
Junpei Ooba
Collaborators: Hiroyuki Tashiro, Kenji Kadota, Joseph Silk 



Junpei Ooba
August 29th, 2018

COSMO-18

¡ Introduction

¡ Baryon–Dark matter coupling
§ Effects on the cosmology

¡ Results
§ The constraint on the baryon-DM coupling

¡ Summary



Junpei Ooba
August 29th, 2018

COSMO-18

¡ The modern cosmology indicates that the 
usual baryonic matter is forming only 5% of 
the today’s energy budget of our universe.

¡ And the rest 95% is formed from unknown 
dark matter and dark energy.

¡ Although there are a lot of astronomical 
evidences which suggesting the existence of 
the dark matter, to reveal its nature is still a 
main goal of the modern cosmology.

¡ Usually, we assume the cold dark matter.
§ only a gravitational coupling with the baryon

ESA

Begeman+ 1991
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¡ Here, we focus on a question “how dark is dark?”.

¡ We consider an extra non-gravitational coupling between the baryon and 
the dark matter components which can be naturally realized by some 
dark matter models.

¡ Those models predict a scattering cross section as a power-law of the 
baryon-DM relative velocity.

¡ Deferent n-values correspond to deferent dark matter models.
§ n = -4: fractional electric charge
§ n = �2: electric and magnetic dipole moment

§ n = -1: Yukawa potential

§ n = 0: velocity-independent scattering

(cross section) � vn

Melchiorri+ 2007

Sigurdson+ 2004

Arkani-Hamed+ 2009, Buckley+ 2010

Chen+ 2002
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¡ Previous works

the maximal lower limit we can extend our results to is
down to m χ ∼ 1 MeV.
For effectively cold DM, Rχ can be approximated as

being proportional to σ0=ðm χ þ m H Þ, if Tχ=m χ ≪ TH=m H

holds true. This is because the baryon temperature is largely
unaffected by elastic scattering with DM, for choices of
cross section up to several orders of magnitude above
our 95% C.L. upper bound. This reduces the momentum-
based scaling and the temperature-based scaling to σ0 ∝
ðm χ þ m H Þ and σ0 ∝ðm χ þ m H Þ2=m χ , respectively.
Figure 8 shows our 95% C.L. exclusion constraints at

10 GeV, 1 GeV, and 10 MeV. After running our MCMC
likelihood analysis, we find that the DM is sufficiently
cold that the thermalization process is subdominant and
the scaling relation is set almost entirely by the momentum

exchange. A momentum-based extrapolation from 1 GeV
results is also shown to illustrate this.
We note that for n ≥ −1, the scaling of constraints as

σ0 ∝ðm χ þ m H Þ is strictly conservative and valid up to the
nonrelativistic limit, since the temperature-dependent term
in Rχ , ðTχ=m χ þ TH=m H Þðnþ 1Þ=2, is given by a positive
power-law.
For n ≤ −2, however, this approximation is not auto-

matic: the temperature-dependent term in Rχ carries a
negative power index and a dominant Tχ=m χ term will
suppress the scattering effect. Since Rχ is found to decrease
with time for n ¼ −2 and increase for n ¼ −4, the former is
predominantly constrained by Lyman-α data, whose modes
re-enter the horizon at redshifts z≃106, and the latter is
predominantly constrained by CMB, with z≃103 being the

FIG. 7. The partial derivative of lnCl with respect to DM-
scattering cross section σ0. We have restricted to the n ¼ −4
scenario and taken m χ ¼ 1 GeV. The E-mode polarization power
spectrum is shown to be a powerful tool for constraining
DM-baryon interactions.

FIG. 8. Constraints for DM-baryon scattering at the 95% C.L.
in the m χ −σ0 parameter space from Planck temperature þ
polarization and Lyman-α forest data and our proposed
extrapolation.

FIG. 9. Contours of Tχm H=ðTHm χÞ in the σ0 −m χ plane for the
n ¼ −2 scenario, evaluated at z ¼ 106 (Lyman-α modes re-
entry). For Tχ=m χ ≪ TH=m H , the scaling σ0 ∝ðm χ þ m H Þ is
valid (the solid curve represents this limit). Data points (blue
circles) are 95% C.L. results from our MCMC likelihood
analysis.

FIG. 10. Similar to Fig. 9, but for the n ¼ −4 scenario,
evaluated at z ¼ 103 (time of decoupling of the CMB).
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Having obtained a constraint on σ0 in this way for mχ = 10 GeV, we present our result as a constraint on (σ0/mχ),
valid for any value of mχ subject to mχ ≫ mH, and quoted separately for different values of n. Note that, in the
limit of mχ ≫ mH, there is no dependence on n in the scaling of the bound as function of mχ for fixed σ0, to leading
order in (mH/mχ). This is so because all the dynamical difference between the models is contained in the velocity

dependence, where the thermal dispersion becomes dominated by the baryons,
!

(∆v⃗)2
"

≈ 3 (Tb/mb) to leading order

in (mH/mχ). While we do not discuss here in detail the limit mχ < mH, we note that the set of equations presented
in Sec. III provides all of the information required to evaluate the bounds in the low-mχ limit, as long as the DM is
non-relativistic throughout the time of interest z ! 109 (satisfied for mχ " 1 MeV).
We determine joint constraints on σ0 and the basic set of ΛCDM cosmological parameters,

pµ = {Ωbh
2,Ωχh

2, τ, θ, As, ns}. (20)

Here Ωbh2 is the physical baryon density, Ωχh2 is the physical dark matter density, τ is the reionization optical depth,
and θ is the angular size of the sound horizon at recombination. We ignore tensor modes and assume a flat geometry.
Our numerical results are summarized in Table I. In obtaining these bounds, instead of solving for Tχ [which can

easily be done using Eq. (13)] we simply set Tχ = Tb. The induced error is of O (mH/mχ) for heavy DM.

n CMB (95%CL, cm2/g) CMB + Lyman-α (95%CL, cm2/g) λ (MW)

-4 1.8× 10−17 1.7× 10−17 27 Gpc

-2 3.0× 10−9 6.2× 10−10 738 Mpc

-1 1.6× 10−5 1.4 × 10−6 313 Mpc

0 0.12 3.3 × 10−3 138 Mpc

+2 1.3× 105 9.5 × 103 46 Mpc

TABLE I: 95%CL constraints on (σ0/mχ) from CMB alone (with Planck data) and from CMB in combination with Lyman-α
data from the SDSS. Results are valid for mχ ≫ mH, and conservatively neglect scattering from helium, setting FHe = 0.76
(adding coherent isospin-independent scattering on helium would tighten the bounds by a factor of 6). First column: power-
law index n of Eq. (4). Second column: CMB alone, constraint in units of cm2/g. Third column: combined CMB and
Lyman-α. Fourth column: minimal mean free path for baryon scattering on DM in the MW solar cycle (ρχ ∼ 0.4 GeV/cm3,
v = vMW ∼ 10−3), using the CMB + Lyman-α constraint.

These constraints are obtained using the momentum-transfer rate given in Eq. (18). As discussed at the end of
Sec. III B, at redshift z < 104 Eq. (18) provides only an approximate treatment of the perturbation equations as the
full evolution becomes nonlinear3. To estimate the impact of our approximation, we compare the constraints reported
in Tab. I to the constraints obtained using Eq. (14), instead of (18). For the the n = −2, n = 0, and n = +2 models,
we find that the CMB+Lyman-α constraints exhibit essentially no change. This happens because for these models,
Lyman-α dominates the constraint, and the matter power spectrum on the scales probed by Lyman-α is determined
by mode evolution at z ≫ 104, where Eqs. (14) and (18) are equally valid. In contrast, the model with n = −4 is
constrained primarily by the CMB data, and is sensitive to the appearance of V 2

RMS in Eq. (18) that regularizes an
otherwise decreasing thermal velocity. Using Eq. (14) instead of (18) for the model with n = −4, we would find an
artificially stronger bound, (σ0/mχ) < 1.4 × 10−18, more constraining by a factor of 10 compared with the number
we quote in Tab. I. We believe that our simplified analysis of the n = −4 case in the nonlinear regime is conservative,
and leaves room for significant improvement of the constraints. This could be of particular interest as n = −4 arises
in simple particle physics models where DM has a small electric charge.
In Fig. 3 we show the effect of DM-baryon scattering on the CMB and matter power spectra, using for the plots the

95% CL limits from the CMB + Lyman-α chains, taken from Tab. I. We add in Fig. 3 (right panel) the experimental
Lyman-α data point used in the likelihood analysis, at k = 1.03 h/Mpc, showing the 95% CL limit of both amplitude
and slope. In the CMB plot, we denote the ±1σ error bars of Planck, including beam noise and cosmic variance, as
black (+) marks.
In Fig. 4 we show separately the slope of the linear matter power spectra for the different models, along with the

experimental value and its 95%CL limit coming from the Lyman-α analysis done in Ref. [42].
Finally, we comment that the likelihood procedure given in Ref. [42] strictly applies only to cosmological models

with a power-law matter power spectrum. This assumption is not completely satisfied in our framework, where a large

3 This issue is relevant for models with n ̸= −1. For n = −1, Eqs. (14) and (18) coincide.
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10 keV 1 MeV 10 MeV 100 MeV 200 MeV 500 MeV 1 GeV

n = �4 1.7e-41 1.7e-41 1.7e-41 1.9e-41 2.1e-41 2.6e-41 3.5e-41

n = �2 2.3e-33 2.3e-33 2.4e-33 2.6e-33 2.8e-33 3.6e-33 4.9e-33

TABLE I. A list of the 95% C.L. exclusion limits on coe�cient of the DM–proton momentum-transfer cross section, �0, given
in units of cm2 and obtained from Planck 2015 temperature, polarization, and lensing anisotropy measurements, for the n=�4
and n=�2 interactions. DM masses are listed along the top row. The limits correspond to those in Figure 7 and are computed
using our “main” prescription to account for the relative bulk velocity of the DM and baryon fluids.

FIG. 7. The 95% C.L. upper limits for the coe�cient of the DM–proton momentum-transfer cross section as a function of
DM particle mass, obtained from likelihood analysis of Planck 2015 temperature, polarization, and lensing anisotropies, for
the n = �4 (left panel) and n = �2 (right panel) interactions. Results are shown for our “main” treatment of the relative
bulk velocity between the DM and baryon fluids, described in Section II. Additionally, we show the inferred limit from an
“aggressive” assumption, which ignores the impact of the relative bulk velocity. For comparison, we plot the limit we obtain
using the prescription proposed in previous literature (denoted as “cdm”) [3]. We also show the projected sensitivity for a
future ground-based CMB-Stage 4 experiment (obtained using the “main” prescription).

For comparison, we also reproduce the limit obtained using the prescription from previous literature [3, 6, 11]
(dotted line, denoted as “cdm”).8 Since the CMB constrains the cross section to be quite small, the amount of
interaction does not significantly alter the evolution of hV

2

�b
i from its ⇤CDM counterpart hV

2

cb
i. As we discuss at the

end of Section II B, this leads to our “main” treatment of the relative bulk velocity to yield similar limits to the “cdm”
prescription of previous work. Below, we consider the case of strongly-coupled DM, where the “cdm” prescription of
previous work is not valid.

For illustration only, in the same figure, we show “aggressive” constraints that are inferred when a vanishing relative
bulk velocity is assumed in Eqs. (1) and (2), and thus the momentum-transfer rate is completely unsuppressed by the
bulk motions. This assumption does not hold for the case of f�=1: at the level of the upper limit on �0, there is not
enough friction between the DM and baryon fluids to entirely dissipate the relative bulk velocity. The “aggressive”
constraint demonstrates the importance of properly incorporating the relative bulk velocity, especially for n = �4,
where the di↵erence in the limit is more than an order of magnitude. Additionally, while we expect our “main”
prescription to well-represent the exact solution, the “aggressive” constraint gives an absolute floor on the possible
improvement that an exact treatment of the relative bulk velocity could potentially achieve.

We further perform a forecast of the sensitivity to n = �4 and n = �2 scattering for a future ground-based
CMB-Stage 4 experiment [14]. We consider (in combination with Planck data) an experiment with noise levels of
1 µK-arcmin and a beam size of 1 arcmin, with a survey covering 40% of the sky, assuming `min=30 and `max=3000.
We do not consider CMB lensing in this analysis, which may substantially improve sensitivity [35]; thus, our result
is a conservative projection. For n=�4, we find an improvement over the current constraints from Planck 2015 by a
factor of ⇠ 2.9 for a DM mass of 1 MeV, giving �0 < 5.8 ⇥ 10�42 at 95% C. L. For n=�2, we find �0 < 1.0 ⇥ 10�33

8
We have verified that the residual spectra (calculated with respect to ⇤CDM) we obtain by implementing the methods of Refs. [6, 11]

align with those from Ref. [11]. However, we note that we obtain constraints that are a factor of ⇠1.8 weaker for n=�4 than those in

Refs. [6, 11] (using the same likelihoods and sampling methods as Ref. [11]) and a factor of ⇠1.4 stronger for n=�2 than Ref. [6].

Dvorkin+ 2014:  CMB+Lya, mx >> mH Xu+ 2018:  CMB+Lya, mx > 10 MeV

Boddy+ 2018:  CMB only, mx > 10 keV

Our study focus on the DM mass below ~ 10 keV,
and put constraints by using CMB + Lya data

No mass dependency?



¡ Effects on the cosmology
§ Background thermal history
§ Perturbation evolution
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¡ The baryon gas temperature could be affected by baryon-DM coupling.

¡ The dark matter temperature is

¡ Coupling rate: Thomson scattering, baryon-DM coupling

Ṫ� = �2
ȧ

a
T� +

2m�

m� + mb
R�(Tb � T�)

Expansion of
the universe

Thomson scattering Baryon-DM coupling

R� =
4��

3�b
ane�T

R� = cn
a�b�0

m� + mb

�
Tb

mb
+

T�

m�
+

V 2
RMS

3

�n+1
2

µb = mH

�
nH + 4nHe

nH + nHe + ne

�

Ṫb = �2
ȧ

a
Tb +

2µb

me
R�(T� � Tb) +

2µb

m� + mb

��

�b
R�(T� � Tb)
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� (1 + z)

� (1 + z)
2

T�

For n = -4 case,
we clearly see a cooling of Tb

due to the coupling.

This is because, in this case,
the coupling becomes stronger
as the universe evolves and
the temperature decreases.
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¡ Boltzmann equations also modified as follows:

¡ Coupling rate (again):

�̇b = ��b + 3�̇, �̇� = ��� + 3�̇

�̇� = � ȧ

a
�� + c2

�k2�� + R�(�b � ��) + k2�

�̇b = � ȧ

a
�b + c2

bk
2�b + R�(�� � �b) +

��

�b
R�(�� � �b) + k2�

R� = cn
a�b�0

m� + mb

�
Tb

mb
+

T�

m�
+

V 2
RMS

3

�n+1
2

Perturbation evolutions
are also modified by
baryon-DM coupling.

Therefore, DM’s evolution
could be prevented by this
coupling because the baryon-
photon coupling.
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CMB temperature C! Matter power spectrum

early-ISW

small scale small scale
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¡ If the dark matter particle mass is below ~MeV, an additional relativistic 
effect cannot be neglected anymore and the perturbation evolution 
changes from the CDM case.

¡ This effect erases a small scale P(k), which is similar to a warm dark 
matter case.

¡ We use an approximated form of P(k) to include the WDM dumping 
effect on the P(k).

� = a
� m�

1keV

�b
�

��

0.26

�c �
h

0.7

�d

h�1Mpc

T�(k) = [1 + (�k)� ]�µ

PWDM (k) = T 2
�(k)PCDM (k)

where,
a = 0.189, b = -0.858, c = -0.136
d = 0.692, ν = 2.25, μ = 3.08

Colin+ 2008
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large scale small scale

¡ Residual plot between CDM and WDM approx. cases.

Suppression due to
a free-streaming effect
with DM mass 5 keV.

We apply this effect in
addition to the baryon-
DM coupling effect.



¡ The constraint on the baryon-DM coupling
§ Method and Data
§ Results of the constraint
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¡ CLASS (class-code.net)

§ To compute CMB angular power spectra and matter power spectrum.

¡ Monte python (montepython.net)

§ To analyze data by using the Markov chain Monte Carlo (MCMC) 

method. 

¡ Data

§ Planck 2015: TT, lowP, lensing  ->  C!
§ SDSS: Lyman-α-forest (McDonald+ 2006)  ->  P(k)  at k~1, z=3
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n Constraints are getting tighter
if we take a smaller DM mass.

n For n=-4 case, there is no mass
dependency. It’s already limited
by CMB alone constraint.
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¡ We put constraint on the cross section of the baryon-DM coupling.

¡ Those couplings induce
§ lower baryonic gas temperature,
§ suppression of the small scale P(k),
§ multiple effects on the C! (dumping, early-ISW).

¡ We got the tighter constraint on the cross section of
the coupling if we consider the DM mass below 10 keV. 

Thank you for your attention.
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R� = cn
a�b�0

m� + mb

�
Tb

mb
+

T�

m�
+

V 2
RMS

3

�n+1
2

Dvorkin+ 2014
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Dvorkin+ 2014
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FIG. 1: Cosmological proton thermal velocity (blue), and peculiar baryon-DM relative velocity (green). The redshifts probed
by CMB and Lyman-α forest measurements are roughly marked by blue and orange boxes, respectively.
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FIG. 2: Momentum-transfer rate Rχ vs. redshift for different values of n between -4 to +2. All of the curves are normalized
to satisfy a mean free path of ∼ 0.5 Mpc for proton scattering on DM at the MW solar cycle; see Eq. (25) and the discussion
around it.

where ⟨...⟩ξ denotes an average with respect to the primordial curvature perturbation and ∆ξ ≃ 2.4 × 10−9 is the
primordial curvature variance per log k. The value of VRMS is shown as the green curve in Fig. 1 (for z > 105, we
replace the direct calculation of VRMS by analytic estimate). The peculiar velocity becomes larger than the baryon
thermal velocity (the blue curve) below z ∼ 104. At later times (lower redshift), the effect of baryon-DM scattering
will have a nonlinear dependence on peculiar velocity, as discussed at the end of Section II. This implies that the drag
terms in the Boltzmann equations for θb and θc are no longer linear in θb and θc, mixing together the evolution of
different Fourier modes.
To improve the domain of validity of linear theory, we extend the rate coefficient of Eq. (14) by summing together

the thermal and peculiar rms velocity dispersion,

Rχ →
aρbσ0FHe

mχ +mH
cn

!

Tb

mH
+

Tχ

mχ
+

V 2
RMS

3

"

n+1
2

. (18)

This “mean-field” approach is generally valid at z > 104, but should also apply at later times for modes with
wavelengths k ! 0.1 Mpc−1, long compared with those that contribute most to the rms peculiar velocity at z < 104.
It also obtains the correct parametric scaling for short-wavelength modes at low redshift, though the numerical
coefficient cn, encapsulating thermal velocity integrals, needs to be modified in this limit.
As we show below, models with n ≥ −2 are strongly constrained by LSS data for which the relevant dynamics

constraints on millicharged dark matter have been primarily
derived from astrophysical sources and collider experiments
[38,73–75]. Our results are complementary to those.
This paper is organized as follows: we review the

modified Boltzmann equations including DM-baryon scat-
tering in Sec. II and the equations governing DM and
baryon temperature evolution in Sec. III. A more detailed
treatment, as well as the evolution equations under tight-
coupling approximation, can be found in the Appendix.
Our numerical results are presented in Sec. IV, and we
discuss in detail the improvement for the n ¼ −4 scenario
from including CMB polarization anisotropy data in Sec. V.
In Sec. VI, we provide an extrapolation of our MCMC
results applicable to all DM masses ≳1 MeV. In Sec. VII,
we compare our results for velocity- and spin-independent
scattering to limits from direct detection experiments.
Likewise, in Sec. VIII, we compare our results for milli-
charged DM to existing constraints from other sources.

II. BOLTZMANN EQUATIONS

We review the modifications to the dark matter and
baryon Boltzmann equations to account for DM-baryon
scattering presented in Ref. [30]. We work in a modified
synchronous gauge, allowing for a nonzero peculiar veloc-
ity of dark matter V⃗χ when scattering is turned on. For a
given Fourier mode k, the density fluctuations δχ and δb and
velocity divergences θχ and θb of the DM and baryon fluids
obey the following equations,

_δχ ¼ −θχ −
_h
2
; ð1Þ

_δb ¼ −θb −
_h
2
; ð2Þ

_θχ ¼ −
_a
a
θχ þ c2χk2δχ þ Rχðθb − θχÞ; ð3Þ

_θb ¼ −
_a
a
θb þ c2bk

2δb þ Rγðθγ − θbÞ

þ
ρχ
ρb

Rχðθχ − θbÞ; ð4Þ

where overdots denote derivatives with respect to con-
formal time, h denotes the metric perturbation, cχ and cb
refer respectively to the DM and baryon sound speeds, Rγ is
the momentum-transfer rate for baryon-photon coupling (as
set by Thompson scattering), and Rχ is that for DM-baryon
coupling.
The momentum-exchange rate Rχ is set by the cross

section σ0 and power-law index n as

Rχ ¼
aρbσ0cn
m χ þ m b

!
Tb

m b
þ

Tχ

m χ
þ V2

RMS

3

"nþ 1
2

FHe; ð5Þ

where TbðχÞ and m bðχÞ are the baryon (DM) temperature and
particle masses and cn is an n-dependent constant tabulated
in Table II in the Appendix. This expression is valid to
leading order for both early times (z > 104), where the
thermal velocity dispersion dominates over the DM bulk
velocity, and at late times where the peculiar velocity
dominates.
Following Ref. [30], we write V2

RMS, the averaged (with
respect to the primordial curvature perturbation) value of
V2
χ as

V2
RMS ≡ hV2

χi ≃

(
10−8 z > 103

10−8
#
ð1þ zÞ
103

$
2

z ≤ 103
: ð6Þ

The peculiar velocity was computed directly for z < 105

in Ref. [30] and extended analytically to higher redshifts.
In early times the RMS peculiar velocity is maintained
by photon pressure support of the baryons; after CMB
decoupling, the relative velocity falls as (1 þ z) with the
expansion of the Universe. The factor FHe accounts for the
significant fraction of helium in the baryon population and
can encode different dynamics for scattering off helium.
For the case of no scattering between DM and helium this is
simply FHe ¼ 1 − YHe ≈ 0.76.
A derivation of the form of Rχ from DM-baryon drag,

and a detailed treatment of the Boltzmann equations in the
tight coupling regime is given in the Appendix.

III. THERMAL EVOLUTION OF DM

The temperature evolution of the DM and baryon fluids
with DM-proton scattering is given by

_Tχ ¼ −2
_a
a
Tχ þ

2m χ

m χ þ m b
RχðTb − TχÞ; ð7Þ

_Tb ¼ −2
_a
a
Tb þ

2μb
m e

RγðTγ − TbÞ

þ
ρχ
ρb

2μb
m χ þ m b

RχðTχ − TbÞ; ð8Þ

where, again, overdots denote derivative with respect to
conformal time. Here μb denotes the mean molecular weight
for the baryons, μb ¼ m HðnH þ 4nHe

Þ=ðnH þ nHe
þ neÞ.

In Ref. [30], the authors assumed that the DM fluid
remains thermally coupled with baryons until late times
since for DM particle masses heavier than the mass of a
proton the corrections due to a temperature difference
between baryons and dark matter are suppressed. We relax
this assumption to extend the validity of our results to lower
DM masses.
Reference [50] explored numerical solutions to Eq. (7)

for different values of n and σ and calculated the effect on
the 21 cm power spectrum. Reference [76] extended this

XU, DVORKIN, and CHAEL PHYS. REV. D 97, 103530 (2018)

103530-2

Xu+ 2018
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¡ It depends on its velocity dependency n.

¡ For n > -3 cases, we use the following expression.

¡ For n = -4 case, we start from Tx = 0, because the effect of the coupling
is very weak in the early epoch so that we consider its temperature is 
already sufficiently small in an epoch we study here (z < 10^6).

=3

T� =

�
Tb, R�

m�

m�+mb
> aH

Tdec

�
adec

a

�2
, R�

m�

m�+mb
< aH



Junpei Ooba
August 29th, 2018

COSMO-18

¡ Lyman-α data: amplitude, tilt, curvature of P(k) at k~1, z=36

FIG. 3: Fractional di↵erence in the CMB temperature
(above) and E-mode polarization (below) power spectra
of each n-scenario relative to the fiducial no-scattering
case. Here, we fix m� = 1 GeV and take �0 to be the
95% CL upper bounds in Table I, with the remaining

parameters maximizing the likelihood around this value.

both temperature and polarization spectra with respect
to the DM-proton scattering cross-section, illustrating
this di↵erence. This indicates that CMB polarization
presents a powerful tool to constrain DM-baryon elastic
scattering.

VI. ANALYTIC SCALING OF CONSTRAINTS

In this section, we propose a scaling of our MCMC
constraints on �0 to apply to all m� & MeV. The �0 �
m� relation is set by two coe�cients: the momentum
exchange, given by R�, defined in Eq. 5, and the thermal
exchange rate, given by m�/(m� +mH)R�, as in Eqs. 7
and A23.

We assume that the dark matter scatters only with pro-
tons – that is, we neglect DM-Helium and DM-electron

FIG. 4: Matter power spectrum for various n-scenarios
and the fiducial no-scattering case. Here, we fix m� = 1
GeV and take �0 to be the 95% CL upper bounds from
Table I, with the remaining parameters maximizing the
likelihood around this value. The data point and violet
band represent the amplitude and tilt, and respective
95% CL error bars, derived from Lyman-↵ data. The

values are quoted from Ref. [77].

FIG. 5: The temperature anisotropy source function for
the scattering cross section corresponding to the 95%
CL constraints derived from CMB TT+lowP data and
the no scattering case, and their relative di↵erence. We

have restricted to the n = �4 scenario and taken
m� = 1 GeV. As shown, the addition of DM-baryon
interactions shifts the source function by order 0.05%.

scattering. We also assume non-relativistic kinematics
at z = 109, the starting point of our numerical analysis;
thus, the maximal lower limit we can extend our results
to is down to m� ⇠ MeV.
For e↵ectively cold DM, R� can be approximated

as being proportional to �0/(m� + mH), if T�/m� ⌧
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¡ Model: millicharged dark matter
§ dark matter has a fractional electric charge. 

¡ The cross-section of the baryon-DM scattering is

q = �e (�� 1)
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