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Self-interacting warm dark matter

Steen Hannestad
NORDITA, Blegdamsvej 17, DK-2100 Copenhagen, Denmark

Robert J. Scherrer
Department of Physics and Department of Astronomy, Ohio State University, Columbus, Ohio 43210
(Received 3 March 2000; published 26 July 2p00

It has been shown by many independent studies that the cold dark matter scenario produces singular galactic
dark halos, in strong contrast with observations. Possible remedies are that either the dark matter is warm so
that it has significant thermal motion or that the dark matter has strong self-interactions. We combine these
ideas to calculate the linear mass power spectrum and the spectrum of cosmic microwave badkyviiind
fluctuations for self-interacting warm dark matter. Our results indicate that such models have more power on
small scales than is the case for the standard warm dark matter model, with a CMB fluctuation spectrum which
is nearly indistinguishable from standard cold dark matter. This enhanced small-scale power may provide
better agreement with the observations than does standard warm dark matter.

PACS numbsgs): 95.35:+d, 14.80—j, 98.65.Dx

I. INTRODUCTION trum has a sharp drop at subgalactic scales so that substruc-
ture is prevented from formin§ll]. Another option along
Dark matter is a necessary ingredient in the standard bithis line is that the dark matter is not cold, but wart2,13.
bang model of the universe. Its presence has an impact fromm this model the dark matter particle mass should be around
subgalactic dynamics to the global evolution of the universel keV so that the dark matter has significant thermal motion
However, the nature of the dark matter remains unknown. Sand perturbations on small scales are erased. However, the
far, the cold dark matter model has been very successful iout-off scale needed for the correct core radius of halos to be
explaining how structure formid,2]. In this model the dark produced is so large that it is difficult to form the correct
matter consists of weakly interacting massive particlesmumber of dwarf galaxiegl4].
(WIMPs) which are extremely non-relativistic when struc- A radically different explanation was suggested by Sper-
ture formation begins. Because they are so massive they dgel and Steinhardtl5], namely that the dark matter could be
not free stream and perturbations on small scales are preeld, but have significant self-interactions. If the mean free
served. In the 1980s it was realized that CDM produces to@ath of the dark matter particles is of the order the size of the
much small-scale structure, and that some modification ofollapsing system, then the core singularity would form
the model is needed. Several possibilities exist: there coulchuch more slowly, while the outer parts of the halo would
be a large component of hot dark matter damping small scaleemain unchanged. Recently, a large number of papers have
fluctuations or there could be a non-zero cosmological conappeared which investigate this possibility numericallg—
stant. Recent data from type la supernovae indeed sugge®i]. The conclusion is that if the interactions are very strong,
that the energy density of the universe is dominated by @he model does not fit observatioht7—20,22. The halos
cosmological constaf8]. Thus, the problem with CDM is at become completely spherical apart from a small rotational
first sight remedied. However, in the past few years verydeformation, and a singular core develops. However, it
high resolutionN-body simulations of structure formation seems that models where the dark matter mean free path is
have shown that any type of CDM model produces far tocsimilar to the system size produce halos closely resembling
much substructure on galactic scales, compared with obsethe observed ond47,18. It has also been suggested that the
vations. The halo of a galaxy like our own should contain ofself-interacting matter could be in the form of a scalar field
the order 1000 distinct subhaloes, a factor of ten more than i23].
found by observationgt,5]. Another, related problem is that That dark matter could have self-interactions is an old
galaxies are predicted to have singular cores. Navarro, Frerilea. It was originally suggested by Raffelt and $2K] that
and White[6] found thatN-body simulations predicted a hot dark matteHDM) neutrinos could have strong self in-
universal core profile of halos whepe<r ~*. Later simula- teractions. In this way free streaming would be suppressed
tions with higher resolution find an even steeper profileand fluctuations only washed out via diffusion. The scenario
[7-10Q. At the same time galactic rotation curves indicatewas elaborated on by Atrio-Barandela and David$28|
dark matter halos with finite cores, i.e. constant core densitywho did a numerical study of this model. The possibility of
This problem is very severe and is consistently found in allhumber changing self interactions has also been considered
simulations. [26-28.
If the details of star formation and feedback do not solve In the present paper we wish to explore the possibility that
the problem, then physics at a more fundamental level posdark matter has both significant thermal motion and self-
sibly could. One option is that the primordial power spec-interactions. The self-interactions are assumed to consist

0556-2821/2000/62)/0435226)/$15.00 62 043522-1 ©2000 The American Physical Society



STEEN HANNESTAD AND ROBERT J. SCHERRER PHYSICAL REVIEW &2 043522

only of two-particle scattering. In general, the inclusion of interactions. In practice we just assume that the distribution
self interactions leads to less small scale suppression of pefunction is equal to what it would be for a collisionless spe-
turbations because the small scale cut-off in power is givermies.

by the Jeans scale which is smaller than the free-streaming In synchronous gauge the Boltzmann equation can be
scale. We find that self-interacting hot dark matter, as sugwritten as an evolution equation fdr in k-space29]

gested by Refd.24,25, is clearly ruled out because it pro-

duces far too little small-scale structure. However, self inter-1 ovr q dinfy|. h+6y o 1
acting warm dark matter may be a viable possibility. Strongf_ LIf]= - +iow¥+ 4 g7 Tz T ECU]’
self interactions push the power spectrum towards smaller (5)
scales by roughly a factor of 1.6, which may make it consis-
tent with observations. where u=n’k;. h and 5 are the metric perturbations, de-
fined from the perturbed space-time metric in synchronous
Il. THE BOLTZMANN EQUATION gauge[29]

The evolution of any given particle species can be de- d82=a2(7-)[—d7-2+(5ij+hij)dxidxj], (6)
scribed via the Boltzmann equation. Our notation is identical
to that of Ma and BertschingéMB) [29]. We shall work in I
synchronous gauge because the numerical routine for calcu- hij =J dske'k'x(kikjh(kﬁ)
lating matter and CMB power spect@yBrAST [30], is writ-
ten in this gauge. As the time variable we use conformal .01 .
time, defined aslz=dt/a(t), wherea(t) is the scale factor. +| kikj— 3 8 ) Gﬂ(kﬂ'))- (7)
Also, as the momentum variable we shall use the comoving
momentum g;=ap;. We further parametrizeg; as g Collisionless Boltzmann equatioAt first we assume that

=qn;, whereq is the magnitude of the comoving momen- (1/f,)C[f]=0. We then expand the perturbation as
tum andn; is a unit 3-vector specifying direction.

The Boltzmann equation can generically be written as * N
=2 (=)'(2+1)WP(u). ®)
D.I: |:0
L[f]=5-=CIf], (N . - .
Dr One can then write the collisionless Boltzmann equation as a

moment hierarchy for th&, by performing the angular in-
whereL[f] is the Liouville operator. The collision operator tegration ofL[f]

on the right-hand side describes any possible collisional in-
teractions. . q 1.dInfg

We then write the distribution function as Vo= —k;‘I’ﬁ ghm, 9
f(x',q,n;, ) ="fo(@[1+¥(x',q,n;,7)], (2 , q
q’lzkg(q’o_zq’z), (10

wherefy(q) is the unperturbed distribution function. For a
standard fermion which decouples while relativistic, this dis-

tribution function is simply = ka(z‘l'l—w’a)
— -1

. . =\ Eh+z7 : (13)
whereT, is the present-day temperature of the species. For a 15° 57/ dIng
self-interacting species in scattering equilibrium the distribu-
tion is instead r— 4 _

\I’|—km(|‘1’|71 (I+ 1)y 9),
fo(a)=[exp((e—u)/aT)+1]74, 4)
=3, (12)

where e=\/g?+a’m? and x is a chemical potential. This

distribution is in general different from the one for collision- It should be noted here that the first two hierarchy equations
less particles, so that one might worry that a detailed calcuare directly related to the energy-momentum conservation
lation of fo(q,7) is needed. However, the relevant quantity €quation. This can be seen in the following way. Let us
to look at for our purpose is the entropy per particén, define the density and pressure perturbations of the dark mat-
which is conserved for both interacting and non-interactingter fluid as[29]

species(note that this would not hold in a model with

number-changing self interactiof26—29). This means that 6= dplp, (13
for instance(p/T,)=const. Thus we do not need to worry ) 0
about how the unperturbed distribution is changed by self- 6=ik;oT;/(p+P), (14
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a1 i ik . .q 1.dInfg
o= — k,kj—§5” (T -0 Tk/3) (15) \I’O——kzqfl‘F ghm, (23)
Then energy and momentum conservation implies 28t . q
\I’1=k—(\1’0—2\1’2), (24)
. 3e
s=—(1 0 2 8 16
=—(1+w)| 0+5] =37 S @)% (16) | q
\I’2=k—(2\1f1—3\lf3)
. ) S5¢
. a 1-3 1) 6P/ 6p K25 K2
0—5( - w)e—mﬁ-l- T —k‘o. - i+z dme_& 5
(17) 15 57dinq 7'
By integrating Eq(9) overg?edq, one gets Eq(16) and by q
integrating Eq.(10) equation overg®dq one retrieves Eq. W=k (¥, —(1+1)¥,,,)
(17). (2l+1)e
Collisional Boltzmann equatio'We now introduce inter- ¥
actions by lifting the restriction that (flf) C[ f]=0. Ideally, - —', [=3. (26)

one should calculate the collision integrals in detail for some T

explicit interaction. However, we shall instead use theI A dix A di h he ab f .
cruder, but more model independent relaxation time approxi-nI ppen IXh We discuss OWdt € a (r)]ve seto? equfatlor}?
mation. Here, the right hand side of the Boltzmann equatioff€'ales 10 the equations used in other studies of self-

is in general written ag31 mteracting_dark matter. .
g 81 Relaxation timeWe now need an expression for the col-

1 N0 lision time 7. In general we can write
FClfl=——, (18)

0  =n(alv]). (27
where 7 is the mean time between collisions. However, in o . . . .
this simple approximation we run the risk of not obeying theFor relativistic particles scattering via exchange of a massive

basic conservation laws. The collision term in H§) is  VECtor bosoni>T,m wheremy is the vector boson mass
[dQ(1/f,)C[f] and the one in Eq. (10) is andm is the mass of the dark matter particlee have

JdQu(1/f5)C[ f]. Integrating these two terms over momen-

2
tum space one gets the collision terms in Ed$),(17) to be (alvfye(T/m)*, (28)

whereas for non-relativistic particles it is

f C[f]dQgdge (19
(ofvyec(T/m)Y2 (29)
and ) .
As an interpolation we use
fC[f]dﬂqquuq=kifC[f]dﬂqquqi, (20 1 [(T\% [T\¥
(alv)=500 (5) +(5) } (30)

respectively. However, any integral of the form

Ill. NUMERICAL RESULTS

C[f]dQg?d 21
f [f]df2q7daA, @D Using the above equations we have calculated matter and

. ) , CMB power spectra for two different dark matter models:
whereAe (1,€,q;) is automatically zero becaugeis a col-  pm (m=10 eV) and warm dark matten(=1 keV) over
lisional invariant[however, conservation of particle number range of scattering cross sections. In practice we have
(1) only applies to 2-2 scatteringk Thus, both the above jycorporated the equations into the CMBFAST code
integrals are zero, and the right hand side of lth& and 1 developed by Seljak and Zaldarria§@0]. All the models

terms should be zero, reflecting that energy and momentufyere done assuming tha,=0.95 and Qz=0.05, H,
is conserved in each interaction. Apart from these two terms. g | m st MpcL. The conclusions are unchanged if a

we put ACDM model is assumed, since our purpose here is only to
1 W show how self-interactions change the power spectra. Figure
f_c[f]|;2: — _', (22) 1 shows the matter power spectrum in terms of the quantity
0
. : - : k*P(k)
so that the full Boltzmann hierarchy, including interactions, A2(K)= , (31)
is 2
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FIG. 1. Matter power spectra for two different dark matter par- 1
ticle masses. The dashed line is for no self-interaction, the triple-
dot-dashed is fowo=1.2x 1038 cn, the dot-dashed foro=8 FIG. 2. CMB power spectra for the same models as in Fig. 1.

X 10 ¢ cn?, and the dotted is assuming complete pressure equilhe curve labels are also identical to those in Fig. 1.

librium. For referenge we have plotted the spectrum for Standar?naking the warm dark matter self-interacting, which de-
cold dark mattegfull line).

creases the cut-off length scale by about a factor of 1.6 com-

. ared to the non-self-interacting case. Numerically we find
for our two different cases. In both cases, _the POWer SPeChat the k where A%(k) takes its maximum value is well
trum cut-off is pushed towards highkiif self-interaction is approximated by

assumed. The HDMng=10 eV) results are in agreement

with the results of Atrio-Barandela and Davids@g], for k ~ A%(K)max
smaller than the cut-off scale. At small scales, their results m |34
are somewhat different from ours, probably because of an 11(_) Mpc~* collisionless,
erroneous term in their perturbation equatidas explained 1 keV

in the Appendiy. B m |34 _ _
For our choice of particle masses, the dividing line be- 17(@) Mpc™! strongly self-interacting.

tween the non-interacting and strongly interacting regimes is

roughly at (33

36 For the collisionless case this corresponds to the free-
0o=10"% cn?. (32 streaming scale, whereas in the strongly interacting case it
corresponds to the Jeans scale for a given particle mass.
Note that this is much lower than the cross section whichFrom this result we conclude that self-interacting warm dark
is needed to explain structure on galactic scales in the seltnatter is marginally consistent with the present observational
interacting cold dark matter model. In that case, the dividingconstraints.
line is closer to 102 cn?. For the case where the dark  For the cosmic microwave backgrouf@MB), the fluc-
matter is hot, self-interactions are not able to improve theuations are usually expressed in terms of@heoefficients,
agreement with observations significantly because the powet, =(|a,,|?), where thea,,, coefficients are determined in
spectrum cut-off is still at much too large a scale. As dis-terms of the real angular temperature fluctuations as
cussed in Ref[14], warm dark matter provides a good fit to T(6,#) =3 mamYim( 8, ¢). Figure 2 shows the CMB spectra
observations of dwarf galaxies if the power spectrum cut-offfor the same two particle masses. If the dark matter is hot,
is at roughly hsgMpc™?, corresponding to a mass of 1 keV. the CMB spectrum is changed relative to cold dark matter,
However, explaining the core structure of dark matter halodhecause the DM particles are not completely non-relativistic
requires tham=300 eV[14], so that even though the un- at recombination. This gives rise to what is called the early
certainties involved in determining the best cut-off scale aréntegrated Sachs-WolfdSW) effect. Self-interactions have
as large as a factor twpl4], the collisionless warm dark very little impact because they only affect scales within the
matter model is inconsistent with observations. Our resultglark matter sound horizon at recombination. Even for a dark
indicate that it might be possible to lower the warm darkmatter mass of 10 eV, this is at too small a scale to have a
matter particle mass to this smaller value and compensate byignificant impact. For a dark matter particle mass of 1 keV,
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the effects are completely negligible. Our results for non- . q 1.dInf,

self-interacting warm dark matter agree with those of Burns Wo=—k_Waitghqo (A1)

[32]; we have extended his results to demonstrate that the q

addition of self-interactions to the warm dark matter model _ q

also produces a negligible difference from standard CDM. lIflzk&\Ifo, (A2)
V¥, -,=0. (A3)

IV. DISCUSSION

We have performed a quantitative calculation of the IinealB.y performing the appropriate momentum integrations this

behavior of warm dark matter models with possible self in-y'GIdS

teractions. As expected, power on small scales is generally h a/oP

increased in self-interacting models because free streaming is 5= —(1+w)| 6+ = | —3—| —— w) S, (A4)
suppressed. In collisionless models, power is suppressed on 2 a\ op

the free streaming scale, whereas in strongly self-interacting ) _
models the cut-off is at the Jeans scale. This increase in the - _ 2(1—3(»)0— @ oP/ép
amplitude of the fluctuations on small scales has the effect of a
pushing the cut-off in the power spectrum down to smaller_ o ) )
scales by approximately a factor of 1.6. This may allow This equation is equivalent to E¢d.3) and(14) in Ref.[28]
warm dark matter to better fit the dwarf galaxy observationgwhen theirl’=1I=0), which are written in gauge invariant
for masses which are small enough to explain the core strudorm.
ture of dark matter halos, a result which could make warm
dark matter a more viable dark matter candidate. 2. Large k limit

Our CMB results indicate that, like standard warm dark At very small scales one may as a first approximation

maitter, self-interacting warm dark matter is indistinguishablé,eglect the metric perturbations. The Boltzmann hierarchy
from standard cold dark matter in terms of the CMB fluctua-cap pe truncated by neglecting terms higher than second or-

tion spectrum. Thus, it is one of the few variants on the . Lo - .
> ; der (including o), similar to how the Enskog expansion is
standard model which will not be probed by future CMB erformed[31]. Then the hierarchy equations when inte-

experiments. Any constraints on this model must thereford ted ¢ ield
come from large-scale and galactic structure considerationg.ra ed over momentum yie
For instance, analysis of highstructure like damped Ly ) 4
systems might lead to interesting constraints. o=— 3 0,
Note that the cross section for scattering of dark matter
particles would have to be of the order ™ cn? in order o
to change the matter power spectrum significantly. This is 9=k*(5/4—407/15). (A6)
orders of magnitude more than the cross sections typical if} jg interesting to compare our set of equations with Egs.
weak interactions, and at present there are no o.bvious cancti25) and (26) of Atrio-Barandela and DavidsofAD) [25].
dates for such dark matter particles. However, it could wellrhay are almost identical, except for the term proportional to
be that warm dark matter with relatively strong self- iy their equation. For relativistic particles this term should
interactions could be in a mirror sector, in which case thergye zerg. as it is in the above equation.
are no real restrictiong33]. The term 47/15 can be interpreted as a shear viscosity
term, which can in general be written g#/p [25]. Here »
is the viscosity of the fluid. Using this parametrization we

K25. (A5)
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APPENDIX: THE BOLTZMANN EQUATION IN n= ngT- (A8)
DIFFERENT ASYMPTOTIC LIMITS

This expression for the fluid viscosity agrees with what is
found in Ref.[25] [their Eq.(33)]. From Eq.(A6), one can

In the limit of very large scattering cross sections, thesee that the perturbations oscillate and are damped at the rate
dark matter is kept in pressure equilibrium until the present.
This is the type of evolution assumed in Re26-28. In 2

_ = 2
this case the evolution equations read = 1STk ' (A9)

1. Large scattering cross sections
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