The supernovae constraints
however rely on dark matter particles radiating away energy
from the core. In our model, millicharged dark quarks
cannot exist as free particles and therefore cannot be
radiated away, only the electrically neutral composites exist
as free (asymptotic states) particles. The lightest dark
particles that can be radiated away are the dark pions,
however their production would be a higher order process
that would be suppressed compared to the direct production
of millicharged particles usually considered in deriving the
supernova constraints. For an analogy, consider the pair
production of pions in eþe− collisions. At short distances,
the production goes via pair production of quarks
ðeþe− → γ� → qq̄Þ, since the production of pions is sup-
pressed. Further, just the production of dark pions does not
immediately imply the presence of a new channel for energy
loss. The dark quarks produced give rise to further reactions
of dark gluons and quarks (shower similar to QCD),
yielding a large number of dark pions at the end of the
day. This procedure results in the energy of the original dark
quarks getting divided into a large number of softer states.
Such distribution of energy is inevitable as taught by QCD.
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The fraction of these particles (and the energy) that can
finally escape the core is therefore expected to be small. The
computation of this quantity depends on the number of
colors and flavors of the gauge group, as well as on the
details of hadronization. A quantitative study of these
effects is beyond the scope of this paper. Thus, we cannot
directly apply existing constraints from literature to our
model. We expect that there would be interesting constraints
from supernovae on our model for masses of order MeVor
smaller but it would require a more complicated analysis
than is usually done for millicharged dark particles.

2. BBN constraints

There are strong limits on light dark matter models with
unspecified but strong electromagnetic coupling or neu-
trino coupling from BBN and CMB [139–144]. However,
we would like to emphasize that these constraints cannot be
directly applied to our model because the thermal history of
our model differs significantly from these simple scenarios
considered in the literature. These works generically make
the assumption that dark matter is produced thermally
through annihilation into Standard Model neutrinos or
electron-positron pairs and photons, or both. This changes
the expansion rate, the photon to neutrino ratio, and the
baryon to photon ratio affecting the successful predictions
of the BBN and the CMB power spectrum.
The thermal history of our model is highly nontrivial. At

temperatures above the dark confinement scale ΛN , we
expect a dark quark gluon plasma which would be in
thermal equilibrium with the visible sector because of ϵ
electromagnetic charge of dark quarks. As the temperature
falls below ΛN, the dark quarks and dark gluons quickly
hadronize into bound states. Because of effective strong
interactions, the heavier bound states annihilate quickly into
the lowest lying states of the dark sector, i.e. the lightest dark
glueballs and/or dark pions, which can further annihilate/
decay to both νν̄ pairs as well as photons. The annihilation/
decay channel to neutrinos becomes evident if one considers
the origin of electromagnetism, which arises below the scale
of electroweak symmetry breaking from electroweak forces
SUð2Þ × Uð1ÞY . Once Higgs gets a vev, SUð2Þ ×Uð1ÞY is
spontaneously broken toUð1Þem. One linear combination of
Yμ andW3

μ gives rise to a massless gauge boson which is the
photon and orthogonal linear combination gives rise to the
massive Z boson. Therefore, unless substantial additional
constructions are invoked, one expects that ϵUð1Þem charge
arises from ϵUð1ÞY charge, which, in turn, predicts dark
quark-Z coupling of strength of order ϵ as well. The
annihilation rate to neutrinos is K1ϵ

2G2
F and to photons

is K2ϵ
4α2, where K1 and K2 are unknown nonperturbative

factors that arise due to dark gluodynamics. Because of the
nonperturbative nature of dark QCD, the exact calculation
of these rates is highly complicated and beyond the scope of
this work. However, if the rate of annihilation/decay of dark
sector particles to both neutrinos and photons is comparable,

there would be no significant change in the baryon to
photon and photon to neutrino ratios postannihilation/decay
compared to the Standard Model.
We note that in Refs. [139–143], the effect on the

deuterium abundance of dark matter annihilation into
photons is opposite to the case where dark matter anni-
hilates into neutrinos. Moreover, the neutrinos produced
due to dark sector annihilation/decay would have a non-
thermal distribution with average energies higher than the
preexisting thermal neutrinos. The weak interactions of
these neutrinos would delay the freeze-out of the neutron-
to-proton ratio, whereas the increased expansion rate of the
Universe due to extra dark degrees of freedom will advance
the freeze-out. We therefore have two effects that cancel
each other. The effect of nonthermal neutrinos from
electron-positron annihilation has been studied for stan-
dard cosmological model, where the distortion is of order
1% [145–149]. In view of the above-mentioned many
competing effects and significant difference in our model
versus the models used in literature, it is not possible to
directly use the preexisting constraints from BBN in the
literature and put a hard lower limit on the mass of dark
matter in our model. A systematic way to approach this
problem would be to take the branching ratios to photons
and neutrinos to be a free parameter and fit it to the data,
i.e. the BBN abundances. One can then use this preferred
ratio to understand particulars of the confining dynamics
itself. Reference [144] studies sub-MeV thermally pro-
duced dark matter with the branching ratio to photons and
neutrinos as an additional free parameter. They rule out
dark matter masses mχ < 0.8–1.4 MeV at 2σ using CMB
and BBN observations, where the smaller upper limit is for
scalar dark matter and the larger upper limit is for Dirac
fermion dark matter. In our model, the dark matter
abundance arises from asymmetry in the dark sector and
not from thermal production. Therefore, we have an
additional free parameter since the cross sections are
not fixed by requiring the correct dark matter abundance,
which could help relax the mass bound. In order to get the
exact bound for our model, a full analysis needs to be done
which we leave for future work. Extrapolating from current
literature, we expect that even in the worst case scenario
the mass bound on our dark matter model would also be of
order ∼1 MeV. For reference, we show the 1.4 MeV bound
from [144] in Fig. 16.
We also note that the existing measurements from

colliders would also place constraints on the coupling of
dark matter to Standard Model particles. However, these
limits would be weaker than the cosmological and direct
detection constraints considered in this work. For instance,
if the dark sector particles have weak interactions, they can
open a new channel for Z boson decay. However, this rate
would be ϵ2 suppressed. Since the decay width of Z is
measured to a precision of few parts in 104, ϵ≲ 10−2 would
be allowed. There can also be other channels such as if a
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Standard Model particle X → Y þ γ, where Y is a collec-
tion of Standard Model particles, it can also decay to X →
Yþ pair of dark sector particles. These processes would
make corrections of the order of ðϵ=16π2Þ2 ≲ 10−10 for ϵ ∼
10−3 (compared to X → Y rates), where ð1=16π2Þ2 reflects
the phase space suppression. As far as we know no
channels in the Standard Model are measured to an
accuracy of one part in 1010.

V. DIRECT DETECTION CONSTRAINTS

The presence of electromagnetic coupling of dark matter
with sub-GeV masses will give rise to signals in the direct
detection experiments like XENON 10 [33], XENON 100
[34,35], and Dark-Side [36] which measure the atomic
ionization rate due to energy transfer from dark matter
to electron. Other experiments such as SENSEI
(protoSENSEI@surface [37] and protoSENSEI@MINOS
[38]) and CDMS-HVeV [39] search for signals due to
transition of electrons from the valence band to the con-
duction band of the semiconductor targets. We derive
constraints on the parameters of our model using the
existing limits on dark matter electron scattering cross
section from the direct detection experiments mentioned
above, in particular from Fig. 4 of [150].
Even though we consider dark matter to be electrically

neutral, it can still interact with electrically charged particles
via different electromagnetic form factors arising from
higher order electric and magnetic multipole moments
[151]. We begin by discussing the case of inelastic scatter-
ing between dark matter and electron that can cause χ to χ�
hyperfine transition. Since the initial and final states are
parity even (orbital quantum number l ¼ 0), the leading
order contribution comes from the magnetic dipole tran-
sition caused by the magnetic field generated by the
electron. The relevant operator for the magnetic dipole
interaction is given by Eq. (A8) of Appendix A. In order to
derive the bounds in the parameter in our model we closely
follow the formalism developed in [152], where the relevant
cross section is given in terms of a form factor FDM and the

cross section σ̄ evaluated at momentum transfer q ¼ αme.
When the magnetic field is generated by the magnetic
moment of the electron, the resultant form factor for the
interaction is FDM ¼ 1 and the cross section σ̄ is given by

σ̄IS1 ¼ 2πϵ2α2μ2χe
m2

χm2
e

; ð42Þ

where μχe denotes the reduced mass of dark matter electron
system. On the other hand, if the magnetic field is generated
due to the motion of the electron, the resulting form factor is
FDM ¼ αme=q and the cross section σ̄ is given by

σ̄IS2 ¼ 8πϵ2v2eχμ2χe
m2

χm2
e

; ð43Þ

where veχ is the relative velocity of electron with respect to
dark matter. Typical dark matter velocity in our solar
neighborhood is vχ ∼ 220 km=s ∼10−3 c. In the case of
xenon, the electron velocity in the outermost shell is related
to the ionization energy of the atom Ei by the relation
ve ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ei=me

p
∼ αc. In cooled semiconductors, typical

kinetic energy of electrons is due to their thermal motion
∼0.01 eV [37], resulting in ve ∼ 10−4 c. Thus relative
velocity between dark matter and electron can be approxi-
mated by the dark matter velocity veχ ∼ vχ ∼ 10−3 c.
Inelastic scattering is kinematically allowed when the
kinetic energy of the initial dark matter state is greater than
the electron transition energyþ energy splitting between χ
and χ�. Thus, we assume that inelastic scattering only takes
place when the χ − χ� mass splitting is less than the dark
matter kinetic energy. In the case of underground detectors
like XENON 10 [33], XENON 100 [34,35], and Dark-Side
[36], the electron transition energy is equal to the ionization
energy of xenon or neon ∼12 eV. On the other hand, for
detectors with semiconductor targets such as SENSEI
(protoSENSEI@surface [37] and protoSENSEI@MINOS
[38]), the electron transition energy is equal to the band gap
of the semiconductor ∼1 eV.

FIG. 16. Constraints for dark matter masses mχ ¼ 10 MeV, and mχ ¼ 100 MeV, respectively, from left to right. The other details of
the figure are the same as mentioned in the caption of Fig. 15.
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For dark matter transition energies greater than its kinetic
energy, the dominant interaction between dark matter and
electron comes from elastic scattering due to the charge
radius operator given in Eq. (A10) of Appendix A. This
interaction also has a form factor FDM ¼ 1 and the cross
section σ̄ is given by

σ̄ESe ¼ 4πϵ2α2μ2χe
3m4

χ
: ð44Þ

We show the direct detection and CMB limits [as
described by Eqs. (35), (36), and (37) in Sec. IV] on ϵ
from dark matter electron scattering over a wide range of
dark matter transition energies (χ − χ� mass splitting). This
constraint is shown for dark matter mass mχ ¼ 1 MeV in
Fig. 15 and formχ ¼ 10 MeV, and 100MeV in Fig. 16. We
represent the regions dominated by elastic scattering using
light gray and regions dominated by inelastic scattering
using dark gray color.
The optical depth represents the fraction of the back-

ground intensity absorbed in a dark line. To understand the
implications of these constraints on the strength of absorp-
tion lines in the dark forest as a function of dark matter
model parameters (millicharge ϵ, mass mχ , and transition
energyΔE), we use the peak optical depth of the absorption
line [defined as the maxima of the optical depth profile i.e.
τðνh ¼ ν0; pÞ in Eq. (17)], which is given by

τpeak ¼
Z

do

−ds

g1
g0

αAAHI
10c

2

8πν20

ρðrÞ
mχ

1ffiffiffi
π

p
ΔνD

×

 
1 − e−

T�
TexðrÞ

1þ ðg1=g0Þe−
T�

TexðrÞ

!
ds; ð45Þ

where the factor 1=ð ffiffiffi
π

p
ΔνDÞ comes from the amplitude of

the line profile defined in Eq. (15).
The dependence of τpeak on millicharge ϵ comes from

the spontaneous emission coefficient τpeak ∝ αA ∝ ϵ2 [see
Eq. (A9)]. The peak optical depth is sensitive to the ratio
of transition temperature to the excitation temperature
(T�=Tex). Thus we have two cases, when T� ≫ Tex,
we can approximate the term in the numerator
ð1 − e−T�=TexÞ ≈ 1. Since ΔνD ∝ ν0 and αA ∝ ν30, they
cancel the ν20 in the denominator, making the peak optical
depth independent of dark matter transition energy. Further,
since αA ∝ 1=m2

χ , the dependence of peak optical depth on
the dark matter mass goes as τpeak ∝ αA=mχ ∝ 1=m3

χ . In the
second case, T� ≪ Tex, we can approximate the term in
the numerator ð1 − e−T�=TexÞ ≈ T�=Tex. Since T� ∝ ΔE, the
peak optical depth scales linearly with transition energy,
τpeak ∝ ΔE. In the case of collisional dark matter, Tex ¼
Th ∝ mχ [see Eq. (B3)], the dependence of peak optical
depth on dark matter mass goes as τpeak ∝ 1=m4

χ . Putting
everything together, we get

τpeak ∝

8<
:

ϵ2ΔE
m4

χ
T� < Th;

ϵ2

m3
χ

T� ≥ Th:
ð46Þ

In the mock dark forest spectra discussed in Sec. III A 2, we
took a specific case for dark matter transition energy
ΔE ¼ 5 × 10−4 eV. We found that at least one strong line
having τpeak ≈ 0.01 is expected for αA=mχ ≳ 0.01 MeV−1

as shown in Fig. 10. We use Eq. (46) to scale the result in
Fig. 10 to different sets of dark matter model parameters.
We represent the value of τpeak in Figs. 15 and 16 by the

blue color, darker shade highlighting the regions of stronger
absorption lines. The region above the black dotted line is
where we expect strong lines in the dark forest with optical
depth τpeak ≳ 0.01. We should be able to probe the strong
line region with current experiments and either detect a
signature of dark forest or put much stronger bounds on
dark matter parameters than what is expected from direct
detection experiments. We find that a wide range of
parameter space of our model can give rise to dark forest
features within the sensitivity of existing experiments from
radio to x rays. In particular, the strongest lines are expected
from x-ray observations and the existing data will allow us
to put much stronger constraints on ϵ compared to direct
detection experiments. We leave a detailed analysis for
future work.
In Fig. 17, we show the limits on ϵ for transition energies

5≲ T�ðKÞ≲ 10, where our model can produce global
signals consistent with EDGES (see Fig. 11). The con-
straints from direct detection are shown in blue. The solid
red and dashed red lines refer to αA ¼ 0.1 for dark matter
transition temperatures T� ¼ 5 and T� ¼ 10 K, respec-
tively. Since we require αA > 0.1 to be consistent with
EDGES (see Fig. 11), we shade the disallowed regions
(αA < 0.1 for T� ¼ 10 K) crimson. We find that dark matter
masses mχ ≲ 3 MeV are allowed by direct detection and
CMB constraints as shown by the white region represented
by the label EDGES.

VI. CONCLUSIONS

In this work, we explore the unique experimental
signature of a class of composite dark matter models having
electromagnetic transitions: the absorption lines in the
spectrum of a background source. Such absorption signa-
tures occur as distinct dark lines in the spectrum of a quasar,
and as a global absorption feature or spectral distortion in
the spectrum of the CMB.

(i) The absorption of light by multiple dark matter halos
along the LOS to a quasar gives rise to a dark forest,
similar to the Lyman-α forest from neutral hydrogen.
In contrast to the Lyman-α or 21 cm forest, the dark
forest is less prone to the uncertainties related to the
nonlinear baryonic physics.
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(ii) The dark forest is sensitive to the self-interactions of
dark matter. The dark forest is also sensitive to the
minimum halo mass and therefore the primordial
power spectrum on small scales.

(iii) Absorption of CMB photons by dark matter gives
rise to μ-type spectral distortions at z≳ 105 and a
global absorption feature in the CMB spectrum
at z≲ 105.

(iv) The bremsstrahlung process plays an important role if
the dark matter absorption frequency falls in the
Rayleigh-Jeans tail of the CMB spectrum. In this
case, bremsstrahlung determines the high redshift
edge of the global absorption feature. The low red-
shift shape of the global signal is determined by the
relative strength of inelastic collisional coupling with
respect to the radiative coupling of dark matter.

(v) For dark matter masses of OðMeVÞ, our model can
produce a global absorption feature which is con-
sistent with the EDGES observation [47].

(vi) If the EDGES signal is indeed produced by dark
matter absorption, then our model predicts that a
dark forest must exist in a frequency band 10 times
higher than the 21 cm forest frequency band.

(vii) A global absorption feature or spectral distortion due
to dark matter is a general prediction of our model
which can even occur in a different frequency band
of the CMB spectrum. Such signals could be
detected in future experiments such as Primordial
Inflation Explorer (PIXIE) [153] or APSERA [116].

(viii) The absorption of CMB photons in the UV band
can affect the recombination history and this part of
the parameter space can be probed by the CMB
anisotropy measurements.

(ix) There is a large volume of parameter space where
dark forest is more sensitive compared to the best
current and planned direct detection experiments.

We have ignored the clustering of halos in this work. One
needs to perform N-body simulations to take into account
the two-point correlations of the dark forest which we leave
for future work.
Our results open up a new and unexpected interesting

window into the nature of dark matter and a potential new
probe of the cosmic web. Our work motivates the search for
dark forest and global absorption features across the full
electromagnetic spectrum, especially in the desert, i.e. the
part of the electromagnetic spectrum where there are no
strong lines expected from baryons in the Standard Model
of cosmology. With the current sensitivity of spectroscopic
surveys in different frequency bands, it should already be
possible to probe the dark forest at optical and x-ray
frequencies.
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APPENDIX A: DARK MATTER MODEL

By construction, the dark sector model is described by an
asymptotically free non-Abelian SU(N) gauge theory. At
UV energies, the theory is described by weakly coupled
dark quarks. The necessary d.o.f. are given in Table I in
Sec. II. At low energies, SU(N) is strong and spectra of the
dark sector are given in terms dark color neutral bound
states. The formulation we discuss here closely follows the

FIG. 17. The allowed parameter space for ϵ for dark matter
masses ranging from 100 keV to 2 GeV. The blue colored regions
are disallowed by the direct detection (DD) experiments [33–39].
The dark blue solid and dotted lines represent the direct detection
constraints from dark matter inelastic scattering (χ − χ� transi-
tion) given in Eqs. (42) and (43), respectively. The elastic
scattering [charge radius interaction from Eq. (44)] is shown
by the solid black line. The black dashed line and dark gray
region above is disallowed by CMB constraints [see Eq. (35)]
from dark matter electron scattering. We also show the BBN
constraint on thermal dark matter at ∼1.4 MeV from [144] (for
detailed discussion see Sec. IV A 2). The white and crimson
regions are the allowed regions of the parameter space by the
CMB and direct detection experiments. The solid red and dashed
red lines refer to αA ¼ 0.1 for dark matter transition temperatures
T� ¼ 5 and T� ¼ 10 K, respectively. The white region above
αA ¼ 0.1 is the allowed parameter space for our dark matter
model which can explain the EDGES anomaly. The crimson
region corresponds to αA < 0.1 where the global absorption
signal becomes too weak to be detected with EDGES.
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chiral Lagrangian techniques developed in particle physics
[86–88]. One essential difference though is that there is no
analogous weak force present in the dark sector which
allows the heavy-light bound dark matter states to decay in
comparison to the heavy mesons of the visible sector. We
begin this section with the spontaneous breaking of the
chiral symmetry of the dark sector. At low energies, the
strong dark QCD generates the flavor diagonal condensate
hqDaqcDbi ¼ δabΛ3

N . The flavor symmetry gets spontane-
ously broken in the following fashion:

SUð2ÞDL × SUð2ÞDR → SUð2ÞDV : ðA1Þ

This symmetry breaking results in three pNGBs/dark pions
πD parametrized in Eq. (12) in Sec. II. In order to discuss
the physics of heavy-light bound states, it is convenient to
introduce a field ξD defined via

ΣDðxÞ ¼ ξ2DðxÞ; with ξDðxÞ⟶
SUð2ÞDL×SUð2ÞDRLDξDðxÞV†

DðxÞ
¼ VDðxÞξDðxÞR†

D; ðA2Þ

where VDðxÞ is the transformation operator for the unbro-
ken vectorial symmetry SUð2ÞDV .
We choose our dark matter candidate to be a heavy-light

bound state. To do this, we first redefine the heavy and light
dark quark Dirac spinors in the following way:

QD ≡
 
QDw

Qc†
Dw

!
; qD ≡

 
ξ†DqDw

ξDq
c†
Dw

!
; ðA3Þ

where QDw and qDw are the Weyl spinors for the heavy and
light dark quarks, respectively. The dark matter candidate is
defined by the matrix field X as

Xa ≡ Q̄DqDa⟶
SUð2ÞDL×SUð2ÞDRVDabðxÞXb: ðA4Þ

In order to construct the operators responsible for inter-
actions between the dark bound state and dark pions, we
define the vector current VDμ and the axial current ADμ

which incorporate the dark pions πD,

VDμ ¼
1

2
ðξ†D∂μξD þ ξD∂μξ

†
DÞ;

ADμ ¼
1

2
ðξ†D∂μξD − ξD∂μξ

†
DÞ: ðA5Þ

Since the dark stateX is a nonrelativistic heavy-light bound
state, its velocity v is conserved. Using the framework of
HQET, we can project the small scale fluctuations [82,83]
and write the Lagrangian for Xv invariant under the full
flavor symmetry SUð2ÞDL × SUð2ÞDR,

LXv
¼ itrðX̄a

vvμDab
μ Xb

vÞ þ ig1trðX̄a
vγ

μγ5Aab
μ Xb

vÞ

þ 1

4
f2D∂μΣab∂

μΣ†
ba þ g2f2DΛNmqδabΣab

þ g3mqδabtrðX̄a
vXb

vÞξDξD þ H:c:þ � � � ; ðA6Þ

where the covariant derivative is defined asDμ ¼ ∂μ þ VDμ

and the trace is taken over the gamma matrices.
The Lagrangian in Eq. (A6) does not distinguish the spin

1 state χ� from the spin 0 state χ. The terms that violate the
spin symmetry occur as powers in 1=MQ and contribute to
the mass gap between χ and χ� resulting in the hyperfine
splitting of the dark sector. The tree level operators that
generate this mass gap are given by

λ

MQ
trðX̄a

vσ
μνXa

vσμνÞ; λ0
mq

MQ
trðX̄a

vσ
μνXa

vσμνÞξDξD… etc:

ðA7Þ

We can decompose the matrix field Xv into a pseudoscalar
field and a vector field using Eq. (13) and compute the tree
level hyperfine splitting from Eq. (A7). Further, the axial
current operator in Eq. (A6) gives rise to χ�χ�πD and χχ�πD
couplings which also contribute to the hyperfine splitting at
the loop level.
The operator that gives rise to photon transitions between

χ and χ� is given by

λ00
ϵ̄e
4m̃q

trðX̄a
vσ

μνXa
vFμνÞ; ðA8Þ

where λ00 is an unknown coefficient. The strength of this
operator is proportional to the electric charge (ϵe) of the
dark quarks and is suppressed by the constituent dark quark
mass (say m̃q).
In this work, for simplicity we rewrite the scale m̃q as

mχ=k, so that the effective charge in this case would be
replaced by ϵe → ϵek, where k ¼ mχ=m̃q. Further, for all
phenomenological quantitative analysis in the main text,
we refer to the effective strength of the operator, namely
λ00kϵ, as ϵ.
An estimate for the spontaneous emission rate αA [for

definition see Eq. (7)] in terms of ϵ and the hyperfine
splitting of the dark sector (ΔE) can be obtained by scaling
the hyperfine splitting parameters of the hydrogen atom,

αA ≈ ϵ2
�

ΔE
ΔEHI

�
3
�
me

mχ

�
2

; ðA9Þ

where ΔEHI is the hyperfine splitting in the hydrogen atom
and me is the mass of electron.
The operator [in Eq. (A8)] responsible for the χ − χ�

transition will also give rise to inelastic scattering between
dark matter and electron in direct detection experiments.
Quantum mechanically, this scattering can be understood
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as arising due to the magnetic moment of dark matter
interacting with the magnetic field generated by an electri-
cally charged particle.
Dark matter can also have elastic scattering due to its

charge radius and the charge radius operator [151] is given
by

λ000ϵ̄er2χ
6mχ

trðX̄a
vð∂μXa

vÞ∂νFμνÞ þ H:c:; ðA10Þ

where rχ is the charge radius of dark matter which we
approximate here to be rχ ¼ 1=mχ . In order to reduce the
number of parameters, we also take the effective strength of
the operator, namely λ000ϵ̄, as ∼ϵ.

APPENDIX B: DARK MATTER HALO DENSITY
AND TEMPERATURE PROFILE

The halo mass density is modeled as an NFW profile
[19] with a concentration model taken from [154,155] to
describe the halo up to 10 times the virial radius [156] of the
halo. The halo mass Mh is defined as the total matter
enclosed within a sphere around the halo center that
encloses a fixed density equal to 200 times the critical
density. Thus, r200c is defined as

M200cðr < r200cÞ
4πr3200c=3

¼ 200ρcðzÞ; ðB1Þ

where halo mass Mh ¼ M200c ¼
R r200c
0 d3rρðrÞ.

For simplicity, we assume the dark matter to follow a
Maxwell-Boltzmann velocity distribution with a radially
dependent rms width σ described by the power law profile
in [157],

ρ

σ3
ðrÞ ¼ 101.46

�
ρcðzÞ
v3vir

��
r
rvir

�
−1.9

; ðB2Þ

where r is the radius of the halo in physical units, ρc is the
critical density of the Universe, ρðrÞ is the NFW density
profile of the halo. vvir and rvir are the virial velocity and
virial radius of the dark matter halo, respectively. One can
associate a temperature to the width of the velocity
distribution using the relation σ2ðrÞ ¼ 3kBThðrÞ=mχ ,
which gives

ThðrÞ ¼
mχ

3k

�
101.46

ρðrÞ
�
ρcðzÞ
v3vir

��
r
rvir

�
−1.9
�

−2=3
: ðB3Þ

The random motion of dark matter particles along the LOS
gives rise to a Doppler line profile whose linewidth in units
of speed is given by

bðrÞ ¼ c
ΔνD
ν0

¼ ð1þ vLOSðr; pÞ=cÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBThðrÞ

mχ

s
: ðB4Þ
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APPENDIX C: DARK FOREST

We show the sample dark forest spectra in the redshift range 7–0 for collisionless and collisional DM for two different
choices of Mmin ¼ 106 and 104M⊙=h, respectively, keeping other dark matter model parameters fixed at mχ ¼ 1 MeV,
T� ¼ 7.5 K, and αA ¼ 0.35 in Figs. 18–21.

FIG. 18. Dark forest spectrum for collisionless DM for Mmin ¼ 106M⊙=h.
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FIG. 19. Dark forest spectrum for collisional DM for Mmin ¼ 106M⊙=h.
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FIG. 20. Dark forest spectrum for collisionless DM for Mmin ¼ 104M⊙=h.
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APPENDIX D: CONVERGENCE OF DISTRIBUTION FUNCTIONS

We compare the τpeak and b2 distribution functions for collisionless DM in the redshift range 6–5 for 100 and 1000 LOS
directions in Fig. 22. The mean count N in a given τpeak or b2 bin follows a Poisson distribution with a standard deviation
∝

ffiffiffiffi
N

p
. When the average is taken over spectra from 1000 different LOS directions, we find that the tail becomes smoother

and the error bars on the distribution functions contract as expected.

FIG. 21. Dark forest spectrum for collisional DM for Mmin ¼ 104M⊙=h.

FIG. 22. The distribution functions for peak optical depth (left) and linewidth (right) for collisionless DM forMmin ¼ 106M⊙=h in the
redshift range 6–5 for 100 and 1000 LOS directions.
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APPENDIX E: RADIATIVE TRANSFER
EQUATION IN AN EXPANDING UNIVERSE

Let uνðΩÞ be the radiation energy density per unit
frequency per unit solid angle. In terms of the photon
distribution function fðνÞ,

uνðΩÞdνdΩ ¼ hνfðνÞðh=cÞ3ν2dνdΩ: ðE1Þ

In an expanding Universe, frequency redshifts as 1=a,
where a as the scale factor, while fðνÞ remains conserved.
From Eq. (E1), in the absence of a source or sink, uνðΩÞ=ν3
or uνðΩÞa3 remains constant with respect to time:

dðuνa3Þ
dt

¼ 0; ðE2Þ

a3
∂uν
∂t

þ a3
�
dν
dt

�
∂uν
∂ν

þ 3a2ȧuν ¼ 0; ðE3Þ

a3
∂uν
∂t

− νa2ȧ
∂uν
∂ν

þ 3a2ȧuν ¼ 0; ðE4Þ

∂uν
∂t

− ν
ȧ
a
∂uν
∂ν

þ 3
ȧ
a
uν ¼ 0: ðE5Þ

In the presence of a source having emission coefficient jν
and absorption coefficient αν, the radiative transfer equa-
tion becomes [158]

∂uν
∂t

− ν
ȧ
a
∂uν
∂ν

þ 3
ȧ
a
uν ¼ −cανuν þ jν: ðE6Þ

The specific intensity Iν, defined as the energy per unit area
per unit time per unit frequency per unit solid angle is
related to the energy density per unit frequency per unit
solid angle as uν ¼ Iν=c. The specific intensity in temper-
ature units is given by the following relation:

cuν ¼ Iν ¼
2ν2

c2
kBTb; ðE7Þ

where Tb is the brightness temperature at a fixed frequency
ν. We can use Eq. (E7) to cast Eq. (E6) in terms of the
brightness temperature [113,159],

dTb

dt
þ ȧ
a
Tb ¼ cαν

�
−Tb þ

c2

2ν2kB

jν
αν

�
: ðE8Þ

If the level population defined in Eq. (2) is in kinetic
equilibrium at temperature Tex, by using the Einstein
relations we can find the ratio between the emission and
absorption coefficients which is given by [113]

jν
αν

¼ 2hν3

c2
1

ðehν=kBTex − 1Þ : ðE9Þ

This relation following from the principle of detailed
balance depends only on the excitation temperature Tex
of the two levels.

APPENDIX F: LIMITS ON CMB SPECTRAL
DISTORTIONS FROM COBE/FIRAS

We show the limits on spectral distortions of CMB from
a perfect blackbody from COBE/FIRAS [128,160] in the
60–600 GHz band in Fig. 23.

APPENDIX G: MILKY WAY MODEL
FOR CONSTRAINING THE RADIATIVE

COUPLING FROM CMB ANISOTROPY MAPS

We assume that dark matter in the MW is distributed
according to the following NFW [19] density profile:

ρχðrÞ ¼ ρ0
1

r
r0
ð1þ ð rr0ÞÞ2

; ðG1Þ

with ρ0ð106M⊙ kpc−3Þ ¼ 3.486 and r0ðkpcÞ ¼ 26.77
[103] and has a virial temperature Tvir. The emissivity
due to dark matter emission from the MWalong the LOS is
given by [113]

jν ¼
hν
4π

ϕðνÞn1ðrÞαAAHI
10; ðG2Þ

where ν is the frequency of the emitted photon and ϕðνÞ is
the Doppler line profile centered at ν0 with a linewidth,

ΔνD ¼ ν0
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTvir

mχ

s
: ðG3Þ

FIG. 23. 1-σ limits on the fractional deviation from the CMB
blackbody spectrum (ΔIν=Iν) as a function of frequency from
COBE/FIRAS data [128,160].
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For a band covering a frequency range from νmin to νmax, the integrated specific intensity along a particular LOS is given by

j ¼
Z

νmax

νmin

dνjν: ðG4Þ
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