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Ø  DD has a ceiling. 
 
Ø  Masses << GeV are still 

poorly explored. 

Ø  Assumptions about local 
astrophysics of DM.  

Ø  Limited ability to pin down 
nature of the interaction. 
[see arXiv 1506.04454] 
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FIG. 3. The expected number of events and likelihood at XENON1T
as a function of the DM-nucleon scattering cross section for a DM
mass of 10 GeV. Note that for intermediate cross sections, particles
arriving at the detector from below will also contribute and attenuate
event counts, giving rise to diurnal modulations. This is not taken
into account here, where all particles are assumed to reach the detec-
tor from above and the focus lies on finding the critical cross section
of strongly interacting DM.

alytic stopping equation obviously overestimates the stopping
power of an overburden and makes the event number drop too
fast with increasing cross section. In reality, particles which
scatter fewer times than the average still reach the detector
capable of triggering it. Therefore MC simulations make con-
straints on strongly interacting DM more stringent, extending
to higher cross sections. The resulting limits are not just more
restrictive, but also more accurate, robust and consistent, since
upper and lower bounds are on equal footing.

In a recent paper [33] the authors claim that the analytic de-
scription fails in deriving the critical cross section of strongly
interacting DM, quoting a discrepancy in the number of events
of multiple orders of magnitude. However, looking at fig. 3 it
is clear that any method which conservatively underestimates
the critical cross section, will lead to much higher event num-
bers compared to the corresponding MC simulations. Yet, this
discrepancy says very little about the accuracy of the critical
cross section estimate as the actual quantity of interest, since
the event number drops very steeply. The limits obtained with
the analytic descriptions may be conservative and improvable,
but they are still valid. They typically underestimate the criti-
cal cross section just by a factor of a few.

For completeness we also include the corresponding bound
obtained with method a, i.e. the simple speed cut-off crite-
rion. In this case it gives a reasonable and conservative esti-
mate, which is more restrictive than the limit of method b as
expected. However, without the MC results a quality assess-
ment would not have been possible, as discussed in sec. II.

We show the main results of this study in fig. 4, the
constraints on DM with masses between 100 MeV and 20
GeV from CRESST-II, XENON1T, DAMIC(2011), and the
CRESST 2017 surface run, together with constraints from the
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FIG. 4. Our results for the 90% CL constraints on light
DM for CRESST-II [39], the CRESST 2017 surface run [7],
DAMIC(2011) [46], and XENON1T [5]. Also included are con-
straints from XQC [21], and the CMB [13]. At the bottom of the
plot we included the neutrino background [47], and in black dashed
lines we indicate the new constraints from CRESST-III [6].

XQC experiment and the CMB. For each mass and detector4,
we obtain an excluded band of cross sections, from a lower
limit to the upper critical cross section due to shielding of
strongly interacting DM.

The DAMIC(2011) constraints are fully covered by the two
experiments of the CRESST collaboration. The purpose of
including these result is to compare them to limits obtained
with the DMATIS code [28] as an independent and valuable
cross-check of our simulation. For the masses between 1 and
100 GeV we find an average relative deviation between the
two limits of about 15% with slightly higher deviations for
masses of order O(1 GeV). But overall the two limits seem
to agree to a reasonable precision. Further cross-checks and
comparisons might be desirable, though the DMATIS code
has not been released at the time of submission of this paper.

Both CRESST-II and XENON1T are located deep under-
ground at LNGS. Hence it comes to no surprise that they
turn out to be rather insensitive to strongly interacting DM.
In the low-mass regime they constrain cross sections up to
⇠ 10

�30cm2 and ⇠ 10

�31cm2 respectively.
Most interesting is last year’s CRESST 2017 surface run

of a prototype detector developed for the ⌫-cleus experi-
ment. As opposed to the vast majority of DM detectors it
was not placed underground and is therefore ideal to constrain
strongly interacting DM. It probes and constraints cross sec-

4 For details on the considered detectors we refer to app. B.
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Cosmic microwave background [CMB] 

Plot by E. Calabrese 
(for ACTPol) 
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scattering àdrag forceà 
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With dark matter-proton scattering: 



Scattering in the early universe 

Rotation in the CMB

Momentum transfer between baryon-photon fluid and DM 
affects perturbations and thermal history: 

Gluscevic and Boddy (2017), Boddy and Gluscevic (2018), 
Chen et al (2002), Sigurdson et al (2004); Dvorkin et al (2014); etc. 
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In general, there are two velocity scales that enter dV⃗χ/dt. The first is the thermal velocity dispersion,

〈

(∆v⃗)2
〉

=
〈

(v⃗χ − v⃗b)
2
〉

= 3

(

Tb

mb
+

Tχ

mχ

)

, (8)

where ⟨...⟩ denotes thermal average. The second is the peculiar velocity Vχ itself. In the limit where the peculiar

velocity is smaller than the velocity dispersion, V 2
χ <

〈

(∆v⃗)2
〉

, we find

dV⃗χ

dt
= −V⃗χ

cnρbσ0

(

⟨(∆v⃗)2⟩
3

)
n+1
2

mχ +mb
, (9)

at leading order in
(

V 2
χ /

〈

(∆v⃗)2
〉)

, with

cn =
2

n+5
2 Γ

(

3 + n
2

)

3
√
π

, (10)

evaluating to cn ≈ {0.27, 0.33, 0.53, 1, 2.1, 5, 13, 35, 102} for n = {−4,−3,−2,−1, 0, 1, 2, 3, 4}.
In the limit that the peculiar velocity is larger than the velocity dispersion, the calculation reduces to the deceleration

of the relative motion between two cold flows. The deceleration of the DM fluid in this case is given by

dV⃗χ

dt
= −V⃗χ

ρb σ0 |Vχ|n+1

mχ +mb
, (11)

at leading order in
(〈

(∆v⃗)2
〉

/V 2
χ

)

.

Note that in general, the dependence of dVχ/dt, the drag force per unit mass, on the baryon-DM relative velocity

is not linear. In the limit V 2
χ ≪

〈

(∆v⃗)2
〉

, the dependence reduces to linear. In the opposite limit, V 2
χ ≫

〈

∆v⃗2
〉

, the

dependence on Vχ is nonlinear unless n = −1. In the early Universe, as we look further backwards in time, there comes
a time when typical peculiar velocities become small in comparison to the thermal velocity dispersion. The transition
occurs around redshift z ∼ 104 (see Fig. 1). At earlier times (higher redshift), Eq. (9) then tell us that we may use
linear perturbation theory in order to calculate the evolution of the peculiar velocity V⃗χ. In what follows, we use this
observation to calculate precisely the evolution of modes at high redshift in order to compare with cosmological data.
We discuss later on the complication arising at z < 104, where the problem becomes nonlinear.

III. LINEAR COSMOLOGICAL PERTURBATIONS WITH DARK-MATTER–BARYON
INTERACTIONS

A. Boltzmann equations

We now consider the modifications to the Boltzmann equations for dark matter and baryons that arise from the
baryon-DM coupling. We work in synchronous gauge, following the notation and conventions of Ref. [38]. We allow
for a nonzero peculiar velocity for DM that arises from the interaction with baryons [14, 15] and defined so that the
DM peculiar velocity vanishes in the absence of scattering. The evolution equations for the DM and baryon density
fluctuations, δχ and δb respectively, and velocity divergence, θχ and θb, respectively, are given for a Fourier mode of
wavenumber k by

δ̇χ = −θχ −
ḣ

2
, δ̇b = −θb −

ḣ

2
,

θ̇χ = −
ȧ

a
θχ + c2χk

2δχ +Rχ (θb − θχ) ,

θ̇b = −
ȧ

a
θb + c2bk

2δb +Rγ (θγ − θb) +
ρχ
ρb

Rχ (θχ − θb) ,

(12)
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where ρχ (ρb) is the DM (baryon) mass density, and an overdot denotes derivative with respect to conformal time.
We derive the DM-baryon momentum-exchange coefficient Rχ below in Sec. III B.
The DM and baryon temperatures evolve according to

Ṫχ = −2
ȧ

a
Tχ +

2mχ

mχ +mH
R′

χ (Tb − Tχ) ,

Ṫb = −2
ȧ

a
Tb +

2µb

mχ +mH

ρχ
ρb

R′
χ (Tχ − Tb)

+
2µb

me
Rγ (Tγ − Tb) . (13)

Here, µb ≃ mH (nH + 4nHe) / (nH + nHe + ne) is the mean molecular weight for the baryons, and Rγ =
(4/3)(ργ/ρb)aneσT is the usual Compton collision term [38]. The thermalization rate R′

χ is related to the momentum
exchange rate Rχ (with R′

χ → Rχ in the heavy DM limit) and is given in Sec. III B below.
Our calculations apply to cold DM with mass mχ > MeV, that is non-relativistic at redshift z < 109. We therefore

neglect possible direct momentum transfer between the photon and DM fluids, and consider only direct interaction
with baryons. For the calculations we will be interested in, the DM sound speed c2χ is unimportant, and we neglect
the corresponding term in what follows.

B. The momentum-exchange rate coefficient

If the peculiar velocity is small compared with the thermal velocity—i.e., if V 2
χ ≪

〈

(∆v⃗)2
〉

—then the DM-baryon

momentum-exchange and thermalization rate coefficients, appearing in Eqs. (12) and (13), can be read from Eqs. (9)
and (A2) to be

Rχ =
a cn ρb σ0

mχ +mH

(

Tb

mH
+

Tχ

mχ

)
n+1
2

FHe (14)

and

R′
χ = Rχ

[

1 +
3mH

mχ + 4mH

(

1− fHe

FHe
− 1

)]

, (15)

respectively, with R′
χ ≃ Rχ for heavy DM.

We include a correction factor,

FHe = 1− fHe + fHe
σHe

σ0

1 + mH

mχ

1 + 4mH

mχ

⎛

⎝

1 + Tχ mH

Tb mχ

1 + 4Tχ mH

Tb mχ

⎞

⎠

n+1
2

≃ 1 + 0.24

(

σHe

σ0
− 1

)

, (16)

for scattering from helium with mass mHe ≃ 4mH and mass fraction fHe ≃ 0.24. The approximation on the second
line of Eq. (16) is applicable if the DM is heavier than helium. The value of FHe depends on the ratio (σHe/σ0)
between the cross section for scattering on helium to that for scattering on hydrogen. Plausible numerical values
are, e.g., FHe = 4.6 or FHe = 1.7, valid for DM mass above a few GeV with the same amplitude for scattering from
protons and neutrons and, respectively, coherent or incoherent scattering on helium. Nevertheless, as FHe involves
some model dependence, in reporting our numerical results we conservatively set (σHe/σ0) = 0, fixing FHe = 0.76
unless explicitly stated otherwise.

For V 2
χ ≪

〈

(∆v⃗)2
〉

, the coefficient Rχ is independent of θχ− θb, and the DM-baryon drag that appears in Eq. (12)

is linear in the velocity perturbation. The usual linear-theory approach, obtained by solving the linearized Boltzmann
equations independently for each Fourier mode, is valid.

However, this assumption
(

V 2
χ ≪

〈

(∆v⃗)2
〉)

is not always valid. The rms DM-baryon relative velocity is given

by [39]

V 2
RMS =

〈

V⃗ 2
χ

〉

ξ
=

∫

dk

k
∆ξ

(

θb − θc
k

)2

, (17)
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for DM, and similarly for baryons,

�̇b = �✓b � ḣ

2
, (3)

✓̇b = � ȧ

a
✓b+c2bk

2�b+R�(✓� �✓b)+
⇢�
⇢b

R�(✓� �✓b), (4)

where �� and �b are the density fluctuations in DM and
baryons, respectively; ✓� and ✓b are the corresponding
velocity divergences; c� and cb are the corresponding
sound speeds; ⇢� and ⇢b are the corresponding energy
densities; k is a wave number; a is the scale factor; h is
the trace of the scalar metric perturbation; the overdot
notation refers to a derivative with respect to conformal
time; ✓� refers to the velocity divergence for the pho-
ton component; R� is a coe�cient corresponding to the
usual Compton scattering; and R� is the coe�cient for
the rate of momentum exchange between the DM and
baryon fluids. The strength of the interaction between
DM and protons is parametrized by a coupling coef-
ficient cp associated with an e↵ective-theory operator
describing the interaction (Fitzpatrick et al. 2013). The
coupling coe�cient is related to the momentum-transfer
cross section2 as �p=µ2

�p/m
4
v⇡c

2
p, where mv⇡246 GeV is

the weak-scale mass (chosen as an arbitrary normaliza-
tion), and µ�p is the reduced mass of the DM-proton
system. We ignore scattering with neutrons, and in-
clude scattering o↵ protons inside helium nuclei, follow-
ing (Boddy & Gluscevic 2018).3 When averaged over
the velocity distributions, the cross section leads to mo-
mentum transfer coe�cient; for scattering on proton, it
is given by

R�p = N0a⇢b(1 � YHe)
�p

m� +mp

✓
Tb

mp
+

T�

m�

◆1/2

, (5)

where N0 ⌘ 27/2/3
p
⇡; Tb and T� are the temperatures

of the baryon and DM fluids, respectively; and YHe is
the mass fraction in helium. In the nuclear shell model,
aHe ⇡ 1.5 fm parametrizes the size of the nucleus at
hand. The expression for the momentum rate coe�cient
for scattering on helium is somewhat more complicated,
since it includes a nuclear form factor which yields ve-
locity dependence even in our case of the interaction
arising from a velocity-independent operator; we adopt
the approach of Boddy & Gluscevic (2018), and refer the

2 For brevity, we refer to the momentum-transfer cross section
as simply the cross section throughout the remainder of this work.

3 This only a↵ects our results when scattering with helium be-
comes important for masses above a GeV, making them conserva-
tive.

reader to it for further details on including scattering on
helium. In our case of spin-independent scattering, the
total rate coe�cient is the sum over all species of nuclei
that interact with DM—protons and helium nuclei. The
DM temperature is given as a solution to the following

Ṫ� = �2
ȧ

a
T� + 2R0

�(Tb � T�), (6)

where the heat-exchange coe�cient R0
� is closely related

to the momentum-exchange coe�cient, as detailed in
Boddy & Gluscevic (2018). We treat sub-GeV DM par-
ticles, so the T�/m� term in Eq. (5) is non-zero, and we
must solve for DM temperature evolution consistently.
We ignore the back-reaction on the baryon tempera-
ture from scattering, which is negligible when baryons
are tightly coupled to photons. Indeed, in the velocity-
independent scenario considered in this work, the e↵ect
of interactions is dominant only before recombination, so
the back-reaction term is negligible for all times where
scattering is important. We ignore relative bulk velocity
of the DM and baryon fluids, as they are negligible at
relevant cosmological times (Gluscevic & Boddy 2017).
In terms of the CMB observables, the primary e↵ect

of DM-baryon scattering is a suppression of power on
small angular scales (see Fig. 1). In addition, scattering
changes the baryon speed of sound, shifting the angu-
lar scale of the acousic peaks in the CMB power spec-
tra. Since the peaks are narrower in multipole space
in the case of the polarization power spectra, we may
expect that polarization can substantially lower the up-
per limits on DM-baryon interaction strength. How-
ever, for Planck ’s noise levels, polarization and lens-
ing anisotropy measurements improve the current con-
straints by only ⇠30% (Gluscevic & Boddy 2017; Boddy
& Gluscevic 2018). As we show in Section 4.2, the
contribution of lensing and polarization to constraining
DM-baryon interactions will substantially increase with
next-generation experiments.
Finally, scattering of DM with baryons can force DM

fluid to undergo acoustic oscillations if coupling is strong
at early times, and this produces oscillatory features and
suppression of power on small scales in the linear matter
power spectrum (Boddy & Gluscevic 2018); this e↵ect
too can be used to search for evidence of DM interac-
tions with large-scale-structure observables (Chen et al.
2002; Sigurdson et al. 2004; Dvorkin et al. 2014). In
addition, modifications to the matter power spectrum
imprint on secondary CMB anisotropies, and can be
captured using the power spectrum of the convergence
 in the lensing field, reconstructed as a 4-point func-
tion from CMB maps (?). In Section ??, we examine
sensitivity of both 2-point and 4-point functions to cap-
turing the e↵ects of DM-baryon scattering. The e↵ect
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Cosmological exclusion curves 
 

v-independent DM scattering with proton: 95% confidence upper limit 
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High cross sections, down to mass ~keV! 
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2

e↵ective interaction (including velocity-dependent interactions) for particle masses above 15 keV.1 For this purpose,
we use the latest temperature, polarization, and lensing anisotropy measurements from the Planck 2015 data re-
lease [28, 29]. We adopt the e↵ective theory formalism, originally developed for DM direct detection, which renders
our results directly comparable to those from laboratory experiments and provides a framework to systematically
investigate all possible low-energy DM interactions with protons. We include DM scattering with helium nuclei,
accounting for the nuclear responses triggered by di↵erent interaction operators. We find no evidence for either
velocity-independent or velocity-dependent DM scattering and thus present state-of-the-art cosmological constraints
on DM–proton interactions; the key results are summarized in Figure 3.

In Sec. II, we review the nonrelativistic e↵ective theory of DM interactions with baryons. In Sec. III, we embed
this formalism into the Boltzmann equations that describe the evolution of cosmological perturbations, allowing for
the presence of DM–proton scattering in the early Universe. In Sec. IV, we describe the data and present our results.
In Sec. V, we discuss our results and future avenues of investigation.

II. DARK MATTER EFFECTIVE FIELD THEORY

The e↵ective field theory (EFT) for DM interactions with nucleons enables a systematic description of processes
relevant for probes of low-energy DM physics [30–32]. In Section II A, we summarize the general EFT approach
following Refs. [31, 32] and express the scattering amplitude for each interaction operator in a form that is useful
in a cosmological setting. In Section II B, we derive the associated momentum-transfer cross sections, relevant for
investigating the e↵ect of DM scattering on cosmological observables.

A. Formalism

We begin by considering the nonrelativistic elastic scattering between a DM particle and a nucleon. The com-
plete set of Hermitian observables that describes the scattering process is as follows [31]: i~q/m

N

is the momentum
transfer per nucleon mass; ~v

?⌘~v + ~q/(2µ

�N

) is the relative velocity in a direction perpendicular to the momentum

exchange (and µ

�N

is the reduced mass of the DM–nucleon system); and ~

S

�

and ~

S

N

are the DM spin and the nu-
cleon spin, respectively. The momentum transfer incorporates the angular information of the scattering process via
|~q|2=2µ

2
�N

v

2(1�cos ✓), where v⌘|~v| and ✓ is the scattering angle in the center-of-mass frame. The maximum possible
momentum transfer is |~q|max=2µ

�N

v. Working to second order in momenta and velocities, various combinations of
these four quantities give rise to the following 14 operators,2 derived in Ref. [32]:

O1 = 1
�

1
N

O9 = ~

S

�

·
✓

~

S

N

⇥ i~q

m

N

◆

O3 = ~

S

N

·
✓

i~q

m

N

⇥ ~v

?
◆

O10 = ~

S

N

· i~q

m

N

O4 = ~

S

�

⇥ ~

S

N

O11 = ~

S

�

· i~q

m

N

O5 = ~

S

�

·
✓

i~q

m

N

⇥ ~v

?
◆

O12 = ~

S

�

·
⇣

~

S

N

⇥ ~v

?
⌘

O6 = �
✓

~

S

�

· i~q

m

N

◆ ✓
~

S

N

· i~q

m

N

◆
O13 =

⇣
~

S

�

· ~v?
⌘ ✓

~

S

N

· i~q

m

N

◆

O7 = ~

S

N

· ~v? O14 =

✓
~

S

�

· i~q

m

N

◆ ⇣
~

S

N

· ~v?
⌘

O8 = ~

S

�

· ~v? O15 =

✓
~

S

�

· i~q

m

N

◆ ⇣
~

S

N

⇥ ~v

?
⌘

· i~q

m

N

�
. (1)

1 Warm DM limits exclude masses below a few keV [27], and power spectra computations become progressively more di�cult to perform
at high accuracy for scattering with stronger velocity dependencies and for DM with lower masses. For these reasons, we focus on masses
greater than 15 keV.

2 Following Ref. [32], we fix c⌧2=0 in order to omit O2=|~v?|2, as it does not arise at leading order from the nonrelativistic reduction of a
relativistic operator; conversely, we keep O15, which is third order in momenta and velocities, because it can arise at leading order.

Non-relativistic EFT 
[Fan et al, 2010; Fitzpatrick et al, 2012; Anand et al, 2013] 



 

²  Each operator -> cross section with a different dependence on 
relative particle velocity, different thermal history: 
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FIG. 1. [Left] Redshift evolution of the coe�cient R�, defined in Eq. (19), which quantifies the rate of momentum exchange
between the DM and baryon fluids. It is normalized to the Hubble expansion rate. [Right] Redshift evolution of the DM
temperature T�. The CMB temperature (thin gray line) is also plotted for reference. [Both] These background quantities
are shown for a subset of DM–proton interactions with various relative velocity scalings of the cross section (indicated in the
legend). We fix the DM spin to S�=1/2 and the DM particle mass to m�=1 GeV, and set the coupling coe�cients to their
respective 2� upper limits reported in Table III, keeping other cosmological parameters at their best-fit Planck 2015 values.

for the rate coe�cient at a given redshift is
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where Y

B

is the mass fraction of the baryon B; N
n

⌘2(5+n)/2�(3 + n/2)/(3
p

⇡) is a numerical factor; and T

b

and T

�

are the baryon and DM temperatures, respectively.
Finally, since we are interested in sub-GeV DM, we cannot neglect terms with T

�

in above equations, as was the
approach in Ref. [25]. We thus track the coupled evolution of the DM and baryon temperatures, given by
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where m

e

is the electron mass; µ

b

⇡mH(nH + 4nHe)/(nH + nHe + n

e

) is the mean molecular weight of the baryons; nH

and nHe are the number densities of protons and helium nuclei, respectively; and the heat-exchange rate coe�cient
R

0
�

is given by Eq. (19), but with an additional factor of m

�

/(m
�

+ m

B

) multiplying each summand.

B. E↵ect of Scattering on Cosmological Observables

We have modified the linear Boltzmann solver CLASS to implement the Boltzmann equations given in Section III A,
incorporating the e↵ect of DM–proton scattering on the evolution of cosmological perturbations, for all operators
in Eq. (1). Figure 1 shows the relevant background quantities, T

�

and R

�

, as functions of redshift for a subset of
operators that correspond to interactions whose cross sections scale with di↵erent powers of velocity (labeled as v

n

in the legends of the Figure). To illustrate the evolution of these quantities, we fix S

�

=1/2 and m

�

=1 GeV, set the
coupling coe�cients to their respective 2� upper limits reported in Table III, and keep other cosmological parameters
at their best-fit Planck 2015 values [38]. A stronger velocity dependence (larger n) leads to more momentum transfer
at early times and to a later thermal decoupling time of the DM and baryon fluids. This di↵erence in the evolution
of R

�

determines the relative size of the e↵ect of DM–baryon scattering on di↵erent density perturbation modes,
traceable through cosmological observables such as the CMB power spectra C

`

and the three-dimensional matter
power spectrum P (k).
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FIG. 3. The inferred upper limits on the DM–proton coupling coe�cients and the corresponding cross sections for
{O1,O5,O8,O15}, chosen to represent all classes of relative velocity scalings of the cross section (indicated in the legend).
We also show limits for spin-dependent scattering through O4 to compare to spin-independent scattering through O1. Regions
above the curves are excluded with the Planck 2015 temperature, polarization, and lensing measurements at 95% confidence.

upper limits on the cross sections for proton scattering with spin-1/2 DM are listed in Table III.9 We also report
limits for O1 in Table IV for DM spins of S

�

2{0, 1, 1/2}.
We choose the subset of operators {O1, O5, O8, O15} to represent the various types of velocity-dependent interactions

with n2{0, 2, 4, 6}, and we choose O4 as a representative of spin-dependent interactions. For these operators, we
sample the likelihood on a finer grid of logarithmically-spaced masses: m

�

={15 keV, 32 keV, 1 MeV, 32 MeV, 1 GeV,
32 GeV, 1 TeV}. We show the resulting 95% confidence-level exclusion curves in Figure 3. Finally, in Figures 4, 5,
6, and 7, we show the posterior probability distributions of ⇤CDM parameters and coupling coe�cients for O1, O8,
O5, and O15, respectively, for fixed m

�

=1 GeV and S

�

=1/2.

V. DISCUSSION AND CONCLUSIONS

We analyzed Planck 2015 TT , EE, TE, and lensing power spectra in search for evidence of DM–proton interactions
in the early Universe. Our results are consistent with absence of interactions through operators dependendent or
independent of spin and velocity, and we thus report the first cosmological upper limits on the full nonrelativistic
e↵ective field theory of DM–proton scattering for masses above 15 keV. The main result is summarized in Figure 3.
In this Section, we discuss in more detail our results and their implications for future studies.

We first note that comparing the cross-section constraints for O1 and O4 (shown in the right panel of Figure 3)
illustrates the impact of including scattering with helium into our analyses. These two operators represent the standard
spin-independent and spin-dependent scattering with no dependence on relative velocity, and the main di↵erence in
their upper limits comes from the fact that DM cannot interact through O4 with helium, which has zero nuclear
spin, while O1 interacts with both helium and hydrogen. The coe�cient R

�

, defined in Eq. (19), quantifies the rate
of momentum transfer between DM and all baryonic species that participate in a given interaction. If there is only
scattering with protons (as is the case for O4), the maximum of R

�

occurs for DM masses near a GeV, above which R

�

rapidly decreases (asymptoting to ⇠1/m

�

behavior at m

�

�1 GeV), resulting in a loss of constraining power. Including
scattering on helium (for O1) shifts its maximum above a GeV (since helium is roughly four times as massive as the
proton), thereby substantially improving the constraint at high mass. As previously reported in Ref. [26], although
helium contributes only about a quarter of the total baryonic mass, the modest shift of the maximum in R

�

amounts
to an improvement of about a factor of 6 near 1 TeV in sensitivity of CMB probes to spin-independent scattering,
while it has no impact on constraints for spin-dependent scattering.

We now examine the constraints on the coupling coe�cients in the left panel of Figure 3 for operators whose
cross sections have di↵erent scalings of relative velocity. There is a hierarchy of constraints: interactions with the

9 The lowest-mass data points for O15 are missing. As we allude to in a previous footnote, our code is not su�ciently optimized to
produce accurate power spectra for the extremely strong velocity dependence of n=6 at low DM mass. We leave a detailed treatment
of this regime for future work.
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Late-time scattering: relative bulk velocity 

Problem: non-linear equations 

4

In general, there are two velocity scales that enter dV⃗χ/dt. The first is the thermal velocity dispersion,

〈

(∆v⃗)2
〉

=
〈

(v⃗χ − v⃗b)
2
〉

= 3

(

Tb

mb
+

Tχ

mχ

)

, (8)

where ⟨...⟩ denotes thermal average. The second is the peculiar velocity Vχ itself. In the limit where the peculiar

velocity is smaller than the velocity dispersion, V 2
χ <

〈

(∆v⃗)2
〉

, we find

dV⃗χ

dt
= −V⃗χ

cnρbσ0

(

⟨(∆v⃗)2⟩
3

)
n+1
2

mχ +mb
, (9)

at leading order in
(

V 2
χ /

〈

(∆v⃗)2
〉)

, with

cn =
2

n+5
2 Γ

(

3 + n
2

)

3
√
π

, (10)

evaluating to cn ≈ {0.27, 0.33, 0.53, 1, 2.1, 5, 13, 35, 102} for n = {−4,−3,−2,−1, 0, 1, 2, 3, 4}.
In the limit that the peculiar velocity is larger than the velocity dispersion, the calculation reduces to the deceleration

of the relative motion between two cold flows. The deceleration of the DM fluid in this case is given by

dV⃗χ

dt
= −V⃗χ

ρb σ0 |Vχ|n+1

mχ +mb
, (11)

at leading order in
(〈

(∆v⃗)2
〉

/V 2
χ

)

.

Note that in general, the dependence of dVχ/dt, the drag force per unit mass, on the baryon-DM relative velocity

is not linear. In the limit V 2
χ ≪

〈

(∆v⃗)2
〉

, the dependence reduces to linear. In the opposite limit, V 2
χ ≫

〈

∆v⃗2
〉

, the

dependence on Vχ is nonlinear unless n = −1. In the early Universe, as we look further backwards in time, there comes
a time when typical peculiar velocities become small in comparison to the thermal velocity dispersion. The transition
occurs around redshift z ∼ 104 (see Fig. 1). At earlier times (higher redshift), Eq. (9) then tell us that we may use
linear perturbation theory in order to calculate the evolution of the peculiar velocity V⃗χ. In what follows, we use this
observation to calculate precisely the evolution of modes at high redshift in order to compare with cosmological data.
We discuss later on the complication arising at z < 104, where the problem becomes nonlinear.

III. LINEAR COSMOLOGICAL PERTURBATIONS WITH DARK-MATTER–BARYON
INTERACTIONS

A. Boltzmann equations

We now consider the modifications to the Boltzmann equations for dark matter and baryons that arise from the
baryon-DM coupling. We work in synchronous gauge, following the notation and conventions of Ref. [38]. We allow
for a nonzero peculiar velocity for DM that arises from the interaction with baryons [14, 15] and defined so that the
DM peculiar velocity vanishes in the absence of scattering. The evolution equations for the DM and baryon density
fluctuations, δχ and δb respectively, and velocity divergence, θχ and θb, respectively, are given for a Fourier mode of
wavenumber k by

δ̇χ = −θχ −
ḣ

2
, δ̇b = −θb −

ḣ

2
,

θ̇χ = −
ȧ

a
θχ + c2χk

2δχ +Rχ (θb − θχ) ,

θ̇b = −
ȧ

a
θb + c2bk

2δb +Rγ (θγ − θb) +
ρχ
ρb

Rχ (θχ − θb) ,

(12)

5

where ρχ (ρb) is the DM (baryon) mass density, and an overdot denotes derivative with respect to conformal time.
We derive the DM-baryon momentum-exchange coefficient Rχ below in Sec. III B.
The DM and baryon temperatures evolve according to

Ṫχ = −2
ȧ

a
Tχ +

2mχ

mχ +mH
R′

χ (Tb − Tχ) ,

Ṫb = −2
ȧ

a
Tb +

2µb

mχ +mH

ρχ
ρb

R′
χ (Tχ − Tb)

+
2µb

me
Rγ (Tγ − Tb) . (13)

Here, µb ≃ mH (nH + 4nHe) / (nH + nHe + ne) is the mean molecular weight for the baryons, and Rγ =
(4/3)(ργ/ρb)aneσT is the usual Compton collision term [38]. The thermalization rate R′

χ is related to the momentum
exchange rate Rχ (with R′

χ → Rχ in the heavy DM limit) and is given in Sec. III B below.
Our calculations apply to cold DM with mass mχ > MeV, that is non-relativistic at redshift z < 109. We therefore

neglect possible direct momentum transfer between the photon and DM fluids, and consider only direct interaction
with baryons. For the calculations we will be interested in, the DM sound speed c2χ is unimportant, and we neglect
the corresponding term in what follows.

B. The momentum-exchange rate coefficient

If the peculiar velocity is small compared with the thermal velocity—i.e., if V 2
χ ≪

〈

(∆v⃗)2
〉

—then the DM-baryon

momentum-exchange and thermalization rate coefficients, appearing in Eqs. (12) and (13), can be read from Eqs. (9)
and (A2) to be

Rχ =
a cn ρb σ0

mχ +mH

(

Tb

mH
+

Tχ

mχ

)
n+1
2

FHe (14)

and

R′
χ = Rχ

[

1 +
3mH

mχ + 4mH

(

1− fHe

FHe
− 1

)]

, (15)

respectively, with R′
χ ≃ Rχ for heavy DM.

We include a correction factor,

FHe = 1− fHe + fHe
σHe

σ0

1 + mH

mχ

1 + 4mH

mχ

⎛

⎝

1 + Tχ mH

Tb mχ

1 + 4Tχ mH

Tb mχ

⎞

⎠

n+1
2

≃ 1 + 0.24

(

σHe

σ0
− 1

)

, (16)

for scattering from helium with mass mHe ≃ 4mH and mass fraction fHe ≃ 0.24. The approximation on the second
line of Eq. (16) is applicable if the DM is heavier than helium. The value of FHe depends on the ratio (σHe/σ0)
between the cross section for scattering on helium to that for scattering on hydrogen. Plausible numerical values
are, e.g., FHe = 4.6 or FHe = 1.7, valid for DM mass above a few GeV with the same amplitude for scattering from
protons and neutrons and, respectively, coherent or incoherent scattering on helium. Nevertheless, as FHe involves
some model dependence, in reporting our numerical results we conservatively set (σHe/σ0) = 0, fixing FHe = 0.76
unless explicitly stated otherwise.

For V 2
χ ≪

〈

(∆v⃗)2
〉

, the coefficient Rχ is independent of θχ− θb, and the DM-baryon drag that appears in Eq. (12)

is linear in the velocity perturbation. The usual linear-theory approach, obtained by solving the linearized Boltzmann
equations independently for each Fourier mode, is valid.

However, this assumption
(

V 2
χ ≪

〈

(∆v⃗)2
〉)

is not always valid. The rms DM-baryon relative velocity is given

by [39]

V 2
RMS =

〈

V⃗ 2
χ

〉

ξ
=

∫

dk

k
∆ξ

(

θb − θc
k

)2

, (17)

Only for Vbulk << Vthermal 

Tseliakhovitch and Hirata (2010) 
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observations using restricted spectral bands yield nearly identical 
best-fitting absorption profiles, with the highest signal-to-noise ratio 
reaching 52. In Fig. 2 we show representative cases of these fits.

We performed numerous hardware and processing tests to validate 
the detection. The 21-cm absorption profile is observed in data that 
span nearly two years and can be extracted at all local solar times and 
at all local sidereal times. It is detected by two identically designed 
instruments operated at the same site and located 150 m apart, and 
even after several hardware modifications to the instruments, includ-
ing orthogonal orientations of one of the antennas. Similar results for 
the absorption profile are obtained by using two independent pro-
cessing pipelines, which we tested using simulated data. The profile is 
detected using data processed via two different calibration techniques:  
absolute calibration and an additional differencing-based post- 
calibration process that reduces some possible instrumental errors. It 
is also detected using several sets of calibration solutions derived from 
 multiple laboratory measurements of the receivers and using  multiple 
on-site measurements of the reflection coefficients of the antennas. 
We modelled the sensitivity of the detection to several possible  
calibration errors and in all cases recovered profile amplitudes that 
are within the reported confidence range, as summarized in Table 1.  
An EDGES high-band instrument operates between 90 MHz and 
200 MHz at the same site using a nearly identical receiver and a scaled 
version of the low-band antennas. It does not produce a similar  feature 
at the scaled frequencies4. Analysis of radio-frequency interference 
in the observations, including in the FM radio band, shows that  
the absorption profile is inconsistent with typical spectral contribu-
tions from these sources.

We are not aware of any alternative astronomical or atmospheric 
mechanisms that are capable of producing the observed profile. H ii 
regions in the Galaxy have increasing optical depth with wavelength, 
blocking more background emission at lower frequencies, but they 
are observed primarily along the Galactic plane and generate mono-
tonic spectral profiles at the observed frequencies. Radio-frequency 
recombination lines in the Galactic plane create a ‘picket fence’ of 
narrow absorption lines separated by approximately 0.5 MHz at the 
observed frequencies5, but these lines are easy to identify and filter 
in the EDGES observations. The Earth’s ionosphere weakly absorbs 
radio signals at the observed frequencies and emits thermal radiation 
from hot electrons, but models and observations imply a broadband 
effect that varies depending on the ionospheric conditions6,7, including 
diurnal changes in the total electron content. This effect is fitted by 
our foreground model. Molecules of the hydroxyl radical and nitric 
oxide have spectral lines in the observed band and are present in the 
atmosphere, but the densities and line strengths are too low to produce 
substantial absorption.

The 21-cm line has a rest-frame frequency of 1,420 MHz. Expansion 
of the Universe redshifts the line to the observed band according to 
ν =  1,420/(1 +  z) MHz, where z is the redshift, which maps uniquely 
to the age of the Universe. The observed absorption profile is the con-
tinuous superposition of lines from gas across the observed redshift 
range and cosmological volume; hence, the shape of the profile traces 
the history of the gas across cosmic time and is not the result of the 

properties of an individual cloud. The observed absorption profile is 
centred at z ≈  17 and spans approximately 20 >  z >  15.

The intensity of the observable 21-cm signal from the early 
Universe is given as a brightness temperature relative to the micro-
wave background8:
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where xHi is the fraction of neutral hydrogen, Ωm and Ωb are the matter 
and baryon densities, respectively, in units of the critical density for a 
flat universe, h is the Hubble constant in units of 100 km s−1 Mpc−1, 
TR is the temperature of the background radiation, usually assumed to 
be from the background produced by the afterglow of the Big Bang, 
TS is the 21-cm spin temperature that defines the relative population 
of the hyperfine energy levels, and the factor of 0.023 K comes from 
atomic-line physics and the average gas density. The spin temperature 
is affected by the absorption of microwave photons, which couples TS 
to TR, as well as by resonant scattering of Lyman-α  photons and atomic 
collisions, both of which couple TS to the kinetic temperature of the 
gas TG.

The temperatures of the gas and the background radiation are 
 coupled in the early Universe through Compton scattering. This 
 coupling becomes ineffective in numerical models9,10 at z ≈  150, 
after which primordial gas cools adiabatically. In the absence of 
stars or non-standard physics, the gas temperature is expected to be 
9.3 K at z =  20, falling to 5.4 K at z =  15. The radiation temperature 
decreases more slowly owing to cosmological expansion, following 
T0(1 + z) with T0 =  2.725, and so is 57.2 K and 43.6 K at the same  
redshifts,  respectively. The spin temperature is initially coupled to the 
gas temperature as the gas cools below the radiation temperature, but 
eventually the decreasing density of the gas is insufficient to main-
tain this coupling and the spin temperature returns to the radiation 
temperature.
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Figure 2 | Best-fitting 21-cm absorption profiles for each hardware case. 
Each profile for the brightness temperature T21 is added to its residuals and 
plotted against the redshift z and the corresponding age of the Universe. 
The thick black line is the model fit for the hardware and analysis 
configuration with the highest signal-to-noise ratio (equal to 52; H2;  
see Methods), processed using 60–99 MHz and a four-term polynomial 
(see equation (2) in Methods) for the foreground model. The thin solid 
lines are the best fits from each of the other hardware configurations  
(H1, H3–H6). The dash-dotted line (P8), which extends to z >  26, is 
reproduced from Fig. 1e and uses the same data as for the thick black line 
(H2), but a different foreground model and the full frequency band.

Table 1 | Sensitivity to possible calibration errors

Error source
Estimated  
uncertainty

Modelled 
error level

Recovered  
amplitude (K)

LNA S11 magnitude 0.1 dB 1.0 dB 0.51
LNA S11 phase (delay) 20 ps 100 ps 0.48
Antenna S11 magnitude 0.02 dB 0.2 dB 0.50
Antenna S11 phase (delay) 20 ps 100 ps 0.48
No loss correction N/A N/A 0.51
No beam correction N/A N/A 0.48

The estimated uncertainty for each case is based on empirical values from laboratory 
 measurements and repeatability tests. Modelled error levels were chosen conservatively to 
be five and ten times larger than the estimated uncertainties for the phases and magnitudes, 
 respectively. LNA, low-noise amplifier; S11, input reflection coefficient; N/A, not applicable.
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dark matter that is initially cold, the thermal motion generated by 
baryon–dark matter scattering may produce effects similar to those 
predicted by models of warm dark matter (see Methods).

Astronomical testing of the observed signal5 and of its interpreta-
tion in terms of baryon–dark matter scattering will probably begin 
with other global 21-cm experiments, such as the Shaped Antenna 
Measurement of the Background Radio Spectrum (SARAS)28 and 
the Large-Aperture Experiment to Detect the Dark Ages (LEDA)29, 
that will attempt to confirm the measured global signal. Additionally, 
upcoming 21-cm fluctuation experiments aimed at cosmic dawn will 
provide a definitive test because the expected spatial pattern of the 
21-cm intensity should clearly display a transformed version of the 
spatial pattern of the baryon–dark matter relative velocity (Fig. 1).  
Experiments such as the Hydrogen Epoch of Reionization Array 
(HERA)6 and the Square Kilometre Array (SKA)7 should be able to 
measure the corresponding 21-cm power spectrum because the r.m.s. 
fluctuation predicted by a model that assumes baryon–dark matter scat-
tering (Fig. 1) is 140 mK (the previously expected maximum value was 
about 20 mK). Moreover, because of its large spatial scale (of the order 
of 100 co-moving Mpc, which corresponds to half a degree), the fluctu-
ation pattern should be easy to observe, so no high angular resolution is 
necessary. As in the case of the galaxy-driven effect of the baryon–dark 
matter relative velocity21–23, the power spectrum should show a strong 

signature of the baryon acoustic oscillations (of order unity in this case) 
because this velocity arises in part from the participation of baryons in 
the sound waves of the primordial baryon–photon fluid. A precision 
measurement at cosmic dawn of the scale of the baryon acoustic oscil-
lations (and thus of the angular diameter distances of the corresponding  
redshifts) would be a useful cosmological tool to add to current con-
straints that are based on similar measurements from low-redshift 
galaxy clustering30. If most stars form in galactic haloes with masses 
lower than about 107 solar masses at cosmic dawn, then their spatial 
distribution should show a similar pattern 21–23 and be strongly anti-
correlated with the baryon temperature.

The predicted spatial pattern (Fig. 1) should enable 21-cm imaging 
of cosmic dawn with the SKA, given the expected sensitivity of the 
array7. The probability distribution function of the 21-cm intensity is 
expected to be a transformed Maxwellian, which is highly asymmetric, 
and imaging could verify this unanticipated non-Gaussianity directly. 
Because the presence of dark matter has historically been inferred from 
the general theory of relativity on galactic and cosmological scales, 
confirmation of the existence of dark matter would constitute not only 
a discovery of physics beyond the standard model, but also verification 
of this theory.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Global 21-cm signal in models with baryon–dark matter 
scattering. The globally averaged 21-cm brightness temperature T21 
(in millikelvin) is shown at an observed frequency ν (in megahertz), with 
the corresponding value of 1 + z displayed at the top. We chart some of 
the space of possible 21-cm signals (see Methods for a discussion on their 
shapes) using three models (solid curves), with: σ1 = 8 × 10−20 cm2 and 
mχ = 0.3 GeV (red; roughly matching the most likely observed value5 
of the peak absorption); σ1 = 3 × 10−19 cm2 and mχ = 2 GeV (green); 
and σ1 = 1 × 10−18 cm2 and mχ = 0.01 GeV (blue). The astrophysical 
parameters assumed by these models are given in Methods. The 
corresponding 21-cm signals in the absence of baryon–dark matter 
scattering are shown as short-dashed curves. Also shown for comparison 
(brown long-dashed line) is the standard prediction for future dark 
ages measurements assuming no baryon–dark matter scattering for 
ν < 33 MHz (matches all the short-dashed curves in this range) and the 
lowest global 21-cm signal at each redshift that is possible with no baryon–
dark matter scattering, regardless of the astrophysical parameters used 
(for ν > 33 MHz).
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Figure 3 | Constraints on dark-matter properties using cosmic dawn 
observations. The minimum possible 21-cm brightness temperature 
T21 (expressed as the logarithm of its absolute value) is shown at z = 17 
(ν = 78.9 MHz), regardless of the astrophysical parameters used (that 
is, assuming saturated Lyman-α coupling and no X-ray heating), as a 
function of mχ and σ1 (equation (2)). Also shown (solid black curves) 
are contours corresponding to the following values of T21 (from right to 
left): −231 mK, which corresponds to 10% stronger absorption than the 
highest value obtained without baryon–dark matter scattering (−210 mK 
at z = 17, or 2.32 on the logarithmic scale); −300 mK, which is the minimal 
absorption depth in the data at a 99% confidence level; and −500 mK, 
the most likely absorption depth in the data. The hatched region is 
excluded if we assume absorption5 by at least −231 mK at z = 17; this 
3.5σ observational result implies σ1 > 1.5 × 10−21 cm2 (corresponding to 
σc > 1.9 × 10−43 cm2 for σ(v) ∝ v−4) and mχ < 23 GeV. (Although any mχ 
above a few gigaelectronvolts requires high σ1, this parameter combination 
could be in conflict with other constraints; see Methods.) If we adopt the 
observed minimum absorption of T21 = −300 mK, then (again, regardless 
of astrophysics) the dark matter must satisfy σ1 > 3.4 × 10−21 cm2 
(σc > 4.2 × 10−43 cm2) and mχ < 4.3 GeV; a brightness temperature 
of −500 mK implies σ1 > 5.0 × 10−21 cm2 (σc > 6.2 × 10−43 cm2) and 
mχ < 1.5 GeV. We also illustrate the redshift dependence of these limits via 
the corresponding 10% contours at z = 14 (dashed) and z = 20 (dotted).

Bowman+ (2018)                Barkana (2018) 

Order of business: Is it in the sky? Is it cosmological? Is it DM? 
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EDGES: v-4 and millicharge 

From CMB limits on momentum-transfer: EDGES cannot be 1% of 
millicharged DM, but could be 100% with some other v-4  interaction. 
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CMB and direct detection constraints 4. The root mean
square relative velocity between the DM and the gas is
believed to be [50] vrel = 29 km/sec ⇠ 10�4 at decoupling
and it redshifts correspondingly at later times.

For the case of light dark matter below the GeV mass
scale (where su�cient cooling can be obtained), the drag
force has very little e↵ect on the gas temperature evolu-
tion and can be neglected. Assuming the cross section of
Eq. (9) one then finds [2, 3],

Q̇I
gas '

r
2

⇡

µI

mI +mp

xIe�r2I/2

u3
th

(T� � Tgas)n��̂
I (10)

with the corresponding Q̇� obtained by exchanging � $
gas. Above rI = vrel/u

I
th and (uI

th)
2 = Tgas/mI+T�/m�.

In the upcoming section we solve these equations more
precisely, fitting the observed signal to a DM-gas inter-
action.

III. THE 21-CM SIGNAL

Whenever Ts < TCMB, the gas absorbs CMB radia-
tion, leaving an imprint in the form of an absorption
line in the CMB spectrum. Two lines of that nature are
expected to appear, first around z ⇠ 50 � 100 during
the dark ages, when collisions dominate the spin-flipping
transitions, and second during the cosmic dawn at around
z ⇠ 20, when the UV radiation from the first stars cou-
ples the spin temperature back to the gas. To quantify
the absorption strength one defines the redshifted bright-
ness temperature [51],

T21 =
1

1 + z
(Ts � TCMB)

�
1� e�⌧

�
, (11)

where ⌧ is the optical depth given by,

⌧ ' 3�2
21A10nH

16TsH(z)
. (12)

At z = 17 the standard evolution described in Sec. II
predicts Tgas(z = 17) ' 6.8K (see e.g. [50]). Assuming
the most optimal scenario, Ts = Tgas, one then arrives at
the brightness temperature,

TSM
21 (z = 17) & �220 mK . (13)

This is contrasted with the recent study by EDGES
where

TEDGES
21 (z ' 17) = �500+200

�500 mK (14)

is reported [1], with the errors correspond to the 99%
C.L. intervals. Again, under the assumption of Ts = Tgas,

4 This argument ignores stronger-than-Coulomb forces that may
possibly arise in e↵ective theories such as MOND.
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FIG. 1. The cross section defined in Eq. (9) required to fit
the EDGES signal for DM-hydrogen interactions (red), DM-
helium interactions (blue) and interactions with the ionized
fraction assuming the interacting particle constitutes all of
the DM (green) or only 1% of the DM density (brown).
The solid (dashed) lines correspond to the minimal cross
section needed to obtain a brightness temperature T21 =
�300mK (�500mK) assuming infinite Ly-↵ radiation rate
which couples the spin temperature to that of the gas, and
assuming no heating of the gas due to X-ray radiation.

the above implies Tgas(z = 17) = 3.26+1.94
�1.58 K. The dis-

crepancy between the expected and measured tempera-
tures correspond to a 3.8� excess [1]. We are therefore
motivated to investigate the possibility that DM-gas in-
teraction underlies the low gas temperature.
Solving the full dynamical evolution Eqs. (5)–(7) from

recombination down to z = 10 (including the evolution
of the free electron fraction), one can extract the nec-
essary DM cross section, �̂I , needed to produce the re-
ported absorption peak through interaction with a given
component of the gas. This analysis was first performed
in [4] for the DM-hydrogen interactions, and is now be-
ing generalized for DM interaction with the free electron
and proton components. The required cross section �̂ is
shown in Fig. 1 as a function of the DM mass. The lines
correspond to the minimal cross section that induces an
absorption line in agreement with the data at the 99%
confidence level. We choose the parameters in order to
give the minimal required cross section between the DM
and the gas. In particular any heating e↵ect of the gas
at late times from UV radiation or other astrophysical
sources is neglected.
Fig. 1 shows that the DM mass needed to explain the

signal needs to be lighter than a few GeV. For heavier
masses the cross section rises steeply until it becomes im-
possible for DM interactions to account for the cooling of
the gas. This is in agreement with the results of Ref. [3]
where it was demonstrated that for DM heavier than the
hydrogen, the drag dominates the collisions and causes
heating of both DM and the gas. Since free streaming
bounds often require the DM mass to be heavier than a
few keV’s [52, 53], the DM mass region between keV and

Barkana+ (2018)  
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Fig. 5.— A 45 deg2 subset of the map in full resolution in T showing ACTPol 149 GHz (top) and Planck 143 GHz (bottom), in equatorial
coordinates, both filtered as in Figure 1. The color scale is ±250µK. This region covers the transition from deep (top left, sensitivity
10µK · arcmin) to shallow (right, 16µK · arcmin) exposure, and represents about 8% of the usable area in D56. The two maps are in good
agreement. Several point sources (red dots) and SZ clusters (circled) are visible in the ACTPol map. The identified clusters are ACT-CL
J0137.4-0827, ACT-CL J0140.0-0554, ACT-CL J0159.8-0849 (all previously found in other cluster surveys), and ACT-CL J0205.3-0439
(reported in Naess et al. (2014)). Their details will be given in a forthcoming paper.
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Fig. 5.— A 45 deg2 subset of the map in full resolution in T showing ACTPol 149 GHz (top) and Planck 143 GHz (bottom), in equatorial
coordinates, both filtered as in Figure 1. The color scale is ±250µK. This region covers the transition from deep (top left, sensitivity
10µK · arcmin) to shallow (right, 16µK · arcmin) exposure, and represents about 8% of the usable area in D56. The two maps are in good
agreement. Several point sources (red dots) and SZ clusters (circled) are visible in the ACTPol map. The identified clusters are ACT-CL
J0137.4-0827, ACT-CL J0140.0-0554, ACT-CL J0159.8-0849 (all previously found in other cluster surveys), and ACT-CL J0205.3-0439
(reported in Naess et al. (2014)). Their details will be given in a forthcoming paper.
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Atacama Cosmology Telescope [ACT] 



The Simons Observatory

ALMA

POLARBEAR/SIMONS

ACT

• A five year $45M+ program to advance technology and 
infrastructure in preparation for CMB-S4.

• Will eventually lead to the merging of the ACT and 
POLARBEAR/Simons Array projects. 

• Tentative plans include:
• Major site infrastructure
• New telescopes with space for more future telescopes.
• CMB-S4 class receivers with partially filled focal planes.
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Forecasts  
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Zack Li (Princeton) 
 

 [Li, VG, +, coming up] 

Large gain with next-stage CMB experiments. 
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Distinguishability? 
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DM-baryon scattering does NOT look like neutrino 
mass, DM annihilations, Neff, nor LCDM parameters, 
once lensing is included in analyses. 

Zack Li (Princeton) 
 

 [Li, VG, +, coming up] 



What’s coming? 
 

Analysis 
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Work in progress 
 
(with K. Boddy, Z. Li, M. Madhavacheril, the ACTPol collaboration) 
 
 
Ø  Cross-correlation with large-scale structure. 

Ø  Scattering with electrons (better sensitivity to lower mass). 
 
Ø  Constrain specific well-motivated models. 

Ø  Ultimate goal: combine analyses of experimental and observational 
data, find and confirm the signal, robustly test DM physics.  
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ü  CMB and cosmology probe vast parameter 

space (sub-GeV mass and large cross sections). 
 
 
ü  Abundance of new data on the horizon:  
     CMB, galaxy surveys, 21-cm experiments, direct      

 detection, LHC, fixed targets, + 
 

ü  Synthesizing information is important to guide 
searches and will be essential post-discovery. 

Summary 
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