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Cosmic microwave background and large scale structure limits on the interaction
between dark matter and baryons
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We study the effect on the cosmic microwave background~CMB! anisotropy and large scale structure~LSS!
power spectrum of a scattering interaction between cold dark matter and baryons. This scattering alters the
CMB anisotropy and LSS spectrum through momentum transfer between the cold dark matter particles and the
baryons. We find that current CMB observations can put an upper limit on the scattering cross section which
is comparable with or slightly stronger than previous disk heating constraints at masses greater than 1 GeV, and
much stronger at smaller masses. When large-scale structure constraints are added to the CMB limits, our
constraint is more stringent than this previous limit at all masses. In particular, a dark matter–baryon scattering
cross section comparable to the ‘‘Spergel-Steinhardt’’ cross section is ruled out for dark matter mass greater
than 1 GeV.
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I. INTRODUCTION

It is now generally accepted that the energy density of
universe includes a substantial fraction of cold dark ma
~CDM!, constituting roughly 0.3–0.4 of the closure densi
It is normally assumed that the CDM particle does not int
act with ordinary baryonic matter or with photons; hence
‘‘dark’’ in cold dark matter. However, a small scattering cro
section cannot be entirely ruled out, only constrained by
servations.

Several different models are possible for interactions
tween ordinary matter and CDM. One possibility is strong
interacting dark matter@also known as strongly interactin
massive particles~SIMPs!#, in which the CDM particle
couples to baryons, but not to photons or electrons. Rece
to solve the small scale problem in CDM models, stron
self-interacting particles were suggested@1,2#, with

8310225,
s/cm2

m/GeV
,10223. ~1!

The range quoted here~from Ref.@2#! is narrower than origi-
nally proposed in@1# because of additional constraint
While the original Spergel-Steinhardt cross section app
only to dark matter self-interaction, if such an interaction
mediated by the strong force, then the dark matter might a
interact strongly with baryons@2#. Examples of such dark
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matter include, e.g., quark-gluino bound states@3#, strange-
lets @4#, gauge singlet mesons@5#, andQ balls @6#. Limits on
such interactions were investigated by Starkman et al.@7#,
and recently reexamined in Refs.@2,8–10#. A second possi-
bility is to couple the dark matter particle electromagne
cally, e.g., by giving it a tiny electromagnetic charge~see,
e.g., Ref.@11# and references therein!; such a CDM particle
will scatter primarily off of photons and free electrons.

Any interactions of this sort will affect the spectrum o
the cosmic microwave background~CMB! fluctuations, since
they act to transfer momentum from the dark matter to
baryon-photon fluid, although for weakly interacting mass
particles~WIMPs! this effect is negligible@12,13#. Current
CMB observations can place constraints on such mod
The case of direct interactions between the CDM particle
photons has already been examined@14#, so we do not con-
sider it here. While the model discussed in Ref.@14# is not
identical to the case of electromagnetically charged d
matter, since it includes photon-CDM interactions but n
electron-CDM interactions, we expect it to be qualitative
similar to the charged dark matter model. Therefore, we c
sider only the case of strongly interacting dark matter,
which the dark matter particle couples to baryons~only!.

In the next section, we give the perturbation equations
CDM which couples to baryons, and we show the mat
transfer function and CMB power spectra for some repres
tative cases. In Sec. III, we compare our calculations with
CMB observations to derive constraints on the cross sec
for dark matter–baryon scattering, and we compare to pr
ously derived limits. Our conclusions are summarized in S
IV.
©2002 The American Physical Society15-1



io
t i

on

e.
id
, a

-

av

of
-
nd
n

mal
-
ry-

-
and
eme
this
ons
nd

nic
a
of

ce-

or

e-
ter
e

lei.

ing,

pin-

XUELEI CHEN, STEEN HANNESTAD, AND ROBERT J. SCHERRER PHYSICAL REVIEW D65 123515
II. FLUCTUATION GROWTH WITH STRONGLY
INTERACTING DARK MATTER

A. The basic modified equations

We begin by assuming a scattering cross sections be-
tween the CDM particle of massmc and protons with mass
mb , and we derive the changes to the perturbation equat
produced by this scattering interaction. Our starting poin
the set of perturbation equations in Ref.@15#, which form the
basis forCMBFAST @16#. We will not reproduce here all of the
perturbation equations, but simply give those equati
which are modified.

Following Ref.@15#, we work in the synchronous gaug
However, because the CDM is interacting it does not prov
a natural way of defining the synchronous coordinates
opposed to standard CDM@15#. Let dc anddb be the density
fluctuation ([dr/r) for the cold dark matter and the bary
ons, respectively, and letuc and ub be the corresponding
velocity divergences. Then for the cold dark matter, we h

ḋc52uc2
1

2
ḣ, ~2!

u̇c52
ȧ

a
uc1cc

2k2db1Rc . ~3!

For baryons the corresponding terms are

ḋb52ub2
1

2
ḣ, ~4!

u̇b52
ȧ

a
ub1cb

2k2db1Rg1Rb , ~5!

with

Rb[Kc~ub2uc!5
mcncsv rela

mb1mc
~ub2uc!, ~6!

Rc[Kb~uc2ub!5
mbnbsv rela

mb1mc
~uc2ub!, ~7!

Rg[Kg~ug2ub!5
4rg

3rb
anesT~ug2ub!. ~8!

In these equationscc andcb are the adiabiatic sound speed
the CDM and baryons, respectively,v rel is the average rela
tive velocity between the CDM and the baryons, a
Rc ,Rb ,Rg are the momentum transfer terms. The sou
speeds are given by

cb
25~kBTb /m!S 12

1

3

d ln Tb

d ln a D , ~9!

cc
25~kBTc /mc!S 12

1

3

d ln Tc

d ln a D , ~10!

the average relative velocity by
12351
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v rel5A3~mcTb1mbTc!

mbmc
. ~11!

In calculating average velocities we have assumed ther
Maxwell-Boltzmann distributions for both CDM and bary
ons. The temperature evolution of the dark matter and ba
ons is given by

Ṫb12
ȧ

a
Tb52Kg~Tb2Tg!2Kc~Tb2Tc!, ~12!

Ṫc12
ȧ

a
Tc52Kb~Tc2Tb!. ~13!

It is possible to obtain analytical solutions for the tem
perature evolution equations, but they are complicated
cumbersome to use. Instead, we use a semi-implicit sch
to integrate these differential equations. We tested
method in a few cases, and found that it produces soluti
which agree with the analytical solutions within 0.2%, a
the effect on the CMB spectrum is negligible.

B. The effect of primordial helium

This set of equations ignores the fact that the baryo
fluid consists of two species: hydrogen and helium-4, in
roughly 3 to 1 ratio by mass. To account for the presence
helium as well as hydrogen, we make the following repla
ments:

mbnbsv rel

mb1mc
→mHnHsHvH

mH1mc
1

mHenHesHevHe

mHe1mc
, ~14!

mcncsv rel

mb1mc
→mcncsHvH

mH1mc
~12Y!1

mcncsHevHe

mHe1mc
Y,

~15!

whereY is the primordial mass fraction of helium-4~we take
Y50.24 throughout!, and we define separate velocities f
the hydrogen and helium relative to the dark matter:

vH5A3~mcTb1mHTc!

mHmc
~16!

vHe5A3~mcTb1mHeTc!

mHemc
. ~17!

In our calculations,s, the scattering cross section b
tween the CDM particle and the proton, is a free parame
which we will constrain from the observations. However, w
need to make some sort of assumption regardingsHe, the
scattering cross section between CDM and helium nuc
For coherent scattering, we expectsHe516s, while a spin-
dependent cross section would yieldsHe50. For now, we
will examine the intermediate case of incoherent scatter
for which sHe54s. Later, in Sec. III, we will extend our
calculation to consider both coherent scattering and s
dependent scattering.
5-2
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Taking mHe.4mH , andnb5rb /mH , the above substitu
tion can be achieved by simply replacing everywhere

mbsv rel

mb1mc
→ mHs

mH1mc
F ~12Y!vH1YS sHe

sH
D mH1mc

4mH1mc
vHeG

~18!

mcsv rel

mb1mc
→ mcs

mH1mc
F ~12Y!vH1YS sHe

sH
D mH1mc

4mH1mc
vHeG .

~19!

C. Tight-coupling approximation

Following Ref.@15#, we use a separate set of equations
the limit of tight coupling between baryons and photons.
the tight-coupling regime, the temperature evolution is giv
by

Ṫb522
ȧ

a
Tb1

8

3

m

me

rg

rb
anesT~Tg2Tb!1Kc~Tc2Tb!

~20!

Ṫc522
ȧ

a
Tc1Kb~Tb2Tc! ~21!

where m is the mean molecular weight. During tight co
pling, Tc;Tb;Tg , Tḃ;2(ȧ/a)Tb , and v̇ rel5

2 1
2 (ȧ/a)v rel . SettingR54rg/3rb , andtg5(anesT)21, we

have

Ṙb1
ȧ

a
Rb5

mcncsav rel

mb1mc
F ~ u̇c2 u̇b!2

3

2

ȧ

a
~uc2ub!G

~22!

~11R!u̇b1
ȧ

a
ub2cb

2k2db2k2RS 1

4
dg2sgD

1R~ u̇g2 u̇b!2Rb50, ~23!

ub2ug5
tg

11R
F2

ȧ

a
ub1k2S cb

2db2
1

4
dg1sgD

1 u̇g2 u̇b1RbG , ~24!

u̇b2 u̇g5
tg

11R
F2

ä

a
ub2

ȧ

a
k2

dg

2
1k2S cb

2ḋb2
1

4
ḋgD

1
ȧ

a
Rb1ṘbG1

2R

11R

ȧ

a
~ub2ug!. ~25!

D. Applicable range of our calculation

In the calculation described above, we have assumed
the dark matter is made of a single type of particle, w
density parameterVm . We have also assumed that it is
‘‘cold dark matter’’ particle, i.e. during the whole range o
12351
n

n

at

our calculation it is non-relativistic, which translates tom
.1 MeV. We have also assumed that during each scatte
only one baryon interacts with the dark matter particle. If t
interaction length of the particle isa (s[4pa2), then we
require that this interaction length be less than the in
particle spacing:

a,nb
21/3, ~26!

wherenb;1025(11z)3h0
2Vbcm23. Processes which affec

CMB anisotropy happen at redshift less than 105, so we can
put a limit on the applicable cross section, neglecting fact
of order unity:

smax;1026 cm2. ~27!

Our calculation must be modified fors.smax to take into
account multi-particle scattering.

E. The matter and CMB power spectra

We have modified theCMBFAST code@16# to include the
effects discussed in the previous sections. For initial con
tions, we assume that the dark matter and baryons sta
tightly coupled with the same temperature. Tensor mo
have been ignored, and we consider only flat geomet
(V51).

In Fig. 1 we show the CMB fluctuation spectra and t

FIG. 1. ~a! CMB power spectra for a few sample cases. T
solid curve is a fiducialLCDM model with parametersV51,
Vbh250.018, Vmh250.18, H0575 km s21 Mpc21, n51, and
without dark matter–baryon interaction. The dotted curve is fo
dark matter mass of 1 GeV, with a dark matter–baryon cross sec
s53310224 cm2. The dashed curve is for a model without da
matter–baryon interaction, but with increased baryon density,Vb

50.05. All spectra are calculated without Cosmic Background E
plorer ~COBE! normalization~arbitrary units! and takingsHe54s.
~b! Matter power spectra for the same models as in~a!. Normaliza-
tion is arbitrary.
5-3
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corresponding square of the matter transfer function for so
representative cases. The coupling of the dark matter to
baryons damps the matter power spectrum on small sc
as can be seen in Fig. 1~b!.

One might imagine that the effect on the CMB of co
pling the baryons to the dark matter would be equivalent t
standard model with a larger value ofVb . This is not the
case, as can be seen in Fig. 1~a!. Although both models pro-
duce an increase in the amplitude of the first acoustic pe
the largeVb model produces an increase in the amplitude
the third peak, while the strongly interacting dark mat
model yields a decrease in the third peak amplitude~and in
all of the other peaks as well!.

One can understand the difference between the C
spectra in the following way: The baryon-photon oscillatio
are damped oscillations, with a damping rate~viscosity! in-
versely proportional to the baryon-photon interaction ra
Interacting CDM with intermediate cross section amounts
adding ‘‘baryons’’ but simultaneously also increasing the v
cosity of the plasma. Therefore the acoustic oscillatio
damp quickly and all peaks but the first are suppress
Scales around the first acoustic peak have only underg
part of an oscillation and therefore have not been dam
significantly. On such large scales the increase in oscilla
amplitude due to added ‘‘baryons’’ is more important and
overall power spectrum increases.

On the other hand, increasing the baryon density has
well-known effect of increasing the height of the compre
sion peaks~1st, 3rd, . . . ) anddecreasing the height of th
decompression peaks~2nd, 4th, . . . ). Of course, for very
large cross sections, the effective viscosity of the CD
baryon-photon plasma approaches that of a pure bar
photon plasma and the CDM acts exactly like baryons.
effect similar to the increased viscosity due to CDM-bary
interactions can be seen in models with increased width
the last scattering surface due to non-standard recomb
tion, where the effective viscosity of the baryon-phot
plasma also increases around the time of recombination@17#.

The effect on the matter power spectrum seen in Fig. 1~b!
can be understood in the same way. The increased visc
in the interacting model leads to a much stronger damping
small scales than in the model with increased baryon den

III. COMPARISON WITH OBSERVATIONS

In order to constrain models with CDM-baryon intera
tions we compare the CMB and matter power spectra of s
models with recent observational data.

CMB data set. Several data sets of high precision are n
publicly available. In addition to the COBE@18# data for
small l there are data from BOOMERANG@19#, MAXIMA
@20#, DASI @21# and several other experiments@22,23#.
Wang, Tegmark and Zaldarriaga@22# have compiled a com
bined data set from all these available data, including c
bration errors. In the present work we use this compiled d
set, which is both easy to use and includes all relev
present information.

Large Scale Structural (LSS) data set. At present, by far
the largest survey available is the 2dF@24# of which about
12351
e
he
es,

a

k,
f
r

B

.
o
-
s
d.
ne
d
n

e

he
-

-
n-
n

of
a-

ity
n

ty.

h

i-
ta
nt

147000 galaxies have so far been analyzed. Tegmark, Ha
ton and Xu@25# have calculated a power spectrum,P(k),
from this data, which we use in the present work. The 2
data extends to very small scales where there are large
fects of non-linearity. Since we only calculate linear pow
spectra, we use~in accordance with standard procedure! only
data on scales larger thank50.2h Mpc21, where effects of
non-linearity should be minimal.

The CMB fluctuations are usually described in terms
the power spectrum, which is again expressed in terms oCl
coefficients asl ( l 11)Cl , where

Cl[^ualmu2&. ~28!

Thealm coefficients are given in terms of the actual tempe
ture fluctuations as

T~u,f!5(
lm

almYlm~u,f!. ~29!

Given a set of experimental measurements, the likeliho
function is

L~Q!} expS 2
1

2
x†@C~Q!21#xD , ~30!

whereQ5(V,Vb ,H0 ,n,t, . . . ) is avector describing the
given point in parameter space,x is a vector containing all
the data points, andC(Q) is the data covariance matrix. Thi
applies when the errors are Gaussian. If we also assume
the errors are uncorrelated, it can be reduced to the sim
expression,L}e2x2/2, where

x25 (
i 51

Nmax ~Cl ,obs2Cl ,theory! i
2

s~Cl ! i
2

, ~31!

is a x2 statistic andNmax is the number of power spectrum
data points@29#. In the present paper we use Eq.~31! for
calculatingx2. In the case where we also use LSS datax2 is
instead given by

x25 (
i 51

Nmax,CMB ~Cl ,obs2Cl ,theory! i
2

s~Cl ! i
2

1 (
j 51

Nmax,LSS
„P~k!obs2P~k! theory…j

2

s„P~k!…j
2

. ~32!

The procedure is then to calculate the likelihood functi
over the space of cosmological parameters. The 2D lik
hood function for (mc ,s) is obtained by keeping (mc ,s)
fixed and marginalizing over all other parameters.

As free parameters in the likelihood analysis we useVm ,
the matter density,Vb , the baryon density,H0, the Hubble
parameter,n, the scalar spectral index,t, the optical depth to
reionization, andQ, the overall normalization of the data
When large scale structure constraints are included we
useb, the normalization of the matter power spectrum, a
free parameter. This means that we treatQ andb as free and
uncorrelated parameters. This is very conservative and el
5-4
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TABLE I. The different priors used in the analysis. Notice that in the first two cases the bias paramb
is not used because LSS data is not included in the fit.

Prior type Vm Vbh2 h n t Q b

CMB Vb-1 0.008–0.040 0.4–1.0 0.66–1.34 0–1 free not us
CMB1BBN1H0 Vb-1 0.02060.002 0.7260.08 0.66–1.34 0–1 free not used
CMB1BBN1H01LSS Vb-1 0.02060.002 0.7260.08 0.66–1.34 0–1 free free
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nates any possible systematics involved in determining
bias parameter. We constrain the analysis to flat (Vm1VL
51) models, and we assume that the tensor mode contr
tion is negligible (T/S50). These assumptions are comp
ible with analyses of the present data@22#, and relaxing them
does not have a big effect on the final results. For maxim
ing the likelihood function we use a simulated anneal
method, as described in Ref.@26#.

Table I shows the different priors used. In the ‘‘CMB
prior the only important constraint is that 0.4<h<0.9 @h
[H0 /(100 km s21 Mpc21)#. For the CMB1H01BBN
prior we use the constraintH057268 km s21 Mpc21 from
the HST Hubble key project@27# ~the constraint is added
assuming a Gaussian distribution! and the constraintVbh2

50.02060.002 from BBN @28#. Finally, in the H01BBN
1LSS case, we add data from the 2dF survey@25#.

Following Ref. @2#, we plot the constraints from variou
experiments in the (mc ,s) plane in Fig. 2; limits obtained
with different priors are plotted with different line styles. Th
shaded region is the ‘‘Spergel-Steinhardt’’ region as given
Eq. ~1!; note that it is actually narrower than plotted in Fig.
of Ref. @2#. This figure clearly shows that constraints fro
the CMB data alone for large CDM mass (mc.mb
;1 GeV) are comparable to limits from galactic disk he
ing arguments@7#. On the other hand, for small CDM mas
(mc,mb;1 GeV), the limit from the CMB alone is much
stronger. This difference arises because the limits from d
heating are related to energy transfer, which decrease
(mc /mb)2 for mc!mb , while the limits from the CMB and
large scale structure are based on momentum transfer, w
decreases only asmc /mb for mc!mb . At the same time, the
relative velocity also increases for low CDM mass~as
mc

21/2!. This is the reason that, formc!mb , our bound goes
as mc

1/2, but for the disk heating argument it goes asmc
21 .

Our bound is therefore much stronger at low mass, eve
only CMB data is used.

The addition of priors onVb andH0 does not increase th
exclusion region by much, because there is very little deg
eracy between (mc ,s) and these two parameters. Only wh
LSS data is added do we find a significant improvement. T
reason is that CDM-baryon interactions lead to a signific
suppression of small scale power, as discussed in the p
ous section. Even for relatively small cross sections this
fect leads to a disagreement with the 2dF data. With
inclusion of LSS data, our bound becomes much stron
than the disk heating argument of Starkmanet al. @7#, even at
large masses. A good analytical fit to our 95% C.L. limit

s

10224 cm2
,

0.63x1/210.22x3/2

11x1/2
~33!
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wherex5mc /GeV. Equation~33! is accurate to within 10%.
For this case, we also consider the effect of coherent (sHe
516s) and spin-dependent (sHe50) scattering between th
dark matter and helium. The limits for these two cases
shown in Fig. 2 as thinner dashed curves above~for sHe
50) and below~for sHe516s) the limit for sHe54s. Al-
tering sHe in this way changes the upper bounds by a fac
of roughly 2–3, which is barely noticeable on the scale
this graph.

IV. CONCLUSIONS

CMB observations constrain any scattering interaction
tween dark matter and baryons. Our results indicate that
limit from current CMB observations is comparable to pr
vious limits from disk heating@7# for masses greater than

FIG. 2. Excluded regions in the (mc ,s) plane for strongly in-
teracting dark matter, wheremc is the mass of the dark matte
particle, ands is the cross section for scattering between dark m
ter and protons. Dashed and dotted lines are the CMB limits der
in this paper with various priors: dotted is CMB only, short-dash
CMB1BBN1H0, and thick long-dash is CMB1BBN1H01LSS.
All of these limits assume a scattering cross section between he
and dark matter ofsHe54s. Thin dashed lines give the limits fo
CMB1BBN1H01LSS for spin-dependent scattering between h
lium and dark matter (sHe50, upper curve! and coherent scattering
(sHe516s, lower curve!. In all of these cases, the region above t
curve is excluded at the 95% confidence level. Solid lines g
excluded regions from other papers. The region above the top s
line is excluded by the disk heating constraint from Starkmanet al.
Closed solid contours give excluded regions from the indica
space and balloon-based experiments discussed by Wandeltet al.
The regions enclosed by these curves are excluded. The shaded
is the region suggested in Wandeltet al. for which self-interacting
dark matter would have a comparable cross section for scatte
off of both baryons and itself.
5-5
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GeV, and the CMB limit is much stronger at smaller mass
If we also include large-scale structure data, then our limi
more stringent than the disk-heating limit at all masses.
analytical fit of our combined CMB1LSS limit is given in
Eq. ~33!.

Our CBM1LSS limits exclude the region discussed
Ref. @2#, in which self-interacting dark matter interacts wi
baryons with roughly the same cross section with which
interacts with itself~Fig. 2!. This, by itself, does not exclud
the self-interacting dark matter scenario, since the dark m
ter is not required to interact with baryons at all, but it do
exclude models with the indicated dark matter–baryon s
tering cross section.

While space and balloon-based experiments can pro
tighter constraints for specific regions in the parameter sp
,
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of CDM mass and cross section~Fig. 2 and Ref.@2#!, the
combination of CMB and large-scale structure appears
provide the best general upper limit on the CDM-bary
scattering cross section for arbitrary CDM masses~and it is
much stronger than all other limits at low masses!. Our con-
straints are somewhat stronger for coherent scattering f
helium nuclei and weaker for a spin-dependent interacti
Perhaps more importantly, these limits will only get bet
with new CMB data.
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