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Outline
Let me try to put the talk in context

The most optimistic picture of dark 
matter physics:

we detect it via the same 
interaction that also determines its 

abundance

The most pessimistic scenario : the dark 
world has its own set of healthy 

interactions 
However, it only talks to us 

gravitationally. 

Somewhere between these worlds lies the vast possibility that the dark world with its own 
interactions is only slightly connected to us 



Outline

Somewhere between these worlds lies the vast possibility that the dark world with its own 
interactions is only slightly connected to us 

This talk contains a proposal for the search of dark matter via absorption
of light

Absorption lines in the spectrum 
of a background source

Gives rise to anomalous features 
(and/or spectral distortions) in the CMB

Ex, Quirky Composite Dark Matter
Kribs, Roy, Terning, Zurek, 2009



Dark Matter as a 2-level system

χ state 0

χ* state 1

It is easy to model an effective dark 
sector as a two level system of 

states between which 
electromagnetic-transitions take 

place. 

Use a compact notation

χv ≡
1
2

(1 + /v) (χ*μ γμ − χγ5)

ϵ
e

mχ
Tr (χ̄vσμνχvFμν)

Strength of the coupling

Mass scale of dark matter

ΔE

We are interested in the territory ΔE ≪ mχ



Dark Matter as a 2-level system

Its a story of transition between two states -  relevant 
parameters are:

 

❖ Energy splitting 

❖ The relative dark matter population: which can be 
parametrized by the excitation temperature 

ΔE = hν0 ≡ kBT*

Tex ≡ T* log ( n0/g0

n1/g1 )

ΔE

χ state 0

χ* state 1



Dark Matter as a 2-level system
Electromagnetic Transitions:

χ state 0

χ* state 1

χ state 0

χ* state 1

χ state 0

χ* state 1

Absorption
n0B01J

Spontaneous Emission
n1A10

Stimulated Emission
n1B10J

(Inelastic) collisional Transitions:

χ state 0

χ* state 1

Excitation
n0C01

χ state 0

χ* state 1

De-excitation
n1C10

γ γ γ γ

γ



Dark lines from dark matter

ds
s

Absorption due to dark matter will yield a 
dip in intensityp

r

Absorber

A convenient way to represent the dip is via 
optical depth

τν ≡ log
F0

ν

Fν

Flux in the absence of the absorber

Impact parameter

Flux observed



Dark lines from dark matter

τ(ν, p) ∝ ∫ ds
A10

ν2
0

ρDM

mχ ( 1 − e−T*/Tex

1 + (g1/g0)e−T*/Tex ) . ϕ

Doppler line broadening of the 
absorption line
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Δf

Width & height have non-trivial 
dependence on Z, Mass of halo, 

impact parameter s, etc. 

Area gives the total amount of absorption

Absorption  stimulated emission−



Dark lines from dark matter
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Small Z

Large Z (larger number density)

Similar behavior for large 
mass halos 

Turn off C 

Tex → TCMB



Dark lines from dark matter
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Turn on C 

Tex → Thalo < TCMB

 increases :
Stronger absorption than 

collission-less case

n0/n1

However, mass dependence 
is non-trivial 

Small mass        small       larger  Thalo n0/n1

large mass        larger        larger widthThalo



Dark forest from dark matter

z = z3

z = z2

z = z1

Absorption from different halos at different redshifts give rise to the forest of dark-lines 

ν0

z3 + 1
ν0

z2 + 1
ν0

z1 + 1

⟵ large ν

⟵ small Z



ν = ν0/z1
ν = ν0/z2

Dark forest from dark matter
Absorption from different halos at different redshifts give rise to the forest of dark-lines 

To simulate 

❖ Probability of intersecting a halo = fraction of the total area 
occupied by the halo. 

❖ Randomly sample halo masses. 

❖ Randomly sample impact parameter with uniform probability over the 
cross-sectional area.   



Dark forest from dark matter
Absorption from different halos at different redshifts give rise to the forest of dark-lines 

12

III.1.1.1. 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 Milky Way. [77–82]. Thus we also expect that
the absorption of light from a background source by composite dark matter particles in dwarf galaxies would provide
strong tests for such dark matter models. We consider one such MW satellite galaxy, namely, Leo-T. We model its
dark matter density profile using a Burkert profile from [83]. We assume the velocity distribution of dark matter to
be Maxwellian with a velocity dispersion (

p
hv2i) equal to that of hydrogen ⇠ 6.9 km/s [84]. The temperature of

the halo is defined by the relation, kBTh = 1

3
m�hv

2
i. For m� = 1 MeV, we find Th ⇠ 2.1 K. In figure 5, we show

the absorption profiles of Leo-T intersected at impact parameters 0.5 rs, 1.0 rs and 2.0 rs, where rs is the scale radius
of the halo. We note that since Th ⇠ T� for Leo-T, the absorption profiles in collisional and collisionless cases are
similar. However the small di↵erence in Tex still gives a noticeably stronger absorption in case of collisional dark
matter compared to collisionless dark matter.

III.1.2. Dark forest: absorption by multiple dark matter halos

If the LoS to the source passes through multiple halos (located at di↵erent redshifts z0), each intersection gives rise
to an absorption profile at ⌫ = ⌫h/(1 + z0) to an observer on Earth. Collectively, a large number of absorption lines
coming from the same transition in dark matter at di↵erent 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 qualitative
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

�⌧⌫ . We summarize the algorithm for generating the dark forest spectra below
[75, 85, 86]:

• We begin by selecting the frequency range of simulation. For an instrument sensitive in ⌫min to ⌫max range, the
absorption lines correspond to halos in zmax = ⌫0/⌫min � 1 to zmin = ⌫0/⌫max � 1 redshift range.

• We find the equiprobable bin width �⌫ at a given ⌫ by relating it to the probability of finding a halo in redshift
bin �z centered at z = ⌫0/⌫ � 1. This probability is equal to the fraction of the area on the sky covered by halos
of all masses in �z redshift bin. Thus the probability of intersecting a halo in a frequency range ⌫ to ⌫ + �⌫ is
given by,

�Nh = �⌫
dNh

d⌫
= �z

dNh

dz
= �z

c (1 + z)2

H (z)

Z Mmax

Mmin

dMh
dn

dMh
(z)A (Mh, z) ,

where A (Mh, z) = ⇡rmax (Mh, z)
2
. (18)

The halo mass function dn/dMh in co-moving units is taken from [87], 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
�⌫ at each ⌫ such that the probability of absorption �Nh = 0.1.

• 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.

• 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,

p (Mh, z0) /
dn

dMh
A (Mh, z0) . (19)

We choose the impact parameter from a uniform distribution over the cross-sectional area of the halo A(Mh, z).

• 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 ⌫h ! ⌫h/(1+z0).

Furlanetto & Loeb 2002



Dark forest from dark matter
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Dark forest from dark matter
 Information from a dark forest

Take for an example:

probability of finding a line in between 

 probability of the LOS intersecting a halo at some 

 

ν → ν + dν

∝ z → z + dz

∝ ∫
Mmax

Mmin
dMhalo

dn (z)
dMhalo

Minimum halo mass at a given Z Halo mass function

Corresponds to a minimum in width of a dip (since width  )∝ Thalo



Dark forest from dark matter
 Information from a dark forest

width ⟶

dN
d(width)

Sensitive probe of the halo 
mass function at low halo 

masses

small Mmin

large Mmin



Dark Matter as a 2-level system

χ state 0

χ* state 1

Transitioning dark matter also leaves 
complementary imprints on CMB as 

well  



Dark Matter as a 2-level system
Electromagnetic Transitions:

χ state 0

χ* state 1

χ state 0

χ* state 1

χ state 0

χ* state 1

Absorption
n0B01J

Spontaneous Emission
n1A10

Stimulated Emission
n1B10J

(Inelastic) collisional Transitions:

χ state 0

χ* state 1

Excitation
n0C01

χ state 0

χ* state 1

De-excitation
n1C10



Global absorption from Dark Matter

ΔE = kBT*

χ state 0

χ* state 1

n1

n0
=

g1

g0
exp (−

T*

Tex )
 determines the relative population of two states  Tex

 if radiative transition dominatesTex → TCMB

 if collision dominatesTex → TDM

dTex

dz
∝ C10 (1 − e−T*( 1

TDM
− 1

Tex )) + A10
1 − e−T*( 1

TCMB
− 1

Tex )
1 − e−T*/TCMB



Global absorption from Dark Matter
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Global absorption feature due to DM in the CMB spectrum

Inelastic  
collisions 
dominate

Radiative  
transitions 
dominate
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‣At high redshifts, collisions dominate,  and absorption begins 

‣As DM number density falls, radiative transitions take over and the absorption signal vanishes

Tex = Tχ ≪ TCMB

Radiative  
transitions 
dominate

Inelastic  
collisions 
dominate

At high redshift collision dominates:    : absorption begins
As DM number falls, radiative transitions take over: absorption disappears 

Tex → TDM ≪ TCMB



Mod. Kompaneets Eqn for CMB

In case of our dark matter model, the absorption/emission of CMB photons happens
at a particular frequency which is equal to the transition frequency of dark matter ⌫0. The
number density of CMB photons absorbed by dark matter per unit time is equal to the
number of transitions from spin 0 to spin 1 state minus the transitions from spin 1 to spin 0
state per unit time per unit volume (see eq. (3.11)), and is given by,

Ṅ�� = � (n0B01 � n1B10) J̄ + n1A10,

= �n�A10

1�
1 + (g0/g1) eh⌫0/(kBTex)

�
 

1 + e
h⌫0/(kBTex)

1 + eh⌫0/(kBTCMB)
� 1

!
. (4.8)

The corresponding dimensionless form for ⌫0 can be defined using eq. (4.1), and is given by,

x0(t) ⌘
h⌫0

kBTe(t)
. (4.9)

We can express Ṅ�� in terms of the change in the photon occupation number @n��/@t as,

Ṅ��(x0) =

Z
dxe Ṅ��(xe) �(xe � x0(t)) =

Npl

I2

✓
Te

TCMB

◆
3 Z

dxe x
2

e

@n��

@t
, (4.10)

where in the first equality the Dirac delta function picks out the contribution of the source at
xe = x0. In the second equality, we have taken the time derivative of eq. (4.7) to relate the
change in the total number density to the change in the occupation number n�� . We note
that dark matter transitions will also change the temperature of the CMB by changing the
photon number. The present constraints on the fractional change in the CMB temperature
between BBN and recombination is ⇠ 3%. This is three orders of magnitude weaker than
the current limits on spectral distortions from COBE. We will therefore neglect the e↵ect of
dark matter on the CMB temperature and only focus on spectral distortions.

Using eq. (4.10), we can identify the source term from dark matter to be,

@n��

@t
=

1

x2e

I2

Npl

✓
TCMB

Te

◆
3

˙N�� �(xe � x0(t)). (4.11)

The final evolution equation for the photon occupation number in the presence of dark
matter can be obtained by adding the term on the RHS of eq. (4.11) into the Kompaneets
equation eq. (4.2), which gives,

@n(xe, t)

@t
= KC

1

x2e

@

@xe
x
4
e

✓
n+ n

2 +
@n

@xe

◆
+ (Kbr +KdC)

e
�xe

x3e

[1 � n(exe � 1)]

+xe
@n

@xe

@

@t


ln

Te

TCMB

�
+

1

x2e

I2

bRT
3
e

˙N�� �(xe � x0(t)), (4.12)

where in the last term we have substituted Npl = bRT
3

CMB
, where bR = 16⇡k3

B
⇣(3)/(c3h3) is

a constant.
We can identify three frequency scales in our problem which will be important in solving

eq. (4.12), namely,

(a) x0: the dark matter transition frequency defined in eq. (4.9)

– 9 –

4.1 Formation of CMB spectrum in the standard model

Before introducing the electromagnetic interactions of dark matter with the CMB, we briefly
review the di↵erent electromagnetic processes in the standard model sector that play a key
role in establishing the black body spectrum of the CMB. After the big bang nucleosynthesis,
the baryon-photon plasma is composed of the CMB photons, electrons, and ions (H+, He+,
and He++). The electromagnetic interactions in the baryon-photon plasma can be divided
into two types:

• Photon number changing: The inelastic scattering between electrons and ions is
called bremsstrahlung, and between electrons and photons is called double Compton
scattering. These inelastic processes can transfer energy between electrons/ions and
photons as well as change the photon number either by emitting a photon in the final
state or absorbing the photon in the initial state.

• Photon non-number changing: The elastic scattering between electrons and pho-
tons called the Compton scattering conserves the photon number and can only transfer
energy between electrons and photons.

The CMB spectrum which describes the energy distribution of the CMB photons is therefore
a↵ected by both the photon number changing as well as the photon energy changing processes.
The evolution of the photon occupation number can be derived by doing a Fokker-Planck
expansion of the Boltzmann equation of the photon occupation number.

Since the di↵erent electromagnetic processes try to bring the CMB temperature in equi-
librium with the electron temperature, it is instructive to define the photon occupation num-
ber as a function of the dimensionless frequency xe defined w.r.t. the electron temperature
Te as:

xe ⌘ h⌫/(kBTe). (4.1)

The time evolution of the photon occupation number n is given by the generalized Kompa-
neets equation,

@n(xe, t)

@t
= KC

1

x2e

@

@xe
x
4

e

✓
n+ n

2 +
@n

@xe

◆
+ (Kbr +KdC)

e
�xe

x3e

[1 � n(exe � 1)]

+ xe
@n

@xe

@

@t


ln

Te

TCMB

�
, (4.2)

where the rate coe�cients for Compton scattering, bremsstrahlung, and double Compton
scattering can be expressed in terms of the electron number density ne, baryon number
density nB, the Thomson scattering cross-section �T, and electron mass me as:

KC = ne�Tc
kBTe

mec
2
, (4.3)

Kbr = ne�Tc
↵nB

(24⇡3)1/2

✓
kBTe

mec
2

◆�7/2
✓

h

mec

◆
3

gbr(xe, Te), (4.4)

KdC = ne�Tc
4↵

3⇡

✓
kBTe

mec
2

◆
2

gdC(xe, Te)

Z
dxe x

4

e n (n+ 1) , (4.5)

where ↵ is the fine structure constant and the Gaunt factors for double Compton and
bremsstrahlung processes are denoted by gbr and gdC respectively.

– 7 –

Compton scattering
Double-Compton + 

Bremsstrahlung 

Electromagnetic interaction of DM brings it into contact with baryonic-photon plasma

injected spectra by dm



CMB distortions from dark matter
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Dark matter creates distortions in the CMB

Radiative  
transitions 
dominate

No  
distortions

-type  
distortions

μ

Bremsstrahlung 
dominates 

(y-type 
distortions)

DM inelastic collisions 
survive here

without bremsstrahlung

with bremsstrahlung 

Prior to 
recombination, 
bremsstrahlung is 
important in 
establishing a black 
body spectrum at 
low frequencies 

ΔE = 10−4eV

❖ Prior to recombination, 
bremsstrahlung is important in 
establishing a black body 
spectrum at low frequencies.  



CMB distortions from dark matter

Global emission feature due to DM in the CMB spectrum
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Constraintology



Constraintology: Direct-detection
❖ Inelastic scattering: magnetic 

moment of dark matter interacts 
with the magnetic field of electron 
causing -  transition.

❖ elastic scattering: Charge radius of 
dark matter interacts with the 
electric field of electron.

• Included XENON10, XENON100, Dark-Side, 
SENSEI, CDMS-HVeV etc.. 

χ χ*

29

FIG. 15: The allowed parameter space for ✏ for dark matter transition energy ranging from radio (10�7 eV) to
X-rays (10 keV) and for dark matter mass m� = 1 MeV. The black solid and dashed lines refer to direct detection
(DD) [28–34] and CMB constraints from dark matter electron scattering. The regions where inelastic scattering
(� � �

⇤ transition) dominates for direct detection is shown by dark gray color and the regions where elastic
scattering (charge radius) dominates for direct detection is shown by light gray color. While the dark forest is

allowed in the whole electromagnetic spectrum, the region above the red dotted line (⌧peak = 0.01) will give rise to
significant fraction of strong absorption lines (optical depths & 0.01) in the dark forest (see figure 10). The color

shade represents the value of optical depth ⌧peak (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 crimson band with ⌧peak & 0.01
region corresponds to the parameter space where the absorption of the CMB by dark matter is consistent with the

EDGES data (see figure 17 for more details).

where the factor 1/ (
p
⇡�⌫D) comes from the amplitude of the line profile defined in eq. (15).

The dependence of ⌧peak on millicharge ✏ comes from the spontaneous emission coe�cient ⌧peak / ↵A / ✏
2 (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

�
1 � e

�T⇤/Tex
�

⇡ 1.
Since �⌫D / ⌫0 and ↵A / ⌫

3

0
, they cancel the ⌫

2

0
in the denominator, making the peak optical depth independent of

dark matter transition energy. Further, since ↵A / 1/m2

�, the dependence of peak optical depth on the dark matter
mass goes as ⌧peak / ↵A/m� / 1/m3

�. In the second case, T⇤ ⌧ Tex, we can approximate the term in the numerator�
1 � e

�T⇤/Tex
�

⇡ T⇤/Tex. Since T⇤ / �E, the peak optical depth scales linearly with transition energy, ⌧peak / �E.
In case of collisional dark matter, Tex = Th / m� (see eq. B3), the dependence of peak optical depth on dark matter
mass goes as ⌧peak / 1/m4

�. Putting everything together, we get,

⌧peak /

(
✏2�E
m4

�
T⇤ < Th,

✏2

m3
�

T⇤ � Th.
(46)

In the mock dark forest spectra discussed in section III.1.2, we took a specific case for dark matter transition energy
�E = 5⇥10�4 eV. We found that at least one strong line having ⌧peak ⇡ 0.01 is expected for ↵A/m� & 0.01MeV�1 as
shown in figure 10. We use eq. (46) to scale the result in figure 10 to di↵erent sets of dark matter model parameters.

We represent the value of ⌧peak in figures 15 and 16 by 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

❖ We considered many many more constraints — from early universe to late 
universe — a lot of them are model-dependent 

➡ I am pretty sure there exists many more!



Dark forest from dark matter

❖ Spectroscopic experiments in optical 
and radio wave bands can detect dark 
forest! 

❖ Line width is independent of dark 
matter self interactions.

Detectability of dark forest
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‣Spectroscopic experiments in 
optical and radiowave band 
can detect dark forest ! 
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quasar at redshift ~ 4
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Conclusion

❖ The  proposal is to look for dark matter via forest in the spectrum of strong 
sources — carries non trivial information of LSS, dark matter interactions etc.  

❖ It often accompanies distortion in the CMB spectrums - sometime competing and 
sometime complementary

❖ Hunting for dark lines/forest and distinguish from the ones due to visible 
transitions is challenging — though there are ‘deserts’ - where it is relatively 
easy. 
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Proof of principle model
Dark matter model

‣Weakly coupled dark quarks in the UV 

‣ At low energies, the theory is strongly coupled and is described in 
terms of bound states 

‣ Strong interactions generate the quark condensate which breaks the 
flavour symmetry resulting in 3 dark pions 

‣ Hyper-fine splitting gets correction from pions



Modeling dark transitions

Scaling the hydrogen atom parameters

ADM
10 ≈ ϵ2 ( ΔEDM

hf
ΔEHI

hf )
3

( me

mq )
2

AHI
10

rHI = α
EHI

binding

σDM ≈ r2
DM ≈ (

αs(mχ)
α )

2

(
EHI

binding

EDM
binding )

2

r2
HI

Radiative coupling:

Bohr radius:

Geometric  
cross-section:



+ dτbr(x)
dz (−Tb(ν) + Tg)dTb(ν)

dz
− Tb(ν)

1 + z
=

dτχ

dz (−Tb(ν) + hν
kB

1
(ehν/kBTex(z) − 1) )

Global absorption feature gets contribution 
from dark matter + bremsstrahlung

Tb = c2

2ν2kB
Iν

• Specific intensity into brightness temperature

DM transitions BremsstrahlungRedshifting

No approximation made 
between  and T⋆, Tex TCMB

New term not present in the 
standard 21 cm cosmology

Global absorption from Dark Matter



Constraintology
31

FIG. 17: The allowed parameter space for ✏ for dark matter masses ranging from 100 keV to 2 GeV. The blue
colored regions are disallowed by the direct detection (DD) experiments [28–34]. The dark blue solid and dotted

lines represent the direct detection constraints from dark matter inelastic scattering (� � �
⇤ transition) given in eq.

(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 grey 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 [130]
(for detailed discussion see IV.1.2). 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 ↵A = 0.1 for dark matter

transition temperatures T⇤ = 5 K and T⇤ = 10 K respectively. The white region above ↵A = 0.1 is the allowed
parameter space for our dark matter model which can explain the EDGES anomaly. The crimson region

corresponds to ↵A < 0.1 where the global absorption signal becomes too weak to be detected with EDGES.

• For dark matter masses of O(MeV), our model can produce a global absorption feature which is consistent with
the EDGES observation [42].

• 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 ten times higher than the 21 cm forest frequency band.

• A global absorption feature or spectral distortion due to dark matter is a general prediction of our model which can
even occur in a di↵erent frequency band of the CMB spectrum. Such signals could be detected in future experiments
such as Primordial Inflation Explorer (PIXIE) [139] or APSERA [102].

• The absorption of CMB photons in the UV band can a↵ect the recombination history and this part of the parameter
space can be probed by the CMB anisotropy measurements.

• 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
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FIG. 12: Twenty dark matter global absorption signals drawn from the viable parameter space shown in figure 13.
The curves are color coded according to the r.m.s. 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.

are free parameters of the foreground model.

When just the foreground model is fitted to the observed sky temperature, the residual r.m.s. 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 0.5+0.5

�0.2 K at a frequency location 78+10

�10
MHz

and a FWHM of 19+4

�2
MHz. We show the viable parameter space in the form of 2-D plots for fifteen combinations of

di↵erent model parameters in figure 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 figure 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 figure 17 in section 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 elsewhere e↵ect must be taken into account. Having
only residual as the qualitative criterion makes it di�cult to have a fruitful comparison between di↵erent 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. In particular, the rapid decrease in bremsstrahlung e�ciency
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 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.

20

FIG. 11: The viable parameter space of the dark matter model shown as points in the 2-D plots for fifteen
combinations of di↵erent model parameters. The color shade of each sample point is represented by the r.m.s. value
of the residual when the EDGES data is fitted with the the EDGES foreground model + dark matter signal of the

sample.

(Tsky) and obtain the best fit parameter values for the EDGES foreground model by minimizing the residual given
by,

residual =

vuut
Pn

i=1

h
Ti

sky
� (TF(fi) + Tsignal(fi))

i2

n
, (32)

where fi is the frequency of ith data point and n is the total number of data points. The EDGES foreground model
is given by [42],

TF(f) = a0

✓
f

fc

◆�2.5

+ a1

✓
f

fc

◆�2.5

log

✓
f

fc

◆
+ a2

✓
f

fc

◆�2.5 
log

✓
f

fc

◆�2

+ a3

✓
f

fc

◆�4.5

+ a4

✓
f

fc

◆�2

, (33)

where fc = 74.8 MHz is the central frequency of the EDGES band and the coe�cients ak, where k runs from 0 to 4


