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New dark matter physics: Clues from halo structure
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We examine the effect of primordial dark matter velocity dispersion and/or particle self-interactions on the
structure and stability of galaxy halos, especially with respect to the formation of substructure and central
density cusps. Primordial velocity dispersion is characterized by a “phase der@ig/(v2)%?, which for
relativistically decoupled relics is determined by particle mass and spin and is insensitive to cosmological
parameters. Finit€ leads to small-scale filtering of the primordial power spectrum, which reduces substruc-
ture, and limits the maximum central density of halos, which eliminates central cusps. The relationship be-
tweenQ and halo observables is estimated. The primor@iahay be preserved in the cores of halos and if so
leads to a predicted relation, closely analogous to that in degenerate dwarf stars, between the central density
and velocity dispersion. Classical polytrope solutions are used to model the structure of halos of collisional
dark matter, and to show that self-interactions in halos today are probably not significant because they desta-
bilize halo cores via heat conduction. Constraints on masses and self-interactions of dark matter particles are
estimated from halo stability and other considerations.

PACS numbsd(s): 95.35+d

I. HOW COLD AND HOW COLLISIONLESS IS THE provide clues to the primordial entropy which are insensitive
DARK MATTER? to complicated details of nonlinear collapse.
It may be possible to explain these discrepancies in a

The successful concordance of predictions and observ&=PM framework[16], for example by using various bary-
tions of large scale structure and microwave anisotropy vinonic contrivances. It is also possible that the observations

dicates many assumptions of standard cosmology, in particmfan be interpreted more sympathetically for CDM; we ex-

) : blore this possibility in more detail in a separate paé.
Ia( the .hypoth_e3|s th"?‘t the dark matter IS composed 0E|owever it is also possible that the problems with halo struc-
primordial particles which are cold and collisionld4g. At

h ; h hi £ di ) b q ture are giving specific quantitative clues about new proper-
the same time, there are hints of discrepancies observed {.q of the dark matter particles. By examining halo structure

the small-scale structure within galaxy haloes, which we exyng stability, in this paper we make a quantitative assessment
plore as two related but separate issues, namely the predigf the effects of modifications of the two main properties of
tions of excessive substructure and sharp central cusps BpM—the addition of primordial velocity dispersion, and/or
dark matter halos. the addition of particle self-interactions. In particular we fo-
The first “substructure problem” is that cold dark matter cus on aspects of halo structure which provide the cleanest
(CDM) predicts excessive relic substruct&3]: much of  “laboratories” for studying dark matter properties. The ulti-
the mass of a CDM halo is not smoothly distributed but ismate goal of this exercise is to measure and constrain particle
concentrated in many massive sublumps, like galaxies in gaproperties from halo structure.
axy clusters. The model predicts that galaxy halos should Endowing the particles with non-zero primordial velocity
contain many dwarf galaxies which are not seen, and whicldispersion produces two separate effects: a filter in the pri-
would disrupt disks even if they are invisible. The substruc-mordial power spectrum which limits small-scale substruc-
ture pr0b|em appears to be caused by the “bottom-up” hi-ture, and a phase packing or Liouville limit which produces
erarchical clustering predicted by CDM power spectra; fluchalo cores. Both effects depend on the same quantity, the
tuations on small scales collapse early and survive as dens@hase density” which we choose to d%ﬂgze using the most
condensations. Its absence hints that the small scale pow@Pservationally aczzcgssmle unitQ=p/(v°)™*, wherep is
spectrum is filtered to suppress early collapse on subgalactife density andv®) is the velocity dispersion. The defini-
scales. tions of these quantities depend on whether we are discuss-
The second “cusp problem” is that CDM also predicts ing fine—grai_ned or.coarse—grain@il For collisionless par-
[4—9] a universal, monotonic increase of density towards thdicles, the fine-graine@ does not change but the coarse-
center of halos which is not seen in close studies of darkgrainedQ can decrease as the sheet occupied by particles
matter-dominated galaxi€40-17 (although the observa- folds up in phase space. The coarse-graiQedan be esti-
tional issue is far from settleftl4,15)). The formation of ~Mated directly from astronomical observations, while the
central cusps has been observed for many years in simulfne-grainedQ relates directly to microphysics of dark matter
tions of collapse of cold matter in a wide variety of circum- Particles. For particles which decouple when still relativistic,
stances; it may be thought of as low-entropy material sinkingh initial microscopic phase densiqo, which for nondis-
to the center during halo formation. Simulations suggest that
dynamical “pre-heating” of CDM by hierarchical clustering
is not enough to prevent a cusp from forming—that some For a uniform monatomic ideal thermal ga3,is related in a
material is always left with a low entropy and sinks to the straightforward way to the usual thermodynamic entropy; Nor
center. If this is right, the central structure of halos mightparticles,S= —kN[In(Q)+consi.
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sipationless collisionless particles is the maximum value foiserve the successful large-scale predictions of CDM but also
all time, can be related to the particle mass and type, witllarge enough to impact the substructure problem. Galaxy
little reference to the cosmology. The most familiar ex-halo substructure therefore favors a primordial phase density
amples are the standard neutrinos, but we include in oucorresponding to collisionless thermal relics with a mass of

discussion the more general case which yields different nuaround 1 keV. In this scenario the densest dwarf spheroidals
merical factors for bosons and for particles with a significantmight well preserve the primordial phase density and in prin-

chemical potential. ciple could allow a measurement of the particle nfa&on-

The physics of both the filtering and the phase packing inversely, a mass as large as 1 keV can only solve the core
the collisionless case closely parallels that of massive neutrproblem in disks with additional nonlinear dynamical heat-
nos[17,18, the standard form of “hot” dark matter. Domi- ing, so that the central matter no longer remains on the low-
nant hot dark matter overdoes both of these effects—the filest adiabat, or with the aid of baryonic effefis].)
tering scale is too large to agree with observations of galaxy Tg have the right mean density and phase density today,
formation (both in emission and quasar absorpjiamd the  rgjativistically-decoupling particles of this phase density
phase density is too low to agree with observations of gianty, st have separated out at least as early as the QCD era,
galaxy halog19]. However one can introduce new particles yhen the number of degrees of freedom was much larger
with a Iowgr vglocny dlsperS|o(f‘Warm” dark matter[20~ than at classical weak decoupling. Their interactions with
25ﬁﬁrzbygéc\?v;?nghga?lgt;ggtgf ﬁggi%esrt gftr; been invoke ormal standar_d model particles must therefqre be “weaker
as a solution to fixing appare@nd no longer problematic han Weak_,” ruling (.JUt not only stan(_jard neutnnos_but many

other particle candidates. The leading CDM patrticle candi-

[26,1]) difficulties with predictions of the CDM power spec- . i : )
trum for matching galaxy clustering data, a spectrum fiIteredjateS' ‘?UCh as wegkly Interacting massive p.artl(dl\élsMPs)_
nd axions, form in standard scenarios with much higher

on smaller scales may also solve several other classic prof: " .
lems of CDM on galactic and subgalactic scalé¥,2§ phase densities, although more elaborate mechanisms are

which are sometimes attributed to baryonic effects. The maiiossible to endow these particles with the velocities to dilute
effect in warm models is that the first nonlinear objects are?- We review briefly some of the available options for mak-
larger and form later, suppressing substructure and incread low-Q candidates, such as particles decaying out of equi-
ing the angular momentum of galaxif29]. This improves librium.
the predictions for dwarf galaxy populatiof&0], baryon-to- A new wrinkle on this story comes if we endow the par-
dark-matter ratio, disk size and angular momentum, andicles with self-interactiong41-46. We consider a simple
quiet flows on the scale of galaxy groups. If the filtering is Parametrized model of particle self-interactions based on
confined to small scales the predictions are likely to remaidnassive intermediate particles of adjustable mass and cou-
acceptable for Lymar absorption during the epoch of gal- pling, and explore the constraints on these parameters from
axy formation atz~3 [31-33. halo structure. Self—interaction.s change the filtering of the
Liouville's theorem tells us that dissipationless, collision- POWer spectrum early on, and if they are strong enough they
less particles can only decrease their coarse-grained phadealitatively change the global structure and stability of ha-
density, and we conjecture that halo cores on small scald§s-: _ . ) )
approximately preserve the primordial phase density. The In the interacting case, linear perturbations below the
universal character of the phase density allows us to makéeans scale oscillate as sound waves instead of damping by
definite predictions for the scaling of core density and coréreée streaming—analogous to a baryon plasma rather than a
radius with halo velocity dispersion. These relations areleutrino gas. This effect introduces a filter which is sharper
analogous to those governing nonrelativistic degeneratdD k than that from streaming, and also on a scale about ten
dwarf stars: more tightly bound.e. massive halos should —times smaller than the streaming for the same rms particle
have smaller, denser cores. A sunjdj] of available evi- Velocity—about right to reconcile the appropriate filtering
dence on the phase density of dark matter cores on scalé§ale with theQ needed for phase-density-limited disk cores.
from dwarf spheroidal galaxies to galaxy clusters shows thaf hese self-interactions could be so weak that the particles are
the phase density needed to create the cores of rotating dwaffectively collisionless today as in standard CDM. _
galaxies is much lower than that apparently present in dwarf On the other hand stronger self-interactions have major
spheroidal galaxief34—40—so at least one of these popu- effects during the nonlinear stages of structure formauon and
lations is not probing primordial phase density. Translating®n the structure of galaxy hal¢44]. We consider this pos-
into masses of neutrino-like relics, the spheroidals prefefiPility in some detail, using Lane-Emden polytropes as fi-
masses of about 1 keunless the observed stars occupyducial models for collisional halos. Their structures are clc_)se
only a small central portion of an implausibly large, massive@nalogs of degenerate dwarf stars and we call them “giant
and high-dispersion halpand the disks prefer about 200 eV. dwarfs.” We find that these structures are subject to an in-
The larger phase density is also preferred from the point
of view of filtering. If we take()~0.3 (instead of 1 as in
most of the original warm scenarios—which reduces the 2Thjs raises another unresolved issue: whether the filtering actu-
scale for a given mass, because it lowers the temperature aagly prevents systems as small as dwarf spheroidals from forming at
therefore the number of the particlethe filtering scale for 1 all. The predictions of warm dark models are not yet worked out
keV particles is at abolk=3 Mpc 1—small enough to pre- enough to answer this question.
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stability caused by heat conduction by particle diffusion. g

Although a little of this might be interesting.g. leading to n= Wf fd%p 2

the formation of central black hol¢49] or to high-density,

dwarf spheroidal galaxigstypical halos can only be signifi- 2

cantly collisional if they last for a Hubble time; for this to be p= 9 p_fd3p 3

the case, the particle interactions must be so strong that dif- (2m)°) 3E

fusion is suppressed, which in turn requires a fluid behavior

for all bound dark matter structures. This option is not verywhereg is the number of spin degrees of freedom. Unless
attractive from a phenomenological point of vidw2,44;  stated otherwise, we adopt units with=c=1.

for example, dwarf galaxies or galaxies in clusters tend to With adiabatic expansion this distribution is preserved
sink like rocks instead of orbiting like satellites, and the col-With momenta of particles varying @s<R™*, so the density
lapse of cores occurs most easily in those low-dispersio@nd pressure can be calculated at any subsequen{$&he

halos where we seek to stabilize them. For thermal relicsu=0, we can derive the density and pres-
sure in the limit when the particles have cooled to be non-
relativistic:
Il. PARTICLE PROPERTIES AND PHASE DENSITIES
We adopt the hypothesis that some dark matter cores are e 9T f d°p @
real and due to dark matter rather than baryonic physics or (27)3) ePx1
observational artifacts. At present this interpretation is sug-
gested rather than proven by observations. We also conjec- ng p2d3p
ture that the heating which sets the finite central phase den- P (5)

= ) -
sity is primordial, part of the physics of the particle creation (2m)°3mJ ePx1

rather than some byproduct of hierarchical clustering. At

present this is a conjecture suggested rather than proven Eg:ere t_he pseudo-temperatuTg=TD_(RD/ R.O) _re_c_ords_ the
simulations. pansion of any fluid glement relative to its initial size and
In the clustering hierarchy, more higher-entropy materia|temperature at deC_OUPI'H‘?D To- o
is created as time goes on, but numerical experiments indi- 't 1S useful to define a “phase densityQ=p/(v*)"* pro-
cate that this heated material tends to end up in the outdiortional to the inverse specific entropy for nonrelativistic
halo. This is the basic reason why CDM halos always hav&natter, which is preserved under adiabatic expansion and
central cusps: there is always a little bit of material whichcontraction. For nondissipative particl@scannot increase,
remembers the low primordial entropy and sinks to the cen@lthough it can decrease due to shocks the collisional
ter. The halo center contains the lowest-entropy materiaCase Of coarse-grainingin the collisionless case, e.g. in
which we conjecture is a relic of the original entropy of the V|0Ier_1t_relaxat|on and other f(_)rms of dy”a”_“'ca' heating
particles—or equivalently, their original phase density,Comb'”'”g the above expressions for density and pressure

. 2 _ .
which is most directly related to measurable properties ofnd Usingv®)=3P/nm, we find
halo dynamics. We begin by relating the phase density to 4
particle properties in some simple models. Qx=gxgxMy - (6)

2>3/2

. L . The dimensionless coefficient for the thermal case is
A. Phase density of relativistically-decoupled relics

Consider particles of mags originating in equilibrium , 5/2
and decoupling at a temperatufg>m or chemical poten- A f dp(p“/eP=1)
tial x>m. The original distribution function i§51] qT:(Z E a»=0.0019625, (7)
a
f(ﬁ):(e(E*u)/TDi 1) t=~(elP~#)/To+1)"1 (1) {f dp(p*/eP=1)

with E2=p?+m? and + applies to fermions and bosons where the last equality holds for thermal fermions. An analo-
respectively. The number density and pressure of the pagous calculation for the degenerate fermion cabe Q,up

ticles are[52] >my) yields the same expression fQrbut with a different
coefficient,
3 . L . 1 5/2
Degenerate dwarf stars are not subject to this instability because 24
- - - p=ap
they are supported without a temperature gradient; the same stabi- 4 0
lization could occur in halo cores only if the dark matter is fermi- Qa= (27T)3 32 = 0.036335. (8)

1
onic and degenerate.g.,[47,48)). The instability we discuss here f p4d p}
is essentially what happens in a thermally-supported star with no 0
nuclear reactions, except that the conduction is by particle diffusion
rather than by radiation. This effect may have already been obT0 translate fromi=c=1 into more conventional astrono-
served numerically50]. mers’ units,
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(Mg /kpc®) (Mg /pc®) times and add considerably more to the mean total density in
(100 eV)*/c°=12808————=12.80 — - the radiation era than standard CDM particles. They add the
(kms™) (100 kms~) equivalent of [y /T,)®=10.758, 4 of an effective extra
©) neutrino species, which leads to a small increase in the pre-

o o ._dicted primordial helium abundance for a given Because
The phase density in this situation depends on the particl e phase density fixes the mean density at which the par-

properties but not at all on the cosmology; the decouplingjcies hecome relativistic, it also fixes this effect on nucleo-
temperature, the current temperature and density do not egynthesigindependent of the other particle properties, ther-
ter. The numerical factors just depend on whether the parmma| or degenerate ejcThis effect might eventually become

ticles are thermal or degenerate, bosons or fermions, whichetectable with increasingly precise measurements of cosmic
makes the quantit) a potentially precise tool for measuring apundances.

particle properties. Many scenarios envision thermal relics so
we adopt this as a fiducial reference in quoting phase densi-  C. Decaying WIMPs and other particle candidates

ties inm* units—bearing in mind that the actual mass may  Thermally decoupled relics are the simplest way to obtain
be different in cases such as de_generate ste_rlle neutrin@ge required finite phase density, but they are not the only
[48,49, and that for the astrophysical effects discussed beyay. Heavier particles can be produced with a kinetic tem-
low, it is the phase density that matters. For a neutrino-likeyerature higher than the radiation, accelerated by some non-

(9=2), thermal relic, thermal process. Weakly interacting massive particles, in-
(Mo 1) cluding the favored lightest supersymmetric particles, can

_ _4Mo/P 4 reduce their phase density if they form via out-of-
Qr=5x10 (km 571)3(mxll keV)*™. (10 equilibrium particle decay. A small density of heavy unstable

particles(X1) can separate out in the standard way, then later
decay into the present-dadfyuly stable dark matter particles
(X2). In a supersymmetric scheme one can imagine for ex-

For a standard, relativistically-decoupled thermal relic,ample a gravitino separating out and decaying into neutralino
the mean density of the particles can be estimfd&fifrom  dark matter.

B. Space density of thermal relics

the number of particle degrees of freedom at the edgebf In the normal Lee-Weinberg scenario for WIMP genera-
decoupling,g, p ; the ratio to the critical density is tion, the particle density is in approximate thermal equilib-
72 rium until T~my/20. The particles thin out by annihilation
Qx=78.5"[desi/9xpl(Mx/1 keV) until their relic density freezes out when the annihilation rate
= 2.40;2(my /1 keV) (ger/1.5)(g, /100 1 (11) irga:;cehnes the Hubble ratay{o,,w)~H. The density today
wheregess is the _number of effective photon degrees o_f free- Qx“Tey’oHEZmElinck(%nnvyl
dom of the particle €1.5 for a two-component fermion
For standard neutrinos which decouple at around 1 MeV, ~(my/100 GeV2(my,/my)? (12
0,p=10.75.

Current observations suggest that the dark matter densiftﬂyhere Wih%V% usi*d the typical weak annihilation cross sec-
0,~0.31t0 0.5, hence the mass density for a warm relic with1o" Tann™ @ My/myy determined by the mass of th& The
my=200 eV clearly requires a much larggr o than the kinetic temperature of the WIMPs freezes out at about the
standard value for neutrino decoupling. Above about 20(°@Me time as the abundance, so they are Ve cold today,
MeV, the activation of the extra gluon and quark degrees ofVith jyplcgl velocities v~ 20T,/my~10"*(my/100
freedom (24 and 15.75 respectively includingds quarks GeV)™*. This of course endovys them with small velocities
give g, ,~50; activation of heavier modes of the standard@nd an enormous phase density. _ _
model above~200 GeV produces, 4~ 100; this gives a A smaller phase density can be produced if these particles
reasonable match fomy~200 eV andQ,<0.5, as sug- decay at some point into the particles present today. If the
gested by current evidence. Masses of the order of 1 keV cagecondary particles are much lighter than the first, they can
be accommodated by somewnhat earlier decoupliagTeV) be generated with relativistic velocities at relatively late
and including many extrde.g., supersymmetric or extra- (MeS as we require. Suppose the primafy particles decay
dimensional degrees of freedom. Alternatively a degeneratdNt0 SécondanX2 particles at a temperatuligecay. TO pro-
particle can be introduced via mixing of a sterile neutrino,duce particles with the velocity-0.4 km/sec todaycharac-
combined with a primordial chemical potential adjusted toteristic of a fiducial 200 eV thermal relic phase densityr
give the right density48]. In any of these cases, the particle v ~C at T~/300 eV,
must interact with standard model particles much more Mo~ MyoT 300 eV 13
weakly than normal weak interactions, which decouple at X1~ Mx2Tgecaf ' 3
~1 MeV. We also want to get the right density 2 particles. Sup-
Note that warm dark matter particles have low densitiepose the density oK1 is determined by a Lee-Weinberg
compared with photons and other species at 1 MeV so thefreezeout, such thaty,(T,~my,/20)o v ~H. In order to
QO not strpngly affe.ct_ nuclgosynthesis. Howe\_/e_r,.their effechave py,~ p;a4/600 atz,,~10°, py;~p;q/600 atTgecays
is not entirely negligible since they are relativistic at earlyand then
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600X 20m linear formation of a halo, the phase sheet evolves as an
Mo T decay™ 2—W~(100 MeV)3. (14)  incompressible fluid in phase space. The outer parts of a halo
a"Mpjanck form in the same way as CDM by wraps of the sheet whose

thickness is negligible, but in the central parts the finite

thickness of the sheet prevents arbitrarily close packing—it

- 2 reaches a “phase packing” limit. For a given velocity dis-
MMz~ (30 GeV™. (19 persion at any point in space, the primordial phase density of

A simple example would be a more or less standard 50 Gearticles imposes an upper limit on their densify corre-
WIMP primary which decays @ gecay~1 keV into margin- sponding to adiabatic compression. Thus warm dark matter
ally relativistic 20 GeV secondaries. Alternatively the pri- halos cannot form the singular central cusps predicted by
mary could be heavier than this and the secondary lightecold dark matter but instead form cores with a maximum
Such scenarios have to be crafted to be consistent with varlimiting density at small radius, determined by the velocity
ous constraints, such as the long required lifetimeXor(in ~ dispersion. o
the example just given, a week or)snd the decay width of We estlmate_ the structure of the halo core by conjecturing
the Z (which must not notice the existence %2); although that the matter in the central parts of the halo lies close to the
not compelling, they are not all ruled otit. primordial adiabat defined bQ. This will be a good assump-
The other perennial favorite dark matter candidate is thdion for cores which form quietly without too much dynami-
axion. The usual scenario is to produce these by condens§@! heating. Simulations indicate this to be the case in essen-
tion, which if homogeneous produces dark matter everidlly all CDM halos, although in principle it could be that
colder than the WIMPs—indeed, as bosons in a macroscopi@m matter typically experiences more additional dynami-
coherent state. However, it is natural to contemplate modific@l heating than cold matter, in which case the core could be
cations to this picture where the condensing fields are nd@rger. This question can be resolved with warm simulations,
uniform but have topological defects or Goldstone excitaincluding a reasonable sampling of the particle distribution
tions, produced by the usual Kibble mechanism during symfunction during nonlinear clusteririg6]; for the present we
metry breaking(e.g. [54,55). In this case the axions are derlve_z a rigorous upper |ImI'F to the core d_ens_lty for a given
produced with relativistic velocities and could in principle velocity dispersion, and conjecture that this will be close the

lead to the desired velocity dispersion. actual central structure. _ o
A useful model for illustration and fitting is a standard

isothermal sphere model for the halo. The spherical case

with an isotropic distribution of velocities maximizes the

central density compatible with the phase density limit. The
We have shown several examples of how particle properconventional definition of core size in an isothermal sphere

ties determine primordial phase density. Here we exploré57] is the “King radius”

how the phase density affects the central structure of dark

Thus we obtain

IIl. CORES FROM FINITE PRIMORDIAL PHASE
DENSITY

matter halos. ro=+90°/4mGp, (16)
A. Core radius of an isothermal halo where o denotes the one-dimensional velocity dispersion,

. . . L . and p denotes the central density. Making the adiabatic as-
Consider the evolution of classical dissipationless, colli- P y g

. ; . ‘sumption,p,=Q(3¢?)%?, we find
sionless patrticles in phase space. Truly cold dark matter is P Po=Q(307)

formed with zero velocity dispersion occupying a three di-
mensional subspacédetermined by the Hubble flove fo=\9v2/473%%(QGu,.) 2=0.44QGu..) 2 )

= HF) of six dimensional phase space. Subsequent nonlinear (17
evolution wraps up the phase sheet so that a coarse-grained o )
average gives a higher entropy and a lower phase density. Mherev..= V20 denotes the asymptotic circular velocity of
general a small amount of cold material remains which natuthe halo’s flat rotation curvg¢Note that aside from numerical
rally sinks to the center of a system. There is in principle ndfactors this is the same mas_s-ra_dius relation as a degenerate
limit to the central density; the phase sheet can pack an aflwarf star; the galaxy core is bigger than a Chandrasekhar
bitrary number of phase wraps into a small volume. dwarf of the same specific binding energy by a factor

By contrast, with warm dark matter the initial phase shee{Mproton/Mx). The collisional case treated below is even
has a finite thickness. The particles do not radiate so thgloser to a scaled version of a degenerate dwarf]star.

phase density can never exceed this initial value. In the non—bFOr the thermal and degenerate phase densities derived
above,

lothermai=5-5 KPEMy/100 eV) %(v./30 kms?t)~12

‘It is also possible to reduce the scale of filtering of linear pertur- (18)

bations for a given phase density by arranging for the decay rela-
tively late, and for the decay products to be nonrelativistic. This
option seems even more contrived and we will not pursue it infggegenerate 1-3 Kp&my/100 e\AiZ(UCwISO kms?t) 12
detail here. (19
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where we have sef=2. The circular velocity in the central a large dark matter coreso estimates of the phase density
core displays the harmonic behavigyer; it reaches half of are subject to other assumptions and modeling constraints
its asymptotic value at a radiug;,~0.4r,. [37,39. If we assume that the stars are not much more con-
Instead of fitting an isothermal sphere to an entire rotatiorcentrated than the dark matter, we get the largest estirofite
curve, in some situations we might opt to measure the centrahe phase density, which in the largest ciksg| is aboutQ
density directly by fitting the linear inner portion of a rota- ~2x10 *(M /pc)/(kms 1)® corresponding to a thermal

tion curve if it is well-resolved in the core: relic of massmy~800 eV. The apparent phase densities es-
timated for dwarf spheroidals are thus much larger than for

v/t =\4mGpl3 dwarf disks, even at the same radius. The mass-to-light ratio

in the most extreme of these systems is about 100 in solar

=2.7TGYQY%Y? units, an order of magnitude more than that found for purely

_ _ baryonic, old stellar populations in elliptical galax[€d], so

— 1 1 2

=6.71 kms™ kpc™(my/100 eV) there is little doubt that they are dominated by dark matter.
X (030 kmsH32 (200  The CDM prediction is that there are other, more weakly

bound halos in which gas was unable to cool and form stars,

and which therefore have an even higher mass-to-light ratio.
B. Comparison with galaxy and cluster data

In a separate papéf5] we review the current relevant V. FILTERING OF SMALL-SCALE FLUCTUATIONS
data in more detail, including a consideration of interpretive

ambiguities. Here we offer a summary of the situation. The non-zero primordial velocity dispersion naturally

leads to a filtering of the primordial power spectrum. The

The relationship of core radius or central density Withtransfer function of warm dark matter is almost the same as
halo velocity di rsion i imple prediction of the primor- S
alo velocity dispersion is a simple prediction of the primo cold dark matter on large scales, but is filtered by free-

dial phase density hypothesis, which can in principle be treaming on small les. The characteristic wave number
tested on a cosmic population of halos. In particular if phas eaming on smafl scales. 1he characte Sz Cl,z ave humbe
or filtering at any time is given bky=H/(v*)"4, the in-

acking is the explanation of dwarf galaxy cores, the dar . ; o
P g P 9 y verse distance travelled by a particle at the rms velocity in a

matter cores of giant galaxies and galaxy clusters are pre- . . :
dicted to be much smaller than for dwarfs, unobservably hid‘i_|Ubble time. The d_etalled sh_ape of the transfer function _de—
ends on the detailed evolution of the Boltzmann equation,

den in a central region dominated by baryons. There is curPend . . ;
rently at least one well-documented case of a galaxy cluste?‘nd in particular whether the particles are free-streaming or

with a large core €30 kpo as measured by a lensing fit cOlisional

[58], which cannot be explained at all by phase packing Wlthng the radiation-dominated eraz£10%), so that H2

pri_mordial phase density. On the other hand more represe LN /3%(1+2)*, where includes all relativistic
tative samples of relaxed clusters do not show evidence Ogegreegre(l)f freedom, For C(I))rrgtam, (02)12= (s Q)3
cores[15,59. ' : v APXTA

The favorite Iaborgtories fo_r findin'g evi.dence of dark mat- xegrl'[itlé)s z\?\itrlloggsriz Irr:/eé(loe:?[m((:jlgs ;r;ogotgrde;a“\;'ﬁé'%ofnogv_
ter cores are dwarf disk galaxies which display a central cortIEr?1 filtering scale[52] is thUS)TZl rgximatel inc?llé endent of
even at radii where the baryonic contribution is negligible 9 9 PP Y P

[12,10,11. Rotation curves allow a direct estimate of the redsh‘ift overfl considerable interval of redstisiee Fig. 1
enclosed density as a function of radius, right out to a fairly' '@ “Plateau” scale is independent &f:

flat portion which allows an estimate of the dark matter ve- Uz -1 1 P
locity dispersion—all the information we need to estimate a Xx.coma=Ho{7elvxg =0.65 Mpc *(vxo/1 km s7)
phase density for a core. Three of the best-resolved cases (21
[15] vyield estimates of Q~10 '—10 8Mg/pc)/ e, o .
(kms 33, The sensitive dependence @fon particle mass where();;=4.3X10"°h"“ is the density in relativistic spe-
means tham, is reasonably well bounded even from just acies andvxo=(Q/pxo) ** is the rms velocity of the par-
handful of such cases; a thermal valuengf=300 eV does ticles at their present mean cosmic dengify. For the ther-
not produce large enough cores to help at(dibt is, one  mal case, in terms of particle mass, we have

must seek unrelated explanations of the Hataile values

In the current application, we are concerned wittdur-

my= 100 eV produce such large cores that they conflict with Uxotherma=0.93 kmsh2Z(my/100 eV)~*3
observed rotation curves of normal giant galaxi&g] and Vs s
LSB galaxied60]. This is why we adopt a fiducial reference X (Qx/0.3)7(gl2)" ™, (22

value of 200 eV for dwarf disk cores.

Dwarf spheroidal galaxies do not have gas on circular
orbits so their dynamics is studied with stellar velocity dis- Stjs js the largest value of the mean phase density of material in
persiong 35-36,40. Here we have an estimate of the meanihe region enclosed by the stellar velocity tracers; there is no real

density in the volume encompassed by the stellar test pagpservational upper limit for the maximum phase density. Without
ticles, but we do not know the velocity dispersion of the darkthe rotation curve information, these systems are consistent with

matter halo particleswhich may be larger than that of the singular isothermal spheres or other cuspy profiles for the dark mat-
stars if the latter occupy only the harmonic central portion ofter.
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/ tioned previously{29]. Although the typical uncertainty on
/ the phenomenologically best filtering scale is at least a factor
of two, it is clear that the smallest phase density compatible
5 with standard streaming filtering is too large to have a direct

log(v) / impact on the core problem in dwarf disk galaxies.
On the other hand the discrepancy is only a factor of a
H few in mass, less than an order of magnitude in linear damp-

-10 H
\ ing scale. We have already mentioned two modifications
1 ,—\\ which could reconcile these scales. It could be that warm

models turn out to be sometimes more effective at producing
15 8 smooth cores than we have guessed from the minimal phase-
log(M) / "—_A packing const_raint, due to more efficignt dynami_cgl heating
sc/ than CDM; this would produce a nonlinear amplifier of the
20 primordial velocities, probably with a large variation de-
pending on dynamical historian especially good option if
2 4 6 cores turn out to be common in galaxy clusteinother
possibility is that the primordial velocities are introduced
log(1+2) relatively late(nonrelativistically by particle decay.
Still another possibility is a different relationship kf,,
nd ky from the standard collisionless streaming behavior.
For example, if the particles are self-interacting, then the free
streaming is suppressed and the relevant scale is the standard
mass of dark matter in a volume -2 is denoted byHx: total Jeans scale dividing growing behavior from acoustic oscilla-

: 22_ ; _
mass-energy of all forms in the same volume is denotecHby tions, 477Gp‘°‘a'__kJCS_O' This comes out t(kJ__ V3H/cs
Characteristic rms velocities and streaming magsest mass oX ~ — V2//Kx, 13 times shorter thaky;reamat a fixed phase

in a volumek; %) are also shown, for dark matter with three differ- d€nsity. (An intuitive view of this numerical factor is that
ent phase densities. The cases plotted correspond to relativisticallfluring the long period wheky is flat, streaming particles
decoupled thermal relics decoupling at three different effective decontinue to move and damp on larger scales, whereas the
grees of freedom, corresponding to 1, 8, and 80 times that for £0moving Jeans scale just remains fixed, sharply dividing
single standard massive neutrino—"hot,” “warm,” and ‘“cool.” oscillating from growing behavio)r.The acoustic case is
(For h=0.7, the corresponding masses are 13, 108, and 1076 egimilar to the behavior of fluctuations in high-density,
respectively, and the rms velocities at the present epoch are 113aryon-dominated models, which have a sharp cutoff at the
x107°, 7.9x10 7, and 3.6< 10" &, respectively. Note the long flat  Jeans scalg26]. We conclude that some particle self-
period with nearly constant comovinky for the cool particles, interactions may be desirable to reconcile the scale of the
during the period when the universe is radiation-dominated<ist  transfer function of primordial perturbations with the phase
nonrelativistic. The difference between streaming and collisionapacking effect on disk cores.

behavior during this period has a significant effect on the scale of

filtering in the transfer function, with a sharper cutoff and a smaller

scale(for fixed ky) in the collisional Jeans limit. V. COLLISIONAL DARK MATTER

We now turn to the case where the dark matter particles

FIG. 1. Characteristic masses and velocities as a function o(ri
inverse scale factor (4z), for a cosmological model with)y
=0.3, A=0.7. Mass and velocity are plotted in units withy=p
=c=1, or M=0.3p;,c°H, 3=1.56x 10?'h,(M, . The total rest

and hence are not collisionless, but scatter off of each other via a new
K =15 Moc th=23my /1 kev) 43 intermediate force. Self-interactions of dark matter have been
x.come Pe "z (mx v motivated from both an astrophysical and a particle physics

X (Q4/0.3)"Y¥(g/2)1, (23)  point of view [41-45. Our goal here is again to relate the

properties of the new patrticles to the potentially observable
In the case of free-streaming, relativistically-decoupledproperties of dark matter halos. In addition to the single pa-
thermal particles, the transfer function has been computeghmeterQ considered for the collisionless case, we can use
precisely[21,29; the characteristic wave number where thehalo properties to constrain fundamental parameters of the
square of the transfer function falls to half the CDM value isparticles—the masses of the dark matter particles and inter-
about Ky sireant=Kx coma/9-5. The simple streaming case mediate bosons carrying the interactions, as well as a cou-
only works for high phase densitiesy=1 keV, that is, pling constant.
comparable to that observed in dwarf spheroidals. For ex- Such self-interactions lead to modifications in several of
ample, to produce an acceptable number of galaxies at #he previous arguments. As we have seen, self-interactions
dwarf galaxy scale without invoking disruption, Press-can have observable effects via the transfer function even if
Schechter theory62] implies a spectral cutoff at abolt  they are negligible today. Stronger self-interactions also af-
=3h,, Mpc ™1, requiring a thermal relic mass of about 1100 fect the structure and stability of halos; collisional matter has
eV. Hydrodynamic simulations show that the same cutoffa fluid character leading to equilibrium states of self-
scale preserves the large scale success of CDM and probahdyavitating halos much like those of stars. These systems are
improves the CDM situation on galaxy scales in ways menquite different from collisionless systems. Although entropy
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actions, and a coupling constamtThese may be considered
analogous to strong interaction scatterings where we regard
pions as Yukawa scalar intermediates, or electroweak inter-
actions withW,Z as vector intermediates. The interactions
must be elastic scatterings to avoid a net energy loss, al-
- though “dissipative” three-body encounters are permitted as
long as the energy does not leave K& subsystem nor
travel far in space. For most purposes even the sign of the
interaction does not matter—it may be attractive or repul-
sive, as happens with vectors and like charges. Yhmar-
ticles at tree level interact only with, although theX may
100eV L. (as is usual with dark matter candidgté® allowed some
Phase density limit much weaker interactions with ordinary matter. In this model
(thermal relics)

i i the collision cross section for strong scattering is about

Annihilation/ Y radiation/
XY atom region (ruled out)

IMeV—r Standard CDM

Unstable
cores

log (my)

10 keV 1 MeV Mo |2 Mo 2
log (m,) ~m=2min a4 Y al X
Y o~my “min| € W , € my) 1 (24

FIG. 2. A sketch of the principal constraints from halo structure

arguments on the masses of collisional dark matter parXcéed  \yhere the first case is coupling-limitédnd depends on the

particle mediating its self-interaction¥, This plot assumes a cou- particle velocity and coupling strength, like electromagnetic

pling constante=0..ll. The rightmost region is indistinguishablg scattering of electropsthe second case holds for,>my
from standard collisionless CDM. The region labled “Jeans”

) o o SIS (like neutrino neutral-current interactiorend the third is the
essentially collisionless today, but collisional befoggand consis- range-limited, strong interaction limifike neutron scatter-
tent with other constraints; in this regime the particles are no longe '

free-streaming, and the filtering scale and the shape of the transfé?g)' . . .
There are several simple constraints on the particle

function are significantly modified by self-interactions. SomeWhatmasses. If the dark matter is collisional, the rate of net anni-

stronger interactions lead to a conductive instability in halos; the‘}.'_I ) Fx be highl d d h
“unstable cores” constraint is ruled out if we require stability down llations of X must be highly suppressed compared to the

to halo velocities of 30 kms. The leftmost regior“fluid” ) pro- scattering rate, or the mass of the halo would quickly radiate

duces halos which are so collisional they are stable against condu@Way asY particles. Either there is a primordial asymmetry
tion for a Hubble time, but is probably ruled out by the unusual(so the number oK is negligible, or

fluid-dynamical behavior this would cause in the trajectories of sat-

ellite galaxies and galaxies in clusters. The upper constraint comes my>2my, (25)
from suppression of the annihilation chanriby the inability to

radiateY); if this does not applythat is, if there noX around then  syppressing what would otherwise be a rapid channeKfor
parallel, somewhat higher constraints come from suppressing dissfgy gnnihilate and radiaté (Recall that in this model, there is
pation byY radiation, or from the prohibition against boukdat- no direct route to annihilate into anything elst any case

oms. The bottom constraint corresponds to a phase-packing "mﬁweY must not be too light or the typical inelastic collisions
for giant galaxies; this last constraint on mass applies for

T : ) : ) ; ~will radiate them; for particles with relative velocities
relativistically-decoupled light relics only, and is ten times higher if ~10-23 tvpical of dark matter in galaxies. we must have
we use the limit from dwarf spheroidals. yp 9 ’

. . . . >myv?~10°
must increase outwards for stability against convection My=>Myw =~ 10""my, (26)

(which naturally happens due to shocks in the hieraxciy - . . . -
cannot increase too rapidly and remain hydrostatically stable3® that the energy of collisions is typically insufficient to
in particular, stable solutions have a minimum non-create a real. In addition, if attractive, the range of the

negligible temperature gradient, and the isothermal case is fgt€ractions must be less than the “Bohr radius” for these
longer a stable static solution as it is for collisionless matter/Nteractions, requiring
Since collisional matter conducts heat between fluid ele-

. . 2
ments, these solutions are all unstable on some time scale. Mmy=>e“my, (27)

in order not to form bound “atoms.” The close analogy with
Y is the pion, which is just light enough to allow a bound
We now apply several simple physical arguments to constate of deuterium. Bound states would be a disaster since
strain properties of the dark matter candidate and its interadhey would behave like nuclear reactions in stars. Such states
tions. Some of these have been considered previdddly  would add an internal source of energy in the halos, creating
The most important constraints are summarized in Fig. 2. winds or other energy flows which would unbind large
Suppose that the dark matt¥rparticles with massny, amounts of matter. All of these constraints eliminate the up-
which may be either fermions or bosons, interact via massiveer left region of Fig. 2, with details depending on the cou-
bosonsY whose massny determines the range of the inter- pling strength and halo velocity.

A. Particles and interactions
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B. Parameters for collisional behavior section is needed to avoid diffusi&Silk” ) damping, but

The properties of interacting particles define a character€V€n at this level of interaction the scale of damping is sig-
nificantly reduced from the streaming case. This criterion is

istic column densitymy /o; a slab ofX at this column is one J - , . . .
mean free path thick. This is the quantity that specifies th&é"OWn in Fig. 2 as the right boundary of the “Jeans” region

degree of collisional or collisionless behavior of a system. In@lthough some acoustic behavior befogg occurs even to

order to connect the halo astrophysics with dark matter propth€ right of this.

erties we convert from units with=c=1:
C. Polytropes
3_ —2_ \/ —2
(1 GeV)’=4.6x10° gem *=2.2<10" Mo pc .(28) The equilibrium configurations of collisional dark matter
correspond to those of classical self-gravitating fluids. The

For comparison, the average mass column density within raSimplest cases to consider and general enough for our level
dius r,ckpe for a halo with a circular velocity zox 30 of precision are classical polytrope solutions—stable con-

kmseclis figurations of a classical, self-gravitating, ideal gas with a
polytropic equation of stats3]. In the absence of shocks or
v? P , 32 1 conduction, the pressure and density of a fluid element obey
Eh:TrGr =0.01403 kpec gCmM “=(15 MeV)“v3df ypc- an equation of statp=Kp”1. For an adiabatic, classical,

(29 nonrelativistic, monatomic gas, or for nonrelativistic degen-
erate particles, the adiabatic index=5/3 and different val-
A halo therefore enters the strongly-collisional regime—ues of K; correspond to different entropy. If the entropy

qualitatively different from classical CDM—if varies radially as a power-law, equilibrium self-gravitating
44 e configurations are given by classical Lane-Emden polytrope
mye (15 MeV) “vg5Tkpe solutions. The radial variation of pressure and density obey

p(r)=K,p?2(r); the second indexy, tracks the radial varia-
tion between different fluid elements in some particular con-

15 MeV(e/v)4’3(v§0r;plc)1/3]. (30) figuration (that is, including variations in entropyFor gas

on the same adiabat everywherg,= y,; for the case of
This criterion is shown in Fig. 2 as the right boundary of thenonrelativistic degenerate or adiabatic mattey= y,=5/3
“unstable cores” region; indeed this marginally-collisional a@pplies and is a good model of degenerate dwarfs. If the
case maximizes the rate of thermal conduction instability, agntropy is increasing with radius, as would be expected if
discussed below. assembled in a cosmological hierarchy, ther< y,, confer-
We also compute the criterion for non-streaming behaviofing stability against convection.

in the early universe—the amount of self-interaction needed The character of the solutions is well knoy68]. As long
to affect the transfer function as discussed above. It is sigdsy2>6/5 the halo structure is like a star, with a flat-density

nificantly less than that required for collisional behavior to-core in the center, falling off in the outer parts to vanishing
day: density at a boundary. If it is rotating, the structure is similar

but rotationally flattened. These solutions describe approxi-

o I mately the structure of stars, especially degenerate dwarfs,
m_xmH(teq)/”x(teq)vx(teQ)mx:20 QreiQxvx(to), and halos of highly collisional dark matt&if y,<6/5 (and
(3D in particular for the isothermal casg,=1) there is a dy-

<my<min[(15 MeV)*v5ymy?,

whereeqrefers to the epoch of equal densities in dark matter——

and relativistic species, and 81t is worth commenting on some differences and similarities with

collisionless halos with finite phase density material. The polytrope
solutions are for collisional matter with an isotropic pressure and
local balance of pressure gradient and gravity. Collisionless par-
%cles can fill phase space more sparsely, but this just means that at
a given mass density they must have a larger maximum velocity;
o the collisional solution saturates the phase density limit and has the
—~(600 MeV) 3(vyy/l km s_l)_l(Qx/0.3)2h‘7‘0, largest mass density for a given coarse-grained phase density. In
My this sense, once one is solving the cusp problem with finite phase
(33 density, nothing further is gained by making the particles colli-

) . sional. Collisionless particles allow anisotropy in the momentum
corresponding tzo a mass column for one expected scatteringsyinytion function, and therefore a wider range of ellipsoidal fig-
of 2x10* gem- ". Particles scattering off of each other more res, put cannot pack into tighter cores. For the same reason, the
strongly than this no longer have streaming behavior at highhner phase-density-limited core is expected to be close to spherical
redshift but support acoustic oscillations, much like baryonsexcept for rotational support, whether the particles are collisional or
but with only their own pressuréhat is, without the inter- not. The phase space is fully occupied and therefore the velocity
action with radiation pressure and without decoupling fromdistribution is close to isotropic wherever the local entropy ap-
it). We should bear in mind that a somewhat larger crosgroaches the primordial value.

S0=Cperit/Ho=0.1213178" gem™? (32

is the characteristic cosmic column density today. Using th
units conversion above we have
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namical instability and no stable solution; the system runs E. Heat conduction time and halo stability
away on a gravitational time scale, with the center collapsing ¢ ihe collision rates are not very high we must consider

and the outer layers blowing off. heat and momentum transport between fluid elements by par-
_ ticle diffusion. The most serious consideration for radial sta-
D. Giant dwarfs bility is the transport of heat. In all stable thermally sup-

At zero entropy the equilibrium configuration is the ex- Ported solutions the dense inner parts are hotter; if
actly solubley=>5/3 polytrope, which we adopt as an illus- conduction is allowed, heat is transported outwards. The en-
trative example. That is, we model a dwarf galaxy core as &0py of the central material decreases, the interior is com-
degenerate dwarf star, the only difference being a partici®ressed to higher density and the outer layers spread to in-
mass much smaller than a proton allowing a halo mass muchity, @ manifestation of the gravothermal catastrophe. With
bigger than a star. For total maskand radiusR, the Lane- conduction the inner gas falls in and the outer gas drifts out
Emden solution gives a central presspre=0.770GM%/R*  On a diffusion time scale, attempting to approach a singular

and a central densityp.=5.99=1.43V/R3. Using the isothermal sphere.

above relation for the equation of state we obtain the stan- C_ons_lder the scenaript4] whe_re the d".”k matter cross
dard degenerate dwarf solution, which has section is small enough to remain essentially noninteracting

on large scales, preserving the successes of CDM structure
R=4.5my M ~¥3m2 . formation simulations, but large enough to become colli-
sional in the dense central regions of galaxies. Although this

my |~ % M -1 scenario was introduced to help solve the cusp problem, we
=0.98 kp¢ 155 av 10 (349 will see that the conductive instability makes matters worse.
© If stable cores are to last for a Hubble time, the dark matter

halos must either be effectively collisionle&tandard dark
where Mpanc= VAC/G and M =9.48< 10°'Mp anck- ThiS  matted, or very strongly interacting, so that the inevitable
“giant dwarf” configuration is stable even at zero tempera-conduction is slow(or made of degenerate fermions so there
ture up to the Chandrasekhar limit frparticles’ is no temperature gradient
Since the mass is not directly observable, it is more useful Elementary kinetic theor}51] yields an estimate for the
to consider the velocity of a circular orbit at the surfagg, conduction of heat by particle diffusion; the ratio of energy
=(GM/R)¥2. We then obtain the relation for a degenerateflux to temperature gradient is the classical conduction coef-

system, ficient k~ o~ 1{T/m. Assuming a halo in approximate virial
equilibrium and profilev (r), this yields a time scale for heat
mX:4-53/80(?1/4(rcmPIanck)illszIancky (36) conduction,
] _ _ ) ) vo —dlogr 38
or in more conventional astrophysical units, cond™ 2Gmy dlogo (39

my=87 eV (v /30 km/9 Y (r /1 kpo Y2 (37)  wherev is the typical particle velocitywhich is about the
virial velocity of the halo independent of the mass of the

Note that as in the collisionless case, no cosmological adarticlesmy). The first factor is essentially thg time it takes
sumptions or parameters have entered into this expressiona Particle to random walk a distancetgitruse~r “no/v. The
For any adiabatic nonrelativistic matter the solution islast factor characterizes the temperature and entropy gradi-
similar. The absolute scale of the giant dwarf, determined bynt; dynamical stability prevents it from being very large,
K,, is fixed by the phase densi®. In general there is a and in most of_the matter it typically takes a value not much
range of entropy but once again the lowest-entropy materidfrger than .U'"“'Qﬁ- _ _ _
(which is densest at a given pressusiaks to the center of a A ha}lo with conductlon.therefore forms a kind of coqllng
halo and forms an approximately adiabatic core. The rest dfow, with the core collapsing and the envelope expanding. If
the halo forms a thermally-supported atmosphere above it.
Once again cores are the places to look for signs of a pri-
mordial ceiling to phase density. However, as we see below8The conductive destabilization probably happens faster than
the behavior changes if conduction or radiation are not negspergel and Steinhardt estimated. They used the Spitzer formula
ligible. As we know, a thermally supported star which con-describing core collapse in globular clusters, which takes about 300
ducts heat and has no nuclear or other source of energy isnes longer than the two-particle relaxation time. However, the
unstable. large factor arises because in the globular cluster case the relaxation
is entirely gravitational and is dominated by very long-range inter-
actions with distant stars. In the present situation the interactions
re strong and short-range, leading to significant exchange of both
i 2 . . nergy and momentum in each scattering. The transport of heat
d_w_an‘s (with Z=A because there 1S _JUSt one kind of particle pro- takes place on the same time scale as the diffusion of particles, with
viding both mass and pressure, similar to a neutro star numerical factors of the order of unity as in standard solutions of
Mex=3.15M3 el M) =4.95X 10"M o(my/100 eV) 2. (35)  the Boltzmann equation for gases.

"Defined analogously to the Chandrasekhar limit for standar(i
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it is hydrostatically quasi-stablghat is, if the core collapse Are other data consistent with the idea that essentially all
is slow and regulated by the particle diffusjpmve can use dark matter acts like a fluid? This option has been considered
the Lane-Emden solutions to set bounds on the numericadreviously[42] and while it is perhaps not definitively ruled
factordlogr/dlogv governing the instability. The equation out, it is not phenomenologically compelling. Serious prob-
of state tells us thab=p'?2 wheren,=(y,—1) 1. The lems arise for example from satellite galaxies which are
largest value ofi, which corresponds to a quasi-stable solu-thought[64] to have had several orbits without stopping and
tion is n,=5. The density profile is steeper than isothermalsinking as they would in a fluid, or from galaxies in clusters,
(n,=%), pxr~2; therefore|dlogr/dlogv|<n,<5. In the atleast some of which appedrom lens reconstruction mass
rough estimates here we set these factors to dnity. maps to have retained some of their dark matter halos. An
Conduction can be suppressed if the scattering is verintriguing possibility is that a small collision rate might con-
frequent. For nondegenera¥e stable cores require that the tribute to enough instability to feed the formation of black
conduction time exceeds the Hubble titdg . For stability ~— holes[49]. However the rate of the instability is greatest in
over a Hubble time, the column density of a halo with ve-the lowest mass, lowest density galaxy cores, a trend not
locity v must exceedny /o=Huv/G; therefore the particles conspicuous in the demography of central black holes of

must satisfy galaxies[65].1°
We conclude that dark matter self-interactions are likely

my » o to be negligible in galaxy halos, and that this places signifi-
& = LOX107" gem *hygstapieso, (39 cant constraints on the particles. Figure 2 summarizes the
constraints on the parametensy,my of this interacting-

Where vapiesX 30 kms?! denotes the velocity in the particle model from the various constraints considered here.
stable

lowest-velocity stable halo. Perhaps surprisingly, the mass
and rgdius of _the halo dq not enter gxplicitly. _ _ VI. CONCLUSIONS

This condition constrains the particles to be highly inter-
active. Galaxy halos have slow conduction comparetito ~ We have found that some halos might preserve in their
only above a critical velocity dispersion v inner structure observable clues to new dark matter physics,
~(G/H)(my /o). Halos below this threshold should have and that indeed some current observations already hint that
collapsed cores, and above the threshold the core radiughe dark matter might be warm rather than cold. We con-
mass relation is determined as before by the giant dwarg¢lude with a summary:
sequence for the particle’s phase density. The existence of (1) Halo cores can be created by a “phase-packing limit”
stable bound 30 km/s halos of highly-collisional dark matterdepending on finite initial phase density. They may provide a
requires direct probe of primordial velocity dispersion in dissipation-

less dark matter.
X 5 (2) For relativistically-decoupled thermal relics, the phase
& ~(2:8 MeV)*hy@stapieso, (400 density depends on the particle mass and spin but not on
cosmological parameters.

(3) Rotation curves in a few dwarf disk galaxies indicate
cores with a phase density corresponding to that of a 200 eV
thermal relic or an rms velocity of about 0.4 km/sec at the
current cosmic mean density. Velocity dispersions in dwarf

shown in Fig. 2 as the right boundary of the “fluid” region.
The “thickness” of a halo with velocity 3pX 30 kms%,
in units of particle pathlengths, is

S o spheroidal galaxies indicate a higher phase density, corre-

Zh” 102v§0r Eplch?olv ;t;blew (41) sponding to a thermal relic mass of about 1 keV. At most one

X of these populations can be tracing the primordial phase den-
sity

so it is clear that all dark-matter-dominated structures, from ('4) Thermal relics in this mass range can match the mean

small galaxies to galaxy clustersg~1-30, rc=0.1  cosmic density with a plausible superweak decoupling from
—1000), are highly collisional and their dark matter behavestandard model particles before the QCD epoch.

as a fluid. Even for very diffuse matter at the mean cosmic (5) Other very different particles are consistent with the
density (0x=0.3), the particle mean free path is at most

121)00re,3,()h7_0l Mpc, about the same as the scale of nonlinear———

clustering, so all bound dark matter structures act like fluids. 19e have to take note of another possibility: perhaps the dwarf

spheroidals, which have the lowest velocity dispersions of all gal-
axies and are also the densest, have already collapsed by heat con-
9Another interesting limit is that of small but nonzero self- duction. In this way we could use phase packing to give the cores of
interactions. The halo is essentially collisionless, but occasionathe dwarf disk galaxies and still explain why the dwarf spheroidals
scatterings still take place. The collisionless isothermal sphere, sirhave such a large phase density. Note that this scheme also gives
gular or not, is then an approximate solution, but still subject to athe right filtering scale since the particles are collisional at early
slow secular instability from heat conduction. It is also possible totimes. The dwarf spheroidals need not of course collapse all the
set up situations where halos are evaporated by a hot external emay to black holes, but they may well have singular dark matter
vironment, heated from outside by collapse of the cosmic web. profiles.
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halo data, provided they have the about the same mean den- (10) A simulation which samples a warm distribution
sity and phase density. Examples include WIMPs from parfunction reasonably well is strongly motivated, to determine
ticle decay and axions from defect decay. whether primordialQ is preserved in the centers of halos, or
(6) Cores due to phase packing limited by primordyy  whether nonlinear effects can amplify dynamical heating in
predict a universal relation between core radius and halo vesuch models to explain cores on all scales.
locity dispersion. The relation is not found in a straightfor-
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