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We study the effect on the cosmic microwave backgro(@idB) anisotropy and large scale struct(kSS)
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.
DOI: 10.1103/PhysRevD.65.123515 PACS nuni®er98.80—-k, 12.60—i, 95.35+d, 98.70.Vc
I. INTRODUCTION matter include, e.g., quark-gluino bound stdi8k strange-

lets[4], gauge singlet mesonS], andQ balls[6]. Limits on
It is now generally accepted that the energy density of theuch interactions were investigated by Starkman ef7d.
universe includes a substantial fraction of cold dark matteand recently reexamined in Ref&,8—10. A second possi-
(CDM), constituting roughly 0.3—0.4 of the closure density. bility is to couple the dark matter particle electromagneti-
It is normally assumed that the CDM particle does not intercally, e.g., by giving it a tiny electromagnetic char(gee,

act with ordinary baryonic matter or with photons; hence thee_g” Ref[11] and references therginsuch a CDM particle

section cannot be entirely ruled out, only constrained by ob-  any interactions of this sort will affect the spectrum of
servations. _ , , the cosmic microwave backgrouf@MB) fluctuations, since

Several_ different models are possible for |_n_ter_actlons be'Ehey act to transfer momentum from the dark matter to the
tween o_rd|nary matter and CDM. One pOSS|b|I|t)_/ IS Stro_nglybaryon-photon fluid, although for weakly interacting massive
Interacting dgrk mattefalso !<nowr! as strongly interacting particles(WIMPs) this effect is negligiblg12,13. Current
massive particleSIMPS], in which the CDM particle . .

CMB observations can place constraints on such models.
couples to baryons, but not to photons or electrons. Recentl;fhe case of direct interactions between the CDM particle and
to sqlve the_ small _scale problem in CDM mpdels, stronglyphotons has already been examifiéd], so we do rF:ot con-
self-interacting particles were suggestacb], with sider it here. While the model discussed in Ré#] is not

olcm? identical to the case of electromagnetically charged dark
8X 107 2°< GeV 1072, (1) matter, since it includes photon-CDM interactions but not
electron-CDM interactions, we expect it to be qualitatively
The range quoted heféom Ref.[2]) is narrower than origi-  Similar to the charged dark matter model. Therefore, we con-
nally proposed in[1] because of additional constraints. sider only the case of strongly interacting dark matter, in
While the original Spergel-Steinhardt cross section appliesvhich the dark matter particle couples to barydosly).
only to dark matter self-interaction, if such an interaction is  In the next section, we give the perturbation equations for
mediated by the strong force, then the dark matter might als€DM which couples to baryons, and we show the matter
interact strongly with baryonf2]. Examples of such dark transfer function and CMB power spectra for some represen-
tative cases. In Sec. lll, we compare our calculations with the
CMB observations to derive constraints on the cross section

*Electronic address: xuelei@itp.ucsb.edu for dark matter—baryon scattering, and we compare to previ-
"Electronic address: steen@nordita.dk ously derived limits. Our conclusions are summarized in Sec.
*Electronic address: scherrer@pacific.mps.ohio-state.edu IV.
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Il. FLUCTUATION GROWTH WITH STRONGLY 3(M.Tp+ My To)
INTERACTING DARK MATTER Viem\/—————— (11
mpMmeg
A. The basic modified equations
In calculating average velocities we have assumed thermal
Maxwell-Boltzmann distributions for both CDM and bary-

ons. The temperature evolution of the dark matter and bary-
géns is given by

We begin by assuming a scattering cross sectiohe-
tween the CDM particle of mags, and protons with mass
my,, and we derive the changes to the perturbation equatio
produced by this scattering interaction. Our starting point i
the set of perturbation equations in Rglf5], which form the 3
basis forcMBFAST [16]. We will not reproduce here all of the Tot+2=Tp=—K(Tp—T.,)—Ko(Tp—To), (12)
perturbation equations, but simply give those equations a 7 7
which are modified.

Following Ref.[15], we work in the synchronous gauge.
However, because the CDM is interacting it does not provide
a natural way of defining the synchronous coordinates, as
opposed to standard CDMJ5]. Let 5, and 5, be the density It is possible to obtain analytical solutions for the tem-
fluctuation & dp/p) for the cold dark matter and the bary- perature evolution equations, but they are complicated and
ons, respectively, and led. and 6, be the corresponding cumbersome to use. Instead, we use a semi-implicit scheme
velocity divergences. Then for the cold dark matter, we haveo integrate these differential equations. We tested this

method in a few cases, and found that it produces solutions
Eh ?) which agree with the analytical solutions within 0.2%, and
2" the effect on the CMB spectrum is negligible.

. a
Te+ 2 To=—Ky(Te—Tp). (13)

8e=—0—

. a 212 B. The effect of primordial helium

0.=——=0.+cik“ 6t R;. (3) . . i )
a This set of equations ignores the fact that the baryonic

fluid consists of two species: hydrogen and helium-4, in a

For baryons the corresponding terms are roughly 3 to 1 ratio by mass. To account for the presence of

1 helium as well as hydrogen, we make the following replace-
Op=—"0p— Eh’ (4  ments:
. MpNEOVrel MUNHOHUH  MpeNHeTHEV He
: a 2 mp+m - my+m Myet+me -’ (14
%=—a%+%W%+RﬁRW (5) c c e e
men men men
with r;:] :—O'Urel_> c CUHUH(l—Y)+ clcOHel He ,
p+ Mg my+mg Myt Mg
Ry=K (O — ) = eV 4 ) (6) .
b=Ke( 0= 0c)= My +m (06— ), whereY is the primordial mass fraction of heliuméde take
Y=0.24 throughoyt and we define separate velocities for
MyNETV @ the hydrogen and helium relative to the dark matter:
Re=Kp(c— ) =———— (6= ), )
b C
3(mcTp+myT)
4p UVH= —mHm (16)
C
R, =K (0,— )= 3—pzanech( 0, Op). (8)
. o _ S(chb+ mHeTc)
In these equations, andc,, are the adiabiatic sound speed of UHe™ —mHemc : 17)

the CDM and baryons, respectively,, is the average rela-

tive velocity between the CDM and the baryons, and |n our calculations,s, the scattering cross section be-

R:.Ry,R, are the momentum transfer terms. The soundween the CDM particle and the proton, is a free parameter

speeds are given by which we will constrain from the observations. However, we
need to make some sort of assumption regardipg, the

, (9) scattering cross section between CDM and helium nuclei.
For coherent scattering, we expest.= 160, while a spin-
dependent cross section would yielg,,=0. For now, we

2 1 dlnTb
Cb:(kBTb/lu’) 1_§ dina

2 1diInT, will examine the intermediate case of incoherent scattering,
CC:(kBTC/mC)(1_§ dina |’ (10 for which op.=40c. Later, in Sec. Ill, we will extend our
calculation to consider both coherent scattering and spin-
the average relative velocity by dependent scattering.
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Taking mye=4my, andn,=p,/my, the above substitu-
tion can be achieved by simply replacing everywhere

O'He)
O'He)

C. Tight-coupling approximation

MpOV el Ht M

.
mb+ me

mHO'
mH+ me|

(1 Yyou+Y

UHe

(18

4my+mg

McOU e
SN
mb+ mg

meo
my+mg|

my+ mg

(1 Y)UH+Y UHel-

(19

A4my+mg

Following Ref.[15], we use a separate set of equations in
the limit of tight coupling between baryons and photons. In
the tight-coupling regime, the temperature evolution is given

by
8 1 py
Ty :—2 Tb+3 - pbaneaT(Ty—Tb)JrKc(Tc—Tb)
e
(20)
. a
To=—2Tc+ Ko(Tp—To) (21)

where u is the mean molecular weight. During t|ght Cou-

pling, T~To~T,, Tp~—(a/a)T,, and ve=
_%(é/a)v,e,. SettingR—4p,//3pb, andr,=(aneoy) %, we
have
R éR McNcTAU rel 3a
ot R = Tme | (Be™ Ob) =5 5 (e bb)
(22
. 2 2 1
(1+R)0b+ ab Cbk 6b k 4 ‘)/ (T‘y
0p—0,=7—— _ag +Kk2 25— 5+
Y 1+R a’b Chdh— 76, + oy
+.07_.0b+Rb, (24)
; Ty a a .o . 1.
= 2o — k2 k2| o2 T
Op— ﬁy 1+R|  a ak 2+k Ct b 45y>
éR R [+ 2 -
TRt R TR (0. (29

D. Applicable range of our calculation
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FIG. 1. (a) CMB power spectra for a few sample cases. The
solid curve is a fiduciaACDM model with parameter§)=1,
Qph?=0.018, 0,h?=0.18, Hy=75 kms*! Mpc™?, n=1, and
without dark matter—baryon interaction. The dotted curve is for a
dark matter mass of 1 GeV, with a dark matter—baryon cross section
o=3xX10"%* cn?. The dashed curve is for a model without dark
matter—baryon interaction, but with increased baryon den§ity,
=0.05. All spectra are calculated without Cosmic Background Ex-
plorer (COBE) normalization(arbitrary unit$ and takingop.=40.

(b) Matter power spectra for the same models a@nNormaliza-
tion is arbitrary.

our calculation it is non-relativistic, which translates rto

>1 MeV. We have also assumed that during each scattering
only one baryon interacts with the dark matter particle. If the
interaction length of the particle ia (c=4ma?), then we
require that this interaction length be less than the inter-
particle spacing:

a<n, 3,

(26)
wheren,~10"5(1+2)%h2Q,cm 3. Processes which affect
CMB anisotropy happen at redshift less thar,1€b we can
put a limit on the applicable cross section, neglecting factors
of order unity:

6 cn?. (27

Our calculation must be modified far> o, to take into
account multi-particle scattering.

Omax>= 10"

E. The matter and CMB power spectra

We have modified themBFAST code[16] to include the
effects discussed in the previous sections. For initial condi-
tions, we assume that the dark matter and baryons started

In the calculation described above, we have assumed théghtly coupled with the same temperature. Tensor modes
the dark matter is made of a single type of particle, withhave been ignored, and we consider only flat geometries
density parametef),,. We have also assumed that it is a (21=1).

“cold dark matter” particle, i.e. during the whole range of

In Fig. 1 we show the CMB fluctuation spectra and the
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corresponding square of the matter transfer function for som&47000 galaxies have so far been analyzed. Tegmark, Hamil-
representative cases. The coupling of the dark matter to th®n and Xu[25] have calculated a power spectrufik),
baryons damps the matter power spectrum on small scalefspm this data, which we use in the present work. The 2dF
as can be seen in Fig(d. data extends to very small scales where there are large ef-
One might imagine that the effect on the CMB of cou- fects of non-linearity. Since we only calculate linear power
pling the baryons to the dark matter would be equivalent to $Pectra, we usgn accordance with standard proceduoaly
standard model with a larger value 6, . This is not the data on scales larger th&r=0.2h Mpc™*, where effects of
case, as can be seen in Figa)1 Although both models pro- non-linearity should be minimal. _ _
duce an increase in the amplitude of the first acoustic peak, 1€ CMB fluctuations are usually described in terms of
the largeQ), model produces an increase in the amplitude oIIhe power spectrum, which is again expressed in ternt of
the third peak, while the strongly interacting dark mattercoe'chCIentS as(l+1)Cy, where
model yields a decrease in the third peak amplit(ated in Ci=(|am/?). (28)
all of the other peaks as well
One can understand the difference between the CMBhea,,, coefficients are given in terms of the actual tempera-
spectra in the following way: The baryon-photon oscillationsture fluctuations as
are damped oscillations, with a damping réatescosity) in-
versely proportional to the baryon-photon interaction rate.
Interacting CDM with intermediate cross section amounts to
adding “baryons” but simultaneously also increasing the vis-
cosity of the plasma. Therefore the acoustic oscillationgsiven a set of experimental measurements, the likelihood
damp quickly and all peaks but the first are suppressedunction is
Scales around the first acoustic peak have only undergone
p_art_(_)f an oscillation and therefore ha_ve not b_een damped £(0®) ex;{ _ EXT[C(®)71]X , (30)
significantly. On such large scales the increase in oscillation 2
amplitude due to added “baryons” is more important and the ) o
overall power spectrum increases. vv_here@_=(&_),ﬂb,Ho,n,r, cl) is avector descr|l_)|r_1g the
On the other hand, increasing the baryon density has th@/Ven point in parameter space,is a vector containing all
well-known effect of increasing the height of the Compres_the Qata points, an@(®) is the data'covarlance matrix. This
sion peaks(1st, 3rd . ..) anddecreasing the height of the applies when the errors are G_au55|an. If we also assume that
decompression peak@nd, 4th . ..). Of course, for very the errors are ungorrelated, it can be reduced to the simple
large cross sections, the effective viscosity of the CDM-expressionLxe X 2 where
baryon-photon plasma approaches that of a pure baryon- N )
photon plasma and the CDM acts exactly like baryons. An 5~ (G obs Ci theony);
effect similar to the increased viscosity due to CDM-baryon X~ o(C))?
interactions can be seen in models with increased width of '
the last scattering surface due to non-standard recombings aX2 statistic andN,,, is the number of power spectrum
tion, where the effective viscosity of the baryon-photondata points[29]. In the present paper we use EG1) for
plasma also increases around the time of recombindlidh  calculatingy?. In the case where we also use LSS dgtas
The effect on the matter power spectrum seen in Rigl 1 instead given by
can be understood in the same way. The increased viscosity
in the interacting model leads to a much stronger damping on

T(a,qs):% amYim(6,¢). (29

, (31)

N

,CMB _ 2
2 " (Cl,obs Cl,theor))i

small scales than in the model with increased baryon density. X = = o(C )2
- 1/i
N X,
I1l. COMPARISON WITH OBSERVATIONS . max,LSS (P (k) s P(k)theon)jz @
In order to constrain models with CDM-baryon interac- =1 a(P(k)?
tions we compare the CMB and matter power spectra of such
models with recent observational data. The procedure is then to calculate the likelihood function

CMB data setSeveral data sets of high precision are nowover the space of cosmological parameters. The 2D likeli-
publicly available. In addition to the COBEL8] data for hood function for fn.,o) is obtained by keepingnf.,o’)
smalll there are data from BOOMERAN9], MAXIMA fixed and marginalizing over all other parameters.

[20], DASI [21] and several other experimenf&2,23. As free parameters in the likelihood analysis we Osg,
Wang, Tegmark and Zaldarria§ja2] have compiled a com- the matter densityf},,, the baryon densityH,, the Hubble
bined data set from all these available data, including caliparametem, the scalar spectral index, the optical depth to
bration errors. In the present work we use this compiled dataeionization, andQ, the overall normalization of the data.
set, which is both easy to use and includes all relevan®When large scale structure constraints are included we also
present information. useb, the normalization of the matter power spectrum, as a

Large Scale Structural (LSS) data sét present, by far free parameter. This means that we t@andb as free and
the largest survey available is the 2f#4] of which about uncorrelated parameters. This is very conservative and elimi-
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TABLE I. The different priors used in the analysis. Notice that in the first two cases the bias parameter
is not used because LSS data is not included in the fit.

Prior type Qn, Qh? h n T Q b

CMB 0,1 0.008-0.040 0.4-1.0 0.66-1.34 0-1 free notused
CMB+BBN-+H, 0,1 0.020:0.002 0.720.08 0.66-1.34 0-1 free notused
CMB+BBN+Hy+LSS Qp-1  0.020:0.002 0.7220.08 0.66-1.34 0-1 free free

nates any possible systematics involved in determining thevherex=m./GeV. Equation33) is accurate to within 10%.
bias parameter. We constrain the analysis to flat, ¢ Q. For this case, we also consider the effect of coherenf, (
=1) models, and we assume that the tensor mode contribu=16¢) and spin-dependent{,.=0) scattering between the
tion is negligible T/S=0). These assumptions are compat-dark matter and helium. The limits for these two cases are
ible with analyses of the present dg22], and relaxing them  shown in Fig. 2 as thinner dashed curves abee o,
does not have a big effect on the final results. For maximiz—zo) and below(for o= 160) the limit for ope=40. Al-

ing the likelihood function we use a simulated annealingtering 01e iN this way changes the upper bounds by a factor

method, as described in R¢26]. of roughly 2—3, which is barely noticeable on the scale of
Table | shows the different priors used. In the “CMB” g graph.

prior the only important constraint is that 6s4<0.9 [h
=Hy/(100 kms*Mpc 1)]. For the CMB+H,+BBN
prior we use the constraitit,=72+8 kms ! Mpc! from
the HST Hubble key projedi27] (the constraint is added CMB observations constrain any scattering interaction be-
assuming a Gaussian distributjoand the constrainfl,h?  tween dark matter and baryons. Our results indicate that the
=0.020+0.002 from BBN[28]. Finally, in the H,+BBN limit from current CMB observations is comparable to pre-
+LSS case, we add data from the 2dF sur{2%]. vious limits from disk heating7] for masses greater than 1
Following Ref.[2], we plot the constraints from various
experiments in ther(.,o) plane in Fig. 2; limits obtained
with different priors are plotted with different line styles. The
shaded region is the “Spergel-Steinhardt” region as given in
Eqg. (1); note that it is actually narrower than plotted in Fig. 3
of Ref.[2]. This figure clearly shows that constraints from
the CMB data alone for large CDM massm{>m,
~1 GeV) are comparable to limits from galactic disk heat-
ing argument$7]. On the other hand, for small CDM mass
(m.<mp~1 GeV), the limit from the CMB alone is much
stronger. This difference arises because the limits from disk
heating are related to energy transfer, which decreases as
(m¢/my)? for mc<m,, while the limits from the CMB and
large scale structure are based on momentum transfer, which 1 10
decreases only as./mj for m.<m,. At the same time, the
relative velocity also increases for low CDM magas FIG. 2. Excluded regions in thar(;,o) plane for strongly in-
mg ). This is the reason that, fan.<m,, our bound goes teracting dark matter, where, is the mass of the dark matter
as mglz, but for the disk heating argument it goesrasl. particle, ando is the cross section for scattering between dark mat-
Our bound is therefore much stronger at low mass, even ifer and protons. Dashed and dotted lines are the CMB limits derived
only CMB data is used. in this paper with various priors: dotted is CMB only, short-dash is
The addition of priors o), andH, does not increase the CMB-+BBN+H,, and thick long-dash is CMBBBN+H,+LSS.
exclusion region by much, because there is very little degenAll of these limits assume a scattering cross section between helium
eracy betweenrfi,, o) and these two parameters. Only when and dark matter obry=40. Thin dashed lines givg the limits for
LSS data is added do we find a significant improvement. ThEMB+BBN+H,+LSS for spin-dependent scattering between he-
reason is that CDM-baryon interactions lead to a significantiim and dark mattery,.=0, upper curveand coherent scattering
suppression of small scale power, as discussed in the pI’E\;igHe: 160, lower curve. In all of these cases, the region above the

ous section. Even for relatively small cross sections this efcurve is excluded at the 95% confidence level. Solid lines give

. . . xcluded regions from other papers. The region above the top solid
fect leads to a disagreement with the 2dF data. With thﬁne is excluded by the disk heating constraint from Starkmal.

inclusion (.)f LSS _data, our bound becomes much StlDnge{:losed solid contours give excluded regions from the indicated
than the disk heating argume_nt of _Starknmm;)[ﬂ, even gt_ space and balloon-based experiments discussed by Waatcalt
large masses. A good analytical fit to our 95% C.L. limit is The regions enclosed by these curves are excluded. The shaded strip
o 0.63%V2+ 02232 is the region suggested in Wandettal. for which self-interacting
i i (33 dark matter would have a comparable cross section for scattering
10 %* cn? 1+x2 off of both baryons and itself.

IV. CONCLUSIONS
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GeV, and the CMB limit is much stronger at smaller massesof CDM mass and cross sectidkig. 2 and Ref[2]), the
If we also include large-scale structure data, then our limit icombination of CMB and large-scale structure appears to
more stringent than the disk-heating limit at all masses. Amprovide the best general upper limit on the CDM-baryon
analytical fit of our combined CMB LSS limit is given in  scattering cross section for arbitrary CDM mas&ad it is
Eq. (33). much stronger than all other limits at low masse&3ur con-

Our CBM+LSS limits exclude the region discussed in straints are somewhat stronger for coherent scattering from
Ref.[2], in which self-interacting dark matter interacts with helium nuclei and weaker for a spin-dependent interaction.
baryons with roughly the same cross section with which itPerhaps more importantly, these limits will only get better
interacts with itselfFig. 2). This, by itself, does not exclude with new CMB data.
the self-interacting dark matter scenario, since the dark mat-

ter is not required to interact with baryons at all, but it does ACKNOWLEDGMENTS
exclude models with the indicated dark matter—baryon scat-
tering cross section. X.C. is supported by the NSF under grant PHY99-07949;
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