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Interacting dark matter disguised as warm dark matter
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We explore some of the consequences of dark-matter—photon interactions on structure formation, focusing
on the evolution of cosmological perturbations and performing both an analytical and a numerical study. We
compute the cosmic microwave background anisotropies and matter power spectrum in this class of models.
We find, as the main result, that when dark matter and photons are coupled, dark matter perturbations can
experience a new damping regime in addition to the usual collisional Silk damping effect. Such dark matter
particles(having quite large photon interactionsehave like cold dark matter or warm dark matter as far as
the cosmic microwave background anisotropies or matter power spectrum are concerned, respectively. These
dark-matter—photon interactions leave specific imprints at sufficiently small scales on both of these two
spectra, which may allow us to put new constraints on the acceptable photon—dark-matter interactions.
Under the conservative assumption that the abundance '8M10galaxies is correctly given by the cold
dark matter, and without any knowledge of the abundance of smaller objects, we obtain the limit on the
ratio of the dark-matter—photon cross section to the dark matter mg%/mDMle’eaTh/(lOO GeV)
~6x103 cn? GeVv ..

DOI: 10.1103/PhysRevD.66.083505 PACS nuni®er95.35:+d, 98.65-r, 98.80—k

[. INTRODUCTION of the standard model, namely, a sterile neutijt@—20.
However, collisionless WDM does not solve problems 1 and
The nature of dark matter particles remains one of the? (see Ref[21]) and one is therefore forced to propose more
major challenges for both fundamental physics and astrocomplicated models like scenarios of nonthermal production
physics. Whereas cold dark matt€@DM) perfectly explains of weakly interacting massive particlésVIMPs) [22] for
the formation of large scale structuf&] on scales greater instance.
than 1 Mpc, there seem to be various discrepancies on On the other hand, strongly interacting dark matter
smaller (subgalactit scales. Some of these come from the (SIDM) has been suggest¢@3] to solve problems 1 and 2
following. and does so successfully provided the cross section-
(1) N-body CDM simulations, which give cuspy halos is within the range X10™2° cn? GeV 1< opy.om/Mpm
with divergent profiles toward the centg2], in potential <10 Zcn? GeV ! [24,25 (where mpy and opw.pm
disagreement with the galaxy rotation cunf&} and with  are the dark matter mass and self-interaction cross sec-

observations from gravitational lensifg]. tion, respectively. Problem 3 is also partly solved in
(2) Bar stability in high surface brightness spiral galaxiesthis scenario[24] but the survival of galactic halos ex-
which also demands low-density corés. cludes the range %10 %°cn? GeV < opypm/Mom=2

(3) CDM models which for years have been seen to yieldx 10 2°cn? GeV ! [26]. Furthermore, since the inner
an excess of small scale structufés-8|. Numerical simula- regions of massive clusters are elliptical, one must have
tions [9] found 1-2 orders of magnitude more satellite gal-opy.pm/Mpm=3x10"2¢ cn? GeV ! [27]. One therefore
axies than what is observétl0]. However, recent workll—  concludes that the allowed cross section is slightly too small
13] indicates that there may be no problem for the galaxyand that SIDM, on its own, cannot solve problems 1-4.
mass function after all. This paper is finally motivated by the recent findings]

(4) The formation of disk galaxy angular momentum, that either dark-matter—photon or dark-matter—neutrino in-
which is much too small in galaxy simulatiofi2]. teractions can transfer to dark matter the damping that the

Problems 3 and 4 can be solved with the usual warm darbhoton or neutrino fluids undergo. This process, character-
matter(WDM) which experiences free streaming and hencezed in the simplest cases by an exponential cutoff in the
suppresses power on small scaléd—16. Such a particle matter power spectrum, was referred to as “induced damp-
physics candidate is easy to find in a minimalistic extensioring” in Ref. [28]. In particular, by requiring that the damping

induced by relativistic particles does not wash out the dark
matter primordial fluctuations responsible for the formation
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to be satisfied, these constraints could provide an alternativgponding to the masM g, given above is not exponen-
scenario for warm dark matter. tially damped by the photon interactions with baryons and
However, the exact value of these cross sections as wedllectrons. Because of the exponential nature of the colli-
as the shape of the resulting power spectrum depend on tls#onal damping effect, this necessary condition holds what-
details of the interactions history of the fluids. We thereforeever the amplitude of the initial fluctuation spectrum is, and
determine—in this paper—the transfer function resultingwhatever its past history is.
from non-negligible interactions between dark matter and The bound orgy.. can actually be translated into a limit
photons. The case of neutrino—dark-matter interactions wilPn the dark-matter—photon interaction rate which finally
be examined in a subsequent paper. The effects thereof afi¢ns into a constraint on the ratio of the photon—dark-matter
naturally different from those due to self-interactions. How-Cross sectior(at the DM-y decoupling to the dark matter
ever, one should keep in mind that a realistic dark matteMass:(o,.omv)/(Mpyc)<10~%° cn? GeV * (here the an-

particle probably has interactions both with itself and with gular brackets denote the statistical average owing to the fact
other particles. that the coupling is due to momentum trangfdrhus, the

In Sec. Il. we discuss the motivations for such dark mattellower the cross sections are, the smaller the dark matter mass

particles. In Sec. Il we describe the effect of interacting darl{):eusngﬁ n:inc:(rader to maintain the thermal equilibrium for a
mattett (IDM) on the early evolution of cosmological pertur- r1¥he gro erfies of such interacting dark matter have al-
bations and, in Sec. IV, we give an analytical fit to the main brop 9

ready been discussed in R¢R8] (and will be so in more
features produced by IDM on the matter power spectrum. NYetail in [35]). In particular, it was pointed out that if they

the Conclusion, we discuss the main result of our work hermally decouple at a redsRiftlose toz~ 10° they may
namely that, for dark matter coupled to photons, the origina,oh4ye as warm dark matter particles erasing structures with

fluctuations are damped as soon as they enter the horizog,Size smaller than 10100 kpc. Many other cases of WDM
because of the impeded growth due to this coupling. We als%ere considered in these papers but that of large dark-

discuss a few implications of this result. matter—photon interactions is especially interesting because
one may expect some modifications in both the cosmic mi-
II. MOTIVATIONS crowave backgrounQCMB) an_d matte_r power spectra.
Despite their rather strong interactions with photons, these
Until the recent dark matter crisis, it was very well known dark matter particles may still be considered as “dark” par-
that weakly interacting particles with a mass greater than @cles. Their thermal decoupling indeed occurs much before
few keV (such as supersymmetric particlg20—-32 for in-  the recombination epoch and they therefore keep the uni-
stanc¢ did not suffer from prohibitive free streamif@3] or  verse transparent to photons from the last scattering surface
collisional damping effect$§34] and could therefore repre- to nowadaygas in the standard schejnélowever, one may
sent a very promising solution to the dark matter puzzle. Invonder if this dark matter is able to accumulate into stars
fact, the interactions of such particles are generally assumeshd whether or not it may affect their properties. Note that,
to be so weak that they can be neglected as far as structufer the cross sections mentioned above, dark matter
formation is concerned. particles—once thermalized—have a mean free paify
However, the precise order of magnitude of the dark mat—~ (mpy,/1 GeV)"?Ry within the sun, potentially giving rise
ter interactions for which it is justified to neglect these damp-to heat conduction if their mass is smaller than a few GeV.
ing effects has never been given explicitly. A hint at theFormDM>mp~1 GeV[36], on the other hand, one expects
answer comes from investigating both the free-streaming andark matter to be able to evaporate so that no dark matter
collisional damping scales of dark matter primordial fluctua-particles would be left in the sun. A-DM cross section
tions, taking into account all the possible interactions. By~ 100 times lower(as we shall be led to consider below
requiring that the latter do not wash out the fluctuations rewould predict even less accumulation in the sun.
sponsible for the formation of the smallest primordial struc- A |lower limit on the dark matter mass can be inferred
tures] Mgy~ (10°—1°)M o ], one can obtain bounds on the from the free-streaming constraint. As far as our specific in-
dark matter particle’s mass and interaction rates. teraction rates are concerned, the well known condition
Let us consider primordial fluctuations made of dark mat-my,,>1 keV [37] (obtained for a weakly interacting spe-
ter and ordinary species like photons, neutrinos, baryons, angleg has to be replace®8] by mpy>1 MeV. These limits,
electrons, etc. One can show that the largest collisionghowever, hold as long as the thermal decoupling of dark
damping effects may be due to the dark matter interactiongatter occurs before the gravitational collapse and would be
with relativistic particles(e.g., neutrinos and photons=o-  disregarded if we were considering at the same time ex-
cusing on the dark-matter—photon interactions, an analytigeemely strong dark matter self-interactions for instafsme

calculation[28] shows that dark matter must decouple fromthe discussion ifi28] for the exact conditions of validity’
the photons at a redshift..greater than- 10° to ensure that

the spectrum at scalelk<Kgy~10-100 Mpc?! (corre-

2The value of the redshift corresponding to the dark-matter—
photon decoupling will be determined properly in this paper.
YIn the following, we shall adopt the notation of interacting dark It should be stressed that in our specific model the thermal de-
matter for convenience but the reader has to remember that onkyoupling of dark matter is fixed by the dark-matter—photon decou-
dark-matter—photon interactions are investigated in this paper.  pling.
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The conditionmpy>1 MeV also ensures that the num- cluster of galaxies, one should be able to rule out such
ber of relativistic degrees of freedom during the primordialstrongly interacting particle§or masses greater than a few
nucleosynthesis is the usual chidence, one does not expect MeV as we will see in the following, depending on the scale
any problem concerning primordial nucleosynthesis in thisof the structures consideredr at least to strongly constrain
case. their characteristics. In any case, it would become necessary

Dark matter particles must also have an acceptable relit? investigate their properties more closely. _
abundance. This requirement actually constrains the nature On the other hand, one could also relax the assumption of

of dark matter. We are considering, indeed, large elastic crod €rossing symmetry between the elastic and the annihilation
sections from 10%to 10~27 cn? for a dark matter mass in Cr0SS sections. However, it is hard in this case to predict

the MeV—TeV range for instand@ccording to the previous whether the annihilation cross section would be much larger

analytical estimatd28]). If there exists any symmetry be- than the elastic cross section or not since no realistic models

tween elastic and annihilation cross sections, this may progxr:\?'lt such an a?r)]/mn:etrty. tteri . hould
vide annihilation cross-sections much larger than the ones ow energy, the elastic scattéring cross sections shou

required for weakly interacting massive particles which arenOt induce any deviations from the black body spectrum. In

expected to be roughly of the order of 18§ cn? (for par- any case, particles an_nihilating befojar around 2~ 1Q10
ticles having chemically decoupled at their nonrelativisticand thermally decoupling before-10° leave enough time

transitior). However, this constraint is obtained by assumingfor any irregularity to be erased at the recombination epoch

that the number of dark matter particles is exactly equal tébecaxtsle oftthfe usual d(_:(iuptl_lng bet_wteet[]l phort]onls da:)nd bary-
that of anti-dark-matter particles in the primordial universeons' east, It some distortions exist, they should be very

(or assuming that dark matter particles are Majorana pals-ma.”' - . .

ticles). It can be disregarded if one makes the assumption Flnally, a St'”. Important question concerns the signature
that there exists a primordial asymmetry between particle f ;u_ch mtqractlons n the CMB and matter power spectra.
and anti particles so that large elastic photon—dark-matte his is _pr_e_msely_the aim of the present paper. We shall adopt
cross sections may finally be relevant. Such dark matter paEhe deflnll':!o_ns gllv((jen |r[_28], fO"?ngtWh'Ch palrt|clet?] hi‘vih
ticles would then behave like baryons but with smaller inter-"d @ collisional damping or firee-streaming length ot the

-1 .
action rates and would probably be neutral to avoid impor2rder OflsiuctKsiruc are called warm dark matter; and par-

tant reionization effects. This should therefore exclude, ifficles having a collisional Pamping or free-streaming length
principle, tree-level elastic and annihilation cross sectiongntch lower thanlsy,ce< ks are called cold dark matter.
between fundamental dark matter particles and photons.  This actually differs from the current WDM definition since
On the other hand, it is quite interesting to note that thesé/e Now take into account the possibility that dark matter
constraints on the elastic cross sections from structure formdb@y be “warm” not because of its mass but because of its
tion potentially imply annihilation cross sectiofiito two  interactions with another specigeeferred to as “induced
photons close to the one proposed in R¢B8] to make damping” effects in[28]). Since the above criteria are based
strongly annihilating dark matter a possible solution to theon the shape of the matter power spectrmot on the form
CDM crisis® This, in fact, still represents an open possibility Of the CMB spectrum the signature of such interacting dark
as discussed in Ref39]. matter in the CMB anisotropies cannot be easily inferred
As mentioned previously, large elastic scattering crosgvithout performing numerlcal calculations. We now investi-
sections may imply large annihilation cross sections. If thedate how such a kind of dark matter changes the relevant
latter exceed 10% cn?, the condition for having an accept- €quations for determining both the CMB and the matter
able relic abundance leads to requiring an initial asymmetrfPOWer spectra.
between dark matter particles and antiparticles. This asym-
metry implies that no antiparticles should be left after the !ll. THE PHYSICS OF INTERACTING DARK MATTER

dark matter annihilation in the primordial univergenless In this section, we first recall the main physical effects

one ir_npo_ses a very large, quite unnatural fine-tuhiﬂiggrt_a- . _that arise when one considers coupled fluids. As a warm-up,
fore, in this case, there Sh.OU|d not be any furthe_r ann|h|lat|or\1Ne shall recall the main equations governing the evolution of
of dark matter particles with their antiparticles in the cente

f galaxi / | lustersimilarly to b 0 "the photon-baryon plasma before recombinati®ec. Il A).
Ollg)a %X'es ct)r In galaxy ciustersimi ?rr]y ob aryonsta(cj: l]f We then write the modified perturbation equations for the
ally). 'No extra x-ray emission can then be expecte romcosmological perturbations including interacting dark matter
such dark matter particlestill assuming they have a too

S X i . . (Sec. Il B) and study the damping experienced by dark mat-
large annihilation cross sectipriThis could in fact provide ter fluctuations(Secs. 11l C—IIl B. Finally, the most promi-

an tltmpprtar;]t S|gntature. 'lr]:'lfct)r Qn(ethreaSCJIn ?r anotther da.”ﬂent observational consequences of IDM on cosmic micro-
matter 15 shown to anniniiate in the galactic center or In, 4ye background anisotropi€Sec. Ill G and on the matter

power spectruniSec. Il H) are discussed.

“Open windows formpy<1 MeV would require a more in-
volved scenarid 35]. Together with galaxy dynamic results, this
would make such a case very unlikely.

SHowever, as we will see in the next section, the constraints we The aim of this paper is to study the interactions between
will finally obtain in this paper are smaller by a facterl0 3. dark matter and photons which aaepriori quite similar to

A. Reminder of the influence of Thomson scattering on
cosmological perturbations
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Thomson scattering between photons and baryons. There- In the radiation dominated epoch, it is also well known
fore, we shall first recall the standard case of photonghat the dark matter density contryas soon as the fluctua-
coupled to baryons through Thomson scattering cross setion enters into the Hubble radisayk>7H=5"1)] grows
tions and collisionless dark matter. Indeed, as we are sdegarithmically[43] as
later, some of the effects that affect the baryon fluid are also
present for dark matter. dpm~ 6kB(k7), (3.9

In the following sections, we introduce the Euler equation
for photons, baryons, and dark matt€ec. 11l A 1), and then
compute the dark matter perturbation evolutidgSec. B(k7)~1—alIn(kz)+ B1In2(kzp), (3.7
[l A2). We describe a situation in which the coupling be-
tween photons and baryons can play a significant role, andith a=v,/8,~0 and8=®,/8,~1, whered, v, , P, are
describe the usual damping phenomena which can affect thite amplitudes of the corresponding quantitiek a1 (i.e.,

where

cosmological perturbationSec. 11l A 3). well before entering the Hubble radius; the actual values of
_ a and B actually depend on the initial conditions given, e.g.,
1. Photon and baryon Euler equations by inflation; see, for exampld44]). This yields approxi-

We consider nonrelativistic baryons coupled to photongnately B(k#) ~1+In*(kz). _ o
through Thomson scattering. The corresponding Euler equa- It is particularly important to compute this quantity since

tions for these two fluids are the growth(3.6) will be suppressed when we consider the
case where dark matter is coupled to photons when it enters
vp=k®—Hvpy—R 1k(vp—v,), (3.1 into the Hubble radius.
1 1 3. Free-streaming and collisional damping
v, =k + Zk5y_ gkﬂf K(vy=vp), For standard cosmological perturbations, there are essen-

(3.2 tially two damping phenomena: orfehich mainly concerns
neutrinog is free streaming, and the other ofwehich con-

where an overdot denotes a derivative with respect to theerns photonsis collisional damping. Both of these are re-
conformal time », H is the conformal Hubble parameter lated to the presence of a small but nonzero anisotropic stress
(H=ala with a being the scale facthr dy, vy, andmy i Ed.(3.2. In order to compute this anisotropic stress, one
represent the density contrast, the velocity divergence, thB1USt remember that the usual Euler equation is in fact part of
anisotropic stress of the speciésrespectively(we work in ~ the hierarchy of the Boltzmann equation in which one ex-
Newtonian gauge and® is the Bardeen potentigéee, e.g., Pands the angular dependence of the temperature cofrast
Refs.[40—47). The Thomson scattering term between pho-in terms of multipoles, which obey the following hierarchy:
tons and baryons reads

0,

53 =571@-1=(1+1)0,1]+5-x6,. (3.9

k=aoNe,
wherea, is the standard Thomson scattering cross section! NiS hierarchy involves source terrs, which include grav-
andn, is the free electron number density. This quantity isity, polarization, etc[40—43. For =1, by comparing Eq.
also referred to as the differential opacity since it also gived3-8 10 Ed.(3.2), we easily recover
the scattering rate of a photon by free electrons. Fin&ly, O.=5 3.9
denotes the “baryon-to-photon ratio,” that is, o Ty '

4
3 9. — _
R=_P0 3.9 ®1=50,, (3.10
4 Py
This factor in the baryon Euler equation ensures that the 2=£Tf ) (3.11)
overall momentum is conserved for the two fluids. 47

Photon free streaming occurs when both Thomson scattering
and the source terms are negligible. In this case, the hierar-

Usually, dark matter is not coupled to any spe¢eecept  chy admits a simple solution involving spherical Bessel
through gravitational interactionso that its perturbations fynctions:

follow the simple equation

2. The growth of dark matter perturbations

ﬂﬂ%;ifi' kyp>1. (3.12

i)DM:_HvDM+k(I)' (35) |o<j|(k7])oc
It is well known that in the matter dominated epoch, theThe interpretation of this behavior is that, since the mean
above equation implies that dark matter density perturbation§ee path of the photons is very large, they simply flow away
grow as the scale factofpy = a. from the overdense region toward the underdense regions.
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On the contrary, collisional damping appears when phowhere we have set
tons and baryons are strongly coupled. Fer2, Eq. (3.8

becomes 3
s=2 o (3.19
.k . 4 py
0,==(20,—-303)+S,— «x0,. (3.13
25t : ? (note that we also havéxa and that R~ 11+S°?!

For higher multipoles strong coupling implies that fbr xa " at early _tlmes "’?”d“l at late timek and whereu
C -1 . represents the interaction rate between photons and dark mat-
>2, @k (71 Forl=2, if we can neglec§,, we have By analogy with Eq(3.3), we write

®2=§E®1. (3.19 m=ao,pmNpm (3.20
K

where npy = ppym/Mpy IS the dark matter number density
(If one takes polarization into account, thBpis of the same  and ., is the photon—dark-matter cross section. For sim-
order of magnitude as®,, and the above two equations are plicity, we shall assume that it is constant at low energy as
modified by small numerical factojsinjecting this result for the Thomson scattering case. Since both dark matter and
into Eq. (3.2) and also taking into account the Boltzmann paryons are supposed to be nonrelativistic, batrand «
equation forl=0, one obtains a damped oscillator equation,pehave asa~2 at high redshift. Their ratio is therefore con-

in which the term involvingw, acts as a damping term, stant in this regime, and is characterized by the parameter
which takes into account both viscosity and heat conduction.
-1
m
&J | 3.2

This damping is seen to be exponential and appears only
100 Ge

whenk?s «/ 7. The interpretation of the above limit is that
the damping occurs only for scales smaller than the photon

diffusion length. In conclusion, the photon density perturba-__ . . . . - .
tions follow g P yP This readsu=uxQpy /10&),, or u~ 15Uk with our choice

of cosmological parameters. We emphasize that the above
8.~ 8 cos{kn/\/§)e*2k2”’15;‘. (3.15  Pparameteu (measuring the relative size of and k) is de-
fined before recombination. Note that after recombinaton
(We have taken the limiR—0 here and neglected the influ- is strongly suppressethy a factor~10 4, seg[37]) because
ence of polarization; see Refgl5,46 for more detailed cal- of the drastic subsequent drop in the free electron density,
culations) . . _ while we assume that never suffers from such a modifica-
Cosmological baryon density perturbations will essen+jgn.

strong coupling is effective. At sufficiently small scales, they gark matter perturbations because of their coupling with pho-
will therefore be damped before recombination. Howeverigns.

they will rapidly fall into the dark matter potential well af-
terward, so that any damping in the baryon fluid is rapidly
“forgotten” after recombination. Of course, this occurs only

0 y.DM

OTh

C. Dark-matter —photon coupling

because there is an “extra” fluiddark matter which was For many cases of interest, the differential opagityis
never coupled to photons and which can subsequently havgrge compared to the wave numberin other words, the
some gravitational interactions with baryons. photon mean free path is small compared to the scale of

We shall now investigate how these conclusions are modi

fied by the presence of interacting dark matter. interest. This is true, in particular, at high redshift, because

grows as (H2z)2. In practice, one obtains a stiff system of
equations, which physically means that the relative velocity
B. Perturbation equations for IDM between the two species is small, so that they can be consid-
Assuming IDM is always nonrelativistic during the ep- €red as a single fluid. It is therefore more convenient to con-
ochs of interest, and interacts with photons only, we have thé&ider the following two quantities:
following modified Euler equations for baryons, photons,
v ’Y+ SUDM

and dark matter: VM= 155 (3.22
+S '
l.Jb: kCD_HUb_ Rill'(‘(Ub_Uy)y (316
WyDMEUy_UDM . (323
. 1 1 . .
vy=k®+ 7ké,— km, = k(v,~vp) ~ (v~ voM), In term of these two variables, we have
(3.17
= + S 3.2
l-)DM:kq)_HvDM_S_ll-'L(UDM_Uy)i (318) U,=UyDM 1+SWyDMl ( . 4)
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1 <(1+S YHu<k. )
UbM=UypM T 7 gWyDM - (3.29 . . H=(1+S Hu<k @ 3.2)
This regime always occurs between the strong coupling re-
gime and decoupling since the interaction rate must drop
below k before reaching. This regime is really effective
when it lasts several expansion times, and gives rise to new,
unexpected effects.

This regime, indeed, is new: for baryons coupled to pho-
tons, it is not relevant. Thomson scattering gives rise to the
(3.2  Same succession of everks:’H, H<k<(1+ R~ ). How-

ever, in this case, for the relevant wavelengths, recombina-

tion occurs in the strong coupling regime. Thus, within a

Woon= K&, — =k — k(v —vp)— 1+s. W negligible fraction of time, one switches to {rJR‘l)K<H

YOMT 4 Ry g Ty Uy~ Ub g MWyom- <k, therefore skipping the weak coupling regime. Moreover,

(3.27  the damping due to the weak coupling regime is due to an

averaging of the photon fluctuations, which are transmitted

In order to study the evolution of these quantities, we have teo the dark matter, over many oscillations. This requires in

consider various cases, depending on the relative valuies of the baryon caské7> 1, whereédr is the thickness of the last

H, and (1+S 1) u. For a given wavelength, these various Scattering surface. In this regime, many other sources of
case occur in the following chronological order. damping are present, compared to which weak coupling ef-

Case 1: Large wavelength limiThis occurs when a given fects are negligible. The weak cquplmg regime for baryons
wavelength has not yet entered into the Hubble radius: does not occur for waves of horizon size such as the ones

considered for dark matter.
k<M. (3.28 Case 4: No couplingThis occurs when the scattering rate
is negligible with respect to the expansion rate:
In this case the cosmological perturbations do not experience )
any significant evolution, whatever the amplitude of the scat- (1+S Hu<H<k. (3.33

tering is. Large wavelengths eventually enter into the Hubbl_(=1*n this case, it is safe to neglect all the terms involving BM-

radius after dark matter has decoupled from photons. In thi S :
case, we switch directly to case 4 below. Otherwise, we hav%ﬁ%;egcgh'/g TES e%%%\:jeer?t?; ?:)?nmela?:}](giﬁgr and the two

case 2. ; . :
Case 2: Strong coupling regimahis occurs when the ané:l;zarly, the interesting cases to be discussed are cases 2

scattering rate is higher than the expansion rate and the pho-

Keeping in mind thaSx=a, so thatS=HS, we then have

. k
U,yDM:kq)'FlTS

1 1 S
2278 ™) T Ty om

K
_1TS(Uy_vb),

ton oscillation frequency: D. Dark-matter —photon decoupling before recombination
H<k<(1+S YHpu. (3.29 The (more interestingcase we will focus on in detail is
when dark matter is coupled to photons and the photon in-
In this case, Eq(3.27 reduces to teractions are dominated by the Thomson scattering process

(e.g., when the photon—dark-matter interactions decouple be-
1 k(1 1 P fore recombination We will also assume that we are before
- 157— 5™ E(vy—vb) . the radiation to matter transition. In this case, the dark matter
(1+S) p perturbations will bedriven by the photon perturbations,
(330 which follow their usual behavior. As we suppose dark mat-
. . : ter decouples from photons before recombination, we have
The anisotropic stress can be neglected in the above equa- SN L .
tion, whereas in Eq(3.26 one has u<2. This |mpl!es that the photorj coupllln_g is stronger with
baryons than with dark matter. This condition is valid for any
8 Kk realistic nonzero dark-matter—photon interactions. Depend-
—— . (3.30) ing on the amplitude of the photon—dark-matter coupling
5ktp ” (and, hence, on the epoch where they decouseeral dif-
ferent effects are to be expected. We are now going to dis-
This ensures that the bulk velocities of the two fluids arecuss cases 2 and 3 defined abésteong and weak coupling
almost identical, so that,py can be replaced by, in Eq. For simplicity, we have considered only the case of a
(3.26. Microphysics plays a significant role in the evolution radiation dominated universe, wi, S<1. This will be suf-
of the cosmological perturbations. Thus, although sisgle  ficient to explain the important results: the only cases where
Eqg. (3.3D)], the photon anisotropic stress cannot be nethis does not hold are not relevant, because realistic models
glected. In particular, this is the regime in which the photonpredict that dark matter must decouple from the photons be-
fluctuations—uwith their Silk damping—are fully transferred fore equality[28]. A more complete classification may be

W,bm

Ty

to the dark matter. found in Ref.[35]. The extension to the matter dominated
Case 3: Weak coupling regim&his represents the inter- case, if desired, is straightforward anyway. Our numerical
mediate case, where results are of course given without such a restriction.
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FIG. 1. Evolution of dark matter density perturbation as a func-  FIG. 2. Evolution of CDM density perturbation as a function of
tion of the redshift for variouglarge) interaction rates with pho- the redshift for variougsmal) interaction rates with photons. As
tons, all leading to collisional damping. In this plot, as in the others,expected, for sufficiently small cross sections, almost no effect is
we consider a dark matter model with a cosmological constant, withnoticeable. For slightly larger cross sections, the coupling between
h=0.65 (i.e., Hy=10th kms *Mpc™?), Q,=0.7, Q=0.3, dark matter and photons stops just after the mode has entered into
Qph?=0.019, and a scalar perturbation index=1. We have con- the Hubble radius, preventing the perturbation from experiencing
sidered the modk=40 Mpc *. At z>10, the mode is outside the the small growth in the radiation dominated era.

Hubble radius and the perturbation is frozen. The perturbation first

experiences undamped oscillatiofstrong coupling regimeand 2. A new damping regime: The weak coupling regime

then exponentially damped oscillations, corresponding to the colli- (H<S™'u<k)

sional damping regime. The-DM cross sections are parametrized

by the quantityu=[ ooy /o1 ][ Moy /100 GeV] 1 When one considers cross sections intermediate to those
- .

considered in the above paragraphs, a new phenomenon can
occur. For this, several conditions must be satisfied.

1. Strong coupling regime( H<k<S~*j) (1) The coupling between dark matter and photons is suf-
In this case, we havépy~ 5,, with the photon fluctua- ficiently small so that we havepy7 v, . _
tions given by their usual expressi¢®.15). (2) The coupling between dark matter and photons is suf-

ficiently large so that the velocity of dark matter perturbation

ter fluid occurs when the photons are subject to dampin js “driven” by th_at in the _pho_ton perturbations: this means
which is due—as usua—to the presence of the baryonshat they experience oscillation at the same frequency and

: _ _ o " “thereforev py~ (k//3)vpm -
whenk?> k/ 5. This as previously implies many oscillations DM DM-
after the mode enters into the Hubble radius before damp- (3) Gravity must be negligible in the dark matter Euler

ing is t Fia. 1. Of Fig. 1 equation.
ing is to occur(Fig. 1). Of course, as one can see on Fig. 1, It is easy to see that this can occur in the above defined

the da_mping phenomenon starts later, _but _Iasts longer and Sk coupling regimeThen, Eq.(3.18 reduces to
more important as the-DM cross-section increases. Note
also(this will be important laterthat the epoch at which the
collisional damping stops is difficult to compute. In the case
considered here, it occurs wheh in Egs. (3.16—(3.18), This implies
although quite small, is no longer negligible compared to the
strongly damped density contrasts. In other words, the damp- 1
ing stops when gravity becomes the dominant term in the 5DM~S K S|n(k77/\/§) e
Euler equation. H  kyl\3

b. Early decouplingAs opposed to the above case, for (3.39
much smaller cross section, there still can be coupling be- ) o _ )
tween dark matter and photons, but without collisionalNOW; in the radiation dominated era, as long as there is
damping at the scales of interest. This occurs for cross sedl© collisional damping between photons and baryans,
tions sufficiently small so that the decoupling occurs soorfXperiences undamped oscillations. This meanstkteatiark
after the mode enters into the Hubble radius, in which casenatter fluctuations are damped as S as a function of
only the small logarithmic growtli3.6) of dark matter per- time, that is, asa™ 3.
turbations during the radiation dominated epoch can be sup- Except for a time-dependent normalization factwhich
pressed. Some examples of this are shown on Fig. 2. Noteeduces to unity at the DM-decoupling, this form is very
that the suppression of the logarithmic growth during thesimilar to the damping due to the free streaming of a relativ-
radiation era is enough to reduce the power spectrum of thistic fluid. Obviously, in the present case, the fluids are
dark matter fluctuations by one order of magnitude, which iscoupled and far from free streaming. Both the photon and
already a large effect. dark matter mean free paths are still small; therefore we are

a. Late decouplingCollisional damping in the dark mat-

l-)DMZS_:L/:LU yockUDM . (334)

2 .
-2k 7]/15,u' k77> 1.

083505-7



BEHM, RIAZUELO, HANSEN, AND SCHAEFFER PHYSICAL REVIEW D 66, 083505 (2002

107° with the baryons. In this case the expressi8r81) for
. becomes
107 F \f
, il <8 .
107 il Ty~ ; gvy. (3.39
s [
3w Ui
0| ‘ Hence, after recombinatioand also before recombination
in caseu> k, that isu>16), we have
10-10 L
u=107 ,
o u=10", : . Som~ 8,~ dccogkn/\3)e 2K % (3.37)
101 10® 10 104 102 10°

1/(1+2)
Note that even in this case, the damping starts only after
FIG. 3. Evolution of CDM density perturbation as a function of many oscillations as one must requk&> u/ 5, which may
the redshift for variougintermediatg interaction rates with pho- ot yet hold when the mode enters into the Hubble radius.
tons. As explained in the text, the dark matter perturbations experiFigure 1 shows some examples of dark matter and photons

ence a power law decay due to their weak coupling with phomnsexperiencing collisional damping due $6DM interactions.
This is the main effect we can expect to have at small scales for

acceptable cross sections.
F. Dark matter damping factor

well in the collisional regime. Hovyever, the coupling rate We may now evaluate the total damping at the decoupling
between dark matter and photd®s'x is much smaller than  of the dark matter with the photons. Provided the fluctuations
the photon oscillation frequendy\/ﬁ. The slow reaction of are not too much dampeghis is indeed the only relevant
the dark matter to the photon oscillations then mixes modegase: it is of no interest to evaluate very accurately fluctua-
with different phases, as does the free-streaming procesins which are negligible it is given by Eqgs.(3.15 or
which collects particles of different origin. Of course, should (3.35) to which the exponential collisional damping is added.
v, be damped or affected by another fluid for one reason oThe latter is to be taken at the time where the dark matter
another, then the CDM fluctuations would also feel it. Fordecouples from the photons, namely= 74.., the solution
example, collisional damping in the photon-baryon fluid mays g- Lu~H:
already be at work in the weak coupling regime, or may also
be effective after weak coupling occurs and thus less appar- cosknged V3)
ent. This is in fact what we can barely see on Fig. 3 for the We
highest cross section where the damping obviously increaseg de
soon before decoupling. oM sin(kndecl\/§)
To be fully developed, the weak coupling regime requires
k>H. Fork=H, which will be a case of importance below, B(K7ged k7gec/ V3
it is not well separated from the strong coupling regime. Due
to the rapid variations in time oS lu compared to The preexponential oscillating factor is the reduction due to

coskz/\/3) neark 7~ 1, Eq.(3.37 still holds during the first 1€ strong and weak coupling to the photons, Biikl7ed is

few oscillations. The dark matter fluctuations are thus giverj€ (logarithmio reduction due to the impeded growth of the
by Eq. (3.37 for k~H, that isky~1, and go over to Eq. dark matter fluctuations compared to the noninteracting case.

(3.39 for kyy>1. Th_ese factqrs come into play as soorkageis larger than
unity, that is, for the modes which just enter the Hubble
radius at the DMy decoupling. The exponential factor is the
damping due to viscous effects. It enters into play for modes
In this nonstandard scheme, the photon—dark-matter intewhich are of the size of the length traveled by the collisional
actions decouple after the recombination epoch. This iphotons at the time of the DM-decoupling. Due to the
therefore the case where the usual coupling between photosgrongy-e interaction, this length is in the present case much
and baryons is vanishingly small after recombination as opsmaller than the Hubble radius.
posed to the coupling between photons and dark matter. With
our choice of cosmological parameters, this case occurs for
u>2. This unrealistic example is given here for pedagogical
purpose only. Clearly, collisional damping in this case is When computing the CMB anisotropies, one must take
larger than the Silk damping, implying that this scenario is ofinto account the modification to the photon Boltzmann hier-
no cosmological relevance. archy induced by the dark matter interactions. This is due to
As dark matter and photons are more tightly coupled tharthe fact that both free electrons and dark matter particles are
photons and baryons, the damping of the fluctuations is thereesponsible for photon scattering. For the scalar part of the
due to the interaction of the photons with the dark matter, nomultipoles®, of the distribution function, one now has

2 n0ed1 pge1, (339

e 2KneedlS Ky 1. (3.39

E. Dark-matter —photon decoupling after recombination

G. CMB anisotropies
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104 - : - cross sections, which could damp perturbations below
100 kpe-10 3100 Mpc, this occurs roughly at angular
scales~10° smaller that the first Doppler peak, i.e., around
| ~10C°. This is of course far too small to be observable even
in the far future. For higher cross sections, the effect can be
similar to that of large width of the last scattering surface.
Distinguishing between the two is not easy, but it happens
that the latter is dominant in our model.

Second, the sound speed is modified by the presence of
dark matter. The sound speed is now

e
o
w

T2 [I(1+1) C;/ 2] (uk®)
E;I\J

ccc
o

c
A
-
<
A

160 10I00 Cszi —l (3.42

| J3 (1+R+S)¥2

10'

= L
o

FIG. 4. Influence of interacting dark matter on the CMB anisot-jhstead of 3(1+ R)]—llz in the case of strong coupling. This
ropy spectrum as a function of the dark-matter—photon cross segneang that if dark matter is still coupled to photons at last
tion. The most spectacular effect which occurs at sufficiently largescattering the acoustic oscillation will have a lower fre-
o,.pm IS the apparent damping due to the large width of the Iastquency ar11d the Doppler peak structure will be shifted to

scattering surface, w!th some additional cc_>|hsnone_tl damping due tchigher multipoles. This is what we can see on Fig. 4 for
photon—dark-matter interactions, and a slight shift of the Doppler a2 .
m=10"%,10 “o,. For lower cross sections, dark mat-

eaks due to the decreases of the sound speed in the dark-mattef=D ;
Earyon—photon “plasma.” P ter has already decoupled &t 1000, and for higher cross

sections, the exponential damping also significantly shifts the
peak positions in the other direction. It seems that one cannot

O==—[10,_;—(1+1)0,,,] easily shift the peak position in that way without also modi-
2l+1 fying the photon last scattering history. This is due to the fact
+S—(k+ )0, (3.40 that there isa priori no reason for a violent drop in around

z~1000 as is the case far (see alsd50]).

where S, is the usual source term which also involves an It happens that these effects are unobservable in realistic
extra term involving the dark matter velocity, as photons carinodels given the much stronger constraints that arise from
scatter on both baryons and dark matter. Obviously, the difthe matter power spectrum.

ferential opacity is now«+ u, which can in some cases be

different from the usual termz. In this case, recombination
and the subsequent drop in the free electron density do not When studying the influence of IDM on the matter power
necessarily imply photon decoupling because of their interspectrum, one can expect to observe four different regimes.
actions with dark matter. Therefore, large interactions be- For smallk (large wavelengths the perturbations enter

tween dark matter and photons can significantly delay thehe Hubble radius rather late, whér7>S" . This oc-
epoch of the photon last scattering. The net effect will be to :
enlarge the width of the last scattering surface, and hence CZLSO$Ze;;gl?;brg msi ?;eEr?%éi'le?]’Sé ?)ntga;]ee ?—tﬁ?kﬂg ra-
increase the damping of the observed CMB anisotropies. G ius decoupled. For these modes, there is no difference from
course, the effect is qualitatively similar to late reionization.the usual case where there is no ,coupling between dark mat-
The presence of several Doppler peaks as detected by tl?

) . & and photons.
r_no_st recent experimenté7—49 therefore quS a f_|rm upper For largerk (smaller wavelengths the mode enters the
limit on the dark-matter—photon cross section: its contribu-

. _ _1‘ .
tion to the differential opacity must be small at-1000. Hubble radius whelk=74<S""u, when the dark matter is

Some examples are represented on Fig. 4. We therefore hag@UP!€d to the photons. This results in a reduction in the dark
by eye the constraint matter fluctuation amplitude compared to the noninteracting

case as soon as the mode is within the Hubble radius. If the
interaction of the dark matter with the photons is not too
(3.4) strong, the DMy decoupling occurs before collisional
damping is sizable. This corresponds to theak coupling
regime The spectrum then shows a characteristic behavior
ue to this weak coupling, namely, a series of damped oscil-

H. Matter power spectrum

0 y.DM - OTh
7_510 3

Mpw 100 GeV

Actually, this is roughly speaking the constraint that one
must have in order not to significantly increase the opacit

§ ng—6
just afterrecombination, e O\j Srlnolpfk Sk('m ller scales the perturbation enter
In addition, some other effects are in principle observable or even largek (smaler sca € perturbation enters

on the CMB anisotropy spectrum. the Hubble radius even earlier, still wherH<S ', but

First, one expects that there will be collisional dampingalso whenk is sufficiently large so that at a later tinké/ «
on small scales, which will also produce an exponential cut>H before the dark-matter—photon decoupling. Then, the
off in the spectrunithis will be discussed latgrFor realistic  perturbations experience collisional damping: dark matter,
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10° ; . . : where Pcpy is the corresponding cold dark matter power.
For noninteracting WDM patrticles, this damping due to free
100 | streaming is traditionally set, by convention, at maskes
- <10"M,, and is described in Ref51] by an exponential
2 o5t cutoff Typm=exd —kR/2—(kR)%2], where the comoving
TE — - free-streaming scalB; is given in terms of the dark matter
= gl U=l mass [15], Ri=0.2(Quwpmh?) Y (myom/1 keV)~#® Mpc.
Pl — u= 10;3 A somewhat more accurate result is found from a Boltzmann
— it ¥ code calculation, giving52]
g0 L —— =10 | | Twom=[1+ (ak)?]73", (4.2
10 102 107 10° 10 10?

4 where
k (h Mpc™)
FIG. 5. Influence of interacting dark matter on the matter power «=0.048 Mpc(keV/mDM)l'15
spectrum. As explaingd in the text, .the deviation from a F:DM ><(QDM/0.4)°'15(h/0.65)1'3(1.5/gDM)°'29, 4.3
power spectrum exhibits several regimes, the strong coupling re-
gime, the collisional damping regime, and the neutrino regime. Theyith p=1.2, andgpy=1.5 for a neutrinolike dark matter
cosmological parameters here are the same as for Fig. 4. Theandidate. For specific sterile neutrino WDM candidates this
W|ggles at very smgll scales for large cross section are due to SOMgrm is somewhat changd83].
unimportant numerical accuracy problems. From Fig. 5, it is clear that IDM can provide an initial
reduction of small scale power similar to what WDM gives.
photon, and/or baryon perturbations are exponentiallys good fit to the transfer function
damped. This translates into an exponential cutoff in the mat-
ter power spectrum. This occurs for largedDM cross sec- Piom=Tiom(K)- Pcow, 4.9
tions or smaller scales than the previous regime. We call this 1 s
the collisional regime So there is a range of interaction rates S (at least neatu=[opy/or,][Mpy /100 GeV™*~10"7)
and spales where only the previous regime provides the Tiom=[1+ (ak)?]~5", (4.5)
damping.
Finally, at very small scales, a new behavior appearsyhere againv=1.2 and
when the dark-matter—baryon—photon perturbations are
enormously damped, the only significant perturbations that «=0.073 Mpc(u/108)048 (4.6)
survive are those ofrelativistic neutrinos(this could be
called theneutrino regimg These of course have also expe- On smaller scales this expression naturally breaks down be-
rienced significant damping because of free streaming. Theause of the presence of oscillations in the spectrum, but we
latter, however, is much less effective than the collisiona@reé mostly interested in the scale at which IDM begins to
damping. The neutrino fluctuations can therefore eventuallfproduce significant deviations from the standard CDM case.
dominate. Through gravity, they regenerate dark matter fluclt is justified since the second maximum is already down by
tuations which, although quite small, are much larger tharft least an order of magnitude.
they would be under the sole action of collisional damping. A comparison of Eqs(4.2) and(4.5) reveals that a heavy
For relativistic species, the damping of the density perturbaparticle (e.g., m=100 GeV) with scattering cross section
tions varies only asky) ! (7 being the conformal time  With photons of approximatelyr, py=10"°cr,, can pro-
which explains thek"s™® slope at highk on Fig 5. This vide the same reduction of small scale power as a conven-
undoubtedly occurs when the amplitudes are extremeljyional WDM particle with massm=1 keV. We thus see
small, and anyway yields a contribution which for most ap-explicitly how IDM can disguise itself as WDM.
plications is negligible compared to the one at larger scales. On the other hand, one immediately gets constraints on
Note that such a behavior can also be seen in a model whdRe allowed scattering cross section for the following reason.
all the (noninteractiny dark matter is made of one or two In order to reproduce the observed properties of the Lyman-
massive neutrino species. a forest in quasar spectra one gets a bound on the free-
These four regimes can easily be seen on Fig. 5 for vari-
ous y-DM cross sections.
5This procedure amounts to fitting tliest downward oscillation
IV. REDUCTION OF SMALL SCALE POWER i.e., the momenkzng.~1 in Eq.(3.38. Indeed, we see that is
nearly proportional tong.. Our cosmological parameters imply
The reduction of power on small scales for various darkyg=0.35 Mpc /10 6)%5 that is, ak~k#ge/5. Undoubtedly,
matter candidates can be described by a transfer fun€tion the fitting form (4.5) just reproduces the fall-off of cdefge./\3)
defined such that damped by the factdB(k 7400, Eqs.(3.7),(3.39. In the case of free
streaming, for a damped sinusoidal function, quite a similar fall-off
9 is present, but for totally different reasons. This nevertheless ex-
Px=Tx Pcowm. (4.1 plains the similarity of the fitting forms.
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streaming scalg54], corresponding to a WDM mass of ap- necessary condition obtained by considering the exponential
proximately 0.75 keV. Furthermore, by extending the Pressdamping of dark matter fluctuations induced by the photon
Schechter formalism to include WDNKéee, e.g.[14], where interactiong28]. This new bound reads

the problems this raises are discugsete can study galaxy

formation with varying WDM mass. Combined with the ex- o,.om/Mpy=10"%% cn? GeVv 1. (5.9

istence of a supermassive black holeat5.8 one find§55 .
P $55] The maximum allowed value reduces the matter power spec-

a lower bound on the WDM mass of approximatelyt ) dina t tional dark
0.75 keV. These results apply equally well to IDM, because' UM !N & way corresponding 1o a conventional warm dar

of the damping of small scale power, and the results of Refdnatter pqrticle with a mass of abput 1 _keV bu_t leaves the
[54,55 translate into the bound cosmic microwave background anisotropies undisturbed. Us-

ing recent bounds on the scale of reduction of the matter
T -DM . o s L power spectrum thus allows us to put_ new bounds on the
m =10 m=6>< 103 cnm?GeVv L. allowed photon—dark-matter cross section.
oM 4.7 This corresponds to a universe which is well transparent
' to photons: the free mean path of a photon due to the inter-
This bound is stronger than the onex5x 10 4 [28], ob-  actions with dark matter in a halo core of mass density
tained by considering collisional damping alone. The reaso®.02M¢ pc 2 is of order 6<10* Gpc, and the optical
is the reduction in the amplitude of the dark matter fluctua-thickness toward théusua) last scattering surface is below
tions, coupled to the photons before collisional damping set30 °. The value(5.1) nevertheless remains quite large com-
in. As already mentioned this bound is also stronger than thpared to the theoretical estimates usually encountered for
constraintu< 102 arising from CMB anisotropies. weakly interacting particles, although there are no compel-
This bound is obtained under the conservative assumptioling reasons to exclude it. Anyway, this leaves open new
that the abundance of 1M, galaxies is correctly given by possibilities as far as the nature of dark matter is concerned.
CDM, and requires no knowledge of the number of smaller The lower bound5.1) implies that dark matter decouples
objects. Should we take the more incisive point of view thatfrom the photons before the collisional Silk damping is at
CDM yields the observed abundance ofl¥D, objects, then work, leaving an oscillating, power law, damped matter
the above bound is lowered by somewhat more than an ord@ower spectrum. This new damping regime bears some simi-
of magnitude. larities to the free-streaming case, although here the dark
matter and photon fluids are undoubtedly coupled. Such dark
V. CONCLUSION matter particles therefore appear to be good warm dark mat-
ter candidates, with features in the matter power spectrum

We have considered the effect of dark-matter—photon ingifferent from the conventional WDM at very small scales.
teractions on the evolution of primordial dark matter fluctua-
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