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ABSTRACT

The astrophysical consequences and 1limits from particle
‘theory on dark matter are reviewed. &4 discussion of some

observational consequences is included.

The nature of the primary constituent of the Universe is of
obvious interest to both cosmologists and particle theorists. With
regard to cosmology, it appears that the bulk of the Universe mﬁsti be
in some form of non-luminous matter, i.e. dark matter {(DM). Whatever
the DM may be it poses several problems1) on various -cosmblogical
distance scales. If inflation is correct, then we know in addition
that at least some of the DM is something other than baryons. Thus we
demand from the particle théory a candidate. At the same tiﬁe however,
for almost every candidate, there are several cosmologlical constraints
on its mass lifetime, couplings etec. 1In this contribution, I will
review the DM problems and discuss the cosmological constraints on the
DM candidates. I will also discuss some of the implications of having
a galactic halo filled with heavy (m > few GeV) DM,

One of the chief problems concerning DM is thét as one looks at
inecreasing distance scales there appears to be more and more
non-luminous matter. The amount of DM is generally described in terms
of the overall cosmblogical density in DM
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Q = 0/p, = p/(1.88x1072%n % g em™3) (1)

where p i5 the average mass density of DM and Po 1s the eritical mass
density to close the Universe and h, = H_/100 km MpS! 87! is the Hubble

parameter, On a given scale, Q 1is determined via a mass-to~-light

ratic,2)
a2 = wLXsp, (2)

where Jf = 2x108h0 L@/Mpé and Ly is a solar luminosity. In the solar
neighborhoed, (M/L) = 2 and @ ~ 10'3/ho. Mass to light ratics for the
inner luminous parts of spiral galaxies yield Q@ * 1072, On the scale of
binaries and small groups of galaxies (which would include galactic
halos) & = 0.05 - 0.15. On the largest scales on which determinations
of @ exist3), Q is nd larger than a few tenths. Finally, inflation
requires @ = 1., Hence, the hierarchy of DM probiems.

What this DM hierarchy implies is that as we go to larger scales,
there appears to be more DM, i.e. the M/L ratios continue to increase.
Already on galactic scales, there 1s good evidence from rotatioh
curves?) of spiral galaxies for the presence of dark matter and a
galactic halo, The rotation curve is a measure of the velocity as a
function of -distance from the c¢enter of the galaxy of a star as it
revolves around the galaxy. If there were no DM, one would expect that
at distances beyond the. bulk of the luminous matter that v2 ~ 1/r.
Instead one finds flat rotation curves (v@ -~ constant) out to Qery
large distances (2 50 kpc). This implies that the mass of the galaxy
must continue to increase M ¥_r beyond the lumincus region.

As a first guess as tb the identity of the DM, one might piek
baryons i.e., ordinary matter. From big bang nucleosynthesis, there
are good 1imits”) on the value of @ in the form of baryons. In the
standard model, one finda good agreement for the predicted abundances

of the light isotopes D, 3He, YHe, TLi only for a range in Qg

0501 $ a2 £ 0.15 (3)



For 25 < 0.01, D and JHe are overproduced while for 9p : 0.15, 'He is
overproduced and D 1s underproduced. If inflation is correct and & =
1, then at least some of the DM must be non-baryonic,

On a galactic scale, baryonic bM is consistent with
nucleosynthesis. There are however numerous arguments5) against a
baryonic haleo. Put briefly, it is very difficult to have a large
baryon density in such a way that it is unobservable. In the form of
gas the baryons would heat up and emit X-rays in viclation of observed
limits. To put the baryons in nen-nuclear burning stars (Jupiters)
would fequire an extrapolation of the stellar mass distribution which
is very different from what is observed. Dust or rocks along with dead
remnants such as neutron stars or black holes would require a metal
abundance in great excess of the galactic metallicity. Very massive (2
100 My) black holes remain a possibility, -

There are of course, many other candidates for the DM, Because of
its important role in the formaticn of galaxies, DM has classifiedd)
into three types: hot, warm and cold DM, They are distinguished by
their effective temperature at the timeAthey decoupled from the thermal
background. Examples of hot particles are neutrinos or very 1lignht
Higgsinos with ¢ 100eV masses. These particles decouple at Ty ~ 1 MeV
and are thus still relativistic at T4. Warm particles decouple earlier
and have higher masses (up to ~ 1 keV). Any superweakly interacting
neutral particle is a warm candidate such as a right handed neutrinoe,
Cold particles are non-relativistic at temperatures relevant for galaxj
formation and usually have masses 2 1 GeV. Examples of these include
heavy neutrinos, photinos/Higgsinos, sneutrinos and axions. With this
classification, the specific identity of the particle is' ne longer
important. The benefits and problems associated with each type of DM
with regafds to galaxy formation has been nicely reviewed in thé
contribution of M, Davis?) and the reader is referred there for further
details., -

Gi%en the need for DM, we can ask what sort of constraints are
there. The most common cosmological constraint is on the mass of a
stable particle and is derived from the overall mass density of the

Universe. The mass density of a particle X ecan be expressed as

L8]



Px = MyYyny < pg = 107707 GeV/om (4)

where Yx = ny/ny 1s  the density of x's relative to the density of
photons n, = MOO(TY/2.7°K)“ for ghd < 1. Hot particles have 1limits
characteristic to that of neutrinos. For neutrinos®) I, = 3/11 and one

finds

g
5(>%m, < 100 eV (ah?) (5)

where the sum runs over neutrino flavors and g, = 2 for a Majorana mass
neutrino and g, = 4 for a Dirac mass neutrino. It has also been
pointed out recentlyg) that if two of the neutrino flavors are
unstable, their decays will presumably produce at least one of the
lighter neutrinos so that the cosmological mass limit on it would be
va < 30eV(Qh2)f All hot particles with abundances Y similar to
neutrines will have mass limits as in eq. (5).

Warm particle limits are derived from Veq. (4) as well., Warm
particles have lower abundances than neutrineos and the corresponding
mass limita are weaker. Recall that Y, = 3/11 1is derived from the
conservation of entropy before and after et annihilation, Neutrinos at
this time are decoupled so that after the annihilations (Tv/TY}3 = U4/11
and Yv = (3/4)(Tv/TY)3 = 3/11. (The factor of 3/Y4 is due to the
difference between Fermi and Bose statistices.) If a particle x
interacts more weakly than neutrinos then the ratio (Tx/TY)3 will be
1owered!?) due to other particle species' annihilations. Thus Y, is
reduced allouing11) for a larger value for Mo If the particle x
decouples around the GUT epoch, then Y, could be as low as 0(10_2) and
m, < 0(1) KeV. |

For cold particles the analysis 1is somewhat different, The
abundance 1s now a function of m, and in most cases one finds a lower
limit to m,. The reason for this is that for large my, Y, is controlled
by the annihilations of x. When the annihilations freezeout, Yx is
fixed. The freezeout will. éhen depend on the annihilation

cross;section and roughly one finds Yx ~ (mch)‘? and py ~ 1/0y. This
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situation was first analyzed for neutrinos12). The annihilation
cross-section in this case is basically g, ~ m%/ma so that py ~ 1/md
and yields'2,13) My 2 2 GeV for Dirac mass neutrinos and m, > 6 GeV for
Majorana mass neutrinos.14,13)

Supersymmetric theories introduce several DM candidates. The
reason is that if the R-parity (which distinguishes between "normal
matter and the supersymmetric partners) is unbroken then there is at
least one supersymmetric particle which must be stable., Candidates for
the stable particle include the photino, Higgsino, sneutrino,
gravitino, and goldstino. If we assume for simplicity that all of the
acalar quarks and leptbns have equal masses then the photino

annihilation cross—section can be expressed as15,16,17)

2
<ovdy = %’j—g af (1-28)1/2 my2 (23 + 2x(1-17z§/s)> (6)

where a is the fine structure constant, mge is scalar fermion mass, qr
the electric charge of the fermion f, Zp = mf/m7 and x = T/my. For wmgp
* 40 GeV, my > 1.8 GeV. For Higgsinos'7), the annihilations are
controlled by the fermion Yukawa couplings and the cosmological bound
requires Mg 2 my, or about 5 GeV,

Sneutrinos are an interesting example in that there is in general
no cosmological 1limit on their mass.!'8) 1In addition to the standard
weak annihilations of sneutrinos, there'is also the process V + ¥ + v
+ v via zino exchange. In this case <ov>A ~ 1/M§ and is independent of
my. Thus Py is fixed by parameters other than'm; making the sneutrino
mass free from cosmological bounds. Before turning to the gravitino, I
note that the goldstino arguments ére essentially warm particle limits,
and will depend on its specific interactions,

The remaining possible supersymmetrié DM candidate is the
gravitino. Although in most models the gravitino is not stable, there
is nothing which prevents its stability. If stable, the gravitino mass
limit would again be M3/ € 0(1)keV as.for a warm particlejg) assuming

that its abundance Y;,, was determined by considering gravitino
decoupling at the Planck time. Such an early decoupling will make Y3/2



sensitive to the details of inflation.20) Ip general, gravitinos will

be produced in the reheating after inflation so that?7-21)

f3/2 = (273) x 1073 Tp/u, (7)

where Tgp is the temperature to which the Universe reheats and Mp 1.22
x 1019 Gev is the Planck mass. Thus for a standard value M3/n = 100
GeV one must have T ¢ 1012 GeV to satisfy the cosmological bound
{eq. 4). '

- If the gravitino is wunstable, there are various interesting
cosmological constraints which can be applied depending on what the
gravitino decays into. The possible decay channels include, Y + Y, v +
¥ or goldstone boson énd goldastino. For simplicity, I will assume that
there is only one supersymmetric particle lighter than the gravitino.

The decay rate of the gravitino into photinos has been computed2!)

- 2 |
r o= mg,z/ump (8)

for Mis> well above threshold. The decays into scalar and fermion
should not be that much different and I will use eq. (8) for all
decays. '

Gravitino decays into v,V pairs appears to be the least
interesting cosmologically, as it would be very difficult to observe
the neutrino. The neutrino energy today is given in terms of the

temperature at which the gravitine decays Ty and m3/2.

m T
/
By = —32% (D) (9)
where T, = 2,7°K is the present temperature of the microwave

background. The ratio (Tp/Ty) is determined by setting the lifetime of
the gravitino T3/2 = r equal to the age of the Universe

t =t (Ty/T)3/2 | (10)



where t = 2x1017hg1 s. Thus
(Tp/Ty) = 60n52"3mg 5 (GeV) (1)

and

E, = 8x1073n52/3/ng,5(CeV)  Gev (12)

Hence for my,, = 1-100 GeV, E, = 100 keV - 10 MeV. Clearly for this
range for neutrino energies it would be impossible to pick out the
decay neutrinos from the solar background, Only if the sneutrino and
gravitino were somewhat degenerate so that the rate eq. (8) is reduced
could one boost E . -

Depending on the sneutrino mass there is always the 1limit on TR

due to the mass density of sneutrinos coming from the decay,

p'\', = mg Y_B/Z Iy (13}

or

T ¢ 107 ¥/my(CeV)  Gev (14)

and is not a particularly strong limit.

Gravitino decays into a goldstone-goldstino pair such as an axion
and axino give no cosmological limit on Ty but can provide a scenario
for galaxy formation.22) Among the problems of neutrino dominated
models (see ref. 7), 1s that the scale on which clustering occurs is
too big. One way'to shorten this scale is to consider a decaying
particlé scenario?3) in which the Universe becomes matter dominated
earlier (because of the increased mass of the particle relative to a
30eV neutrine for example) and density perturbations begin to grow
earlier on a smaller scale. The decay has in addition the advantage of
distributing a large fréction of the mass of the Universe uniformly
(something which is not possible in standard cold scenarios but is
possible in "biased" scenarios, see ref. (7)). All of these models



however require a late decay, i.e., one in which TD/TY $ 5-10 implying
that the decay rate I' ~ 10740 GeV. Such a small rate is characteristic
of gravitational decays T ~ GN m3 ~ 6x1673%m3 Gev makingzZ) the decay
of a gravitino into a goldstone—goldstino pair a plausible candidate
for this type of scenario.

The final channel for the gravitine is 1into a photon, photino
pair, This possibility has been the subject of a leot of attention by
many groups and I will here only summarize the results as given by
ref. 24). The constraints all place limits on the abundance ¥3f2 or
the reheating temperature Tp and come from a wide variety of sources
ranging from big bang nucleosynthesis to the cosmic microwave
background., The weakest limit s due to the mass density during
nucleosynthesis and requires TR < 1018/33/2 GeV (m3/2 is in GeV).
Entropy production after nucleosynthesis requires Ty 2:10?3 méf% GeV.
Similar to the 1limit in eq. (14) there is a limit due to the mass
density of photinos produced in the decay Tgp < 10'%/my GeV. Requiring
that the decay of the gravitino does not over deplete the ”He abundance
through photodissociation means that TR < 5x101”/&3/2 GeV. From the
isotrotry of the microwave background radiation one finds Tgp £
5x10% m%f% GeV and finally the most stringent 1limit is due to the
photoproduction of D + 3He and implies that Tg < 2,5,10?0/53/2 GeV. In
terms of a limit on Yz,5, we have from this last constraint t3/2 S
2.5x10712/my /5, |

If the supersymmetric particle spectrum is such that mg < m3/p the
above conatraints greatly restrict inflationary models, It is
interesting to note however that simple models of inflatioﬁ in the
context of N=1 supergravity naturally satisfy this bound. I am
referring to models25-27) in which inflation is described by a
superpotential and a single chiral superfield ¢ such that f{¢) = u2g(4)
and éll couplings in g(¢) are 0(1). Thus there is only one scale
asasocliated with infiation namely, v. The parameter u can be determined

from the magnitude of density perturbations produced during inflation

%B -~ 103 y2 ~ 1074 - 1075 (15)



The reheating temperature is also determined by u
Tp - U3Mp (16)

Thus a value for p - 1074 from eq. {(15) implies Ty ~ 107GeV and Y3/2 ~
10715, Although such a low value of TR tends to make baryon generation
more difficult2d) by requiring low values for the masses of Higgs
fields which violate baryon number conservation, the mass of the ¢
field is my ~ ,2M, ~ 1011GeV and tnis is just about the bound30) on the
Higgs field mass, allowing for a sizeable baryon asymmetry.

If we assume that Y3/2 -~ 10'15 and the decay rate in req. (8) for
gravitinos to Y + Y, then the decay 1is capable of producing a
feature3!) in the Y-ray background with energy equal to the neutrino
energy in eq. (12)7 Hence for a gravitino mass Mayo =~ 0(10) GeV, the
Y-ray energy will be ~ 0(1) MeV with a flux comparable to the observed
bump at ~ 1 MeV, |

In thé bemaining part of this contribution, I will discuss some of
the consequences of having a galactic halo consisting of ¢old DM, As
was discussed earlier, there are several arguments against héving
paryonic DM in the galactic halo.5) I will assume therefore for the
remainder of this paper that the DM 'consists of nonbaryonic matter.
Although there is no real reasbn against hot or warm DM in galactié
halos, what I am about to discuss only applies to cold DM.

The eventual verification of the existence of a cold' DM galactic
halo obviously depends on some kind of signature or signal. One
interesting suggestion32) has been to use a very cold detector with
superconducting grains which would flip as the DM paases through. What
I will discuss here is some possible signatures due to DM annihiiations
in the halo and in the sun. I will throughout assume thét there is one
type of DM with ¢ = 1, and a local density‘ n, = (0.3/my) em™3 with
velocities v = 300 km s~1.

The possible cobservation of annihilation of DM in the galactic
hale was recently examined33) in the case where photinos of mass my =
3 GeV were the DM, The annihilations of photincs can lead to
appreciable fluxesAbf cosmic rays. Although the Y-ray filux from these
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anmihilations is well below L{he established backgrounds the predicted
flux of positrons and antiprotons is significant., The predicted fluxes
are F_+ = 5x107% em™2 s 1sr™! and F= ~ 1.5x107® em™@s™sr™! while the
observed fluxes are3¥) Fer = 10'3cm'25'1sr*1 and FE =
3x1070%cm™2s~Tsr~1, This is particularly important for the case of the
antiproton flux because these are low energy p's (0.6 < E £ 1.2 GeV)
whose origins are otherwise difficult to explain,

The effects of cold DM in the sun were first discussed by Steigman
etal.35) and more recently in the context of the solar neutrino
probiem.36'38) Annihilations in the sun39) can however lead to an
appreciéble flux of high energy neutrinos. The flux of neutrinos
depends primarily on the rate of capture by the sun of the DM which I
assume to be a photino here for definiteness. The capture rate is

computable37-39) in terms of the photino-proton elastic scattering
croas-section op

I'c = 10290E'36/m‘7 8—1 {(17)

where “E,36 = cE/1O_3ﬁcm2. In order to have @ = 1 the annihilation
cross—~section must be <av>A = 10'25cm3s'1 50 that the annihilation rate
in the sun is39) '

_ U
Tp # 3 R8n$ <cv>A

- 2x1054(n?/np)2 s~1 (18)

where n;/np is the ratio of the number density of photincs to protons.
This yields an equilibrium number density

ny/np = 2x107'3 oElégfm%/z (19)

Photinos in the sun with the abundance given by eq. (19) would
also elastically scatter inside the sun providing a means for
transporting energy and possibly resolving the solar neutrine
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problem.35"37) The rate for energy transport is
Ep = ny <ov>p 4ENj (20)

where AE ~ m.?v2 ~ few keV and Np ~ 1027 is the number of protons in the

sun. Energy transport is significant when éT ~ Zf@ = Hx1033 erg s~! op
- 10738 ap3 571

<ovplng/ny) ~ 1073° end s (21)

Using eq. (19) this requires

9%,36 0(100)md/3 (22)

What one finds however 1s that typically39,38) 9,36 - 0(10"2) and
eq. {(21) cannot be satisfied by any known DM candidate such as heavy
neutrihos, photinos, Higgsinos or sneutrinos., The primary reason being
the large annihilation rate resulting in the'low abundance (egq. 19).

It is Jjust these annihilations however that may lead' té a
signature for the DM in the galactic halo.39) Whatever the DM is,

annihilations will lead to high energy neutrinos whoée flux is given by

¢, = ; N, rc/un(1A.U.)2 (23)

= 16 Ny, 36/my em™2s”!

where N, is the number of neutrinos produced per annihilation. The
flux in eq. (23) must then be compared t¢ the background flux of
neutrinos thch is produced by cosmic ray collisions in the atmosphere.
If we consider the production of electron and muon neutrinos, the solaf
and atmospheric fluxes are shown39) in Table 1.
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Table 1

X Voo Ve ATM Vi@ Vy ATM
Dirac mass
neutrino; m,=5 GeV
E,=200MeV 0.08 .3-1.6 0.16 0.7-3.8
E,,=5GeV 3Ix1073 9x10™5 3x1073 5x107 4
Majorana mass
Neutrino m =12GeV
E,=600MeV 0.11 0.03-0.08 0.22 0.09-0.21
Photino ' '
my=5GeV,E, =200MeV 0.27 0.3-1.6 0.54 0.7-3.8
my=10GeV, £, =500MeV 0.08 0.06+0.14 0.16 0.14-0.35
Higgsino i ' '
my=5GeV, E,,=200MeV 0.5 0.3-1.6 1.0 0.7-3.8
Sneutrino ' _ _4
m3=5GeV,E, =5GeV 0.25 9x107> 0.25 5x10

all fluxes in em™2s™!

Vo = vg * Vg ; vy = vyt vy

The ranges for the atmospherie neutrino fluxest0) corresponds to the
differences assoclated with latitude and up-going and down-going fluxes
due to geomagnetic effects. As one can see from Table 1, Iin most cases
the solar flux of high energy neutrinos is at least comparable to that
of the atmospheric flux making their detection possible. Finally, it
has been noted®!) that for the cases of a Dirac mass néutrino or a
sneutrino, the earth ¢traps the DM and these annihilations within the
earth also lead to a strong source for high energy neutrinos.

In conclusion, there is a broad region of overlép between
cosmology, astrophysies and particle physics with respect to DM, The
need for DM comes from several socurces; inflation; galaxy formétion;
galactic halos, etc, Supersymmetry is thus of great interest in that
it most probably guaréntees one stable new particle. Indeed combining
theory with new experimental results seems to require”z) that Q?hg 2
0.0025 (recall the limit for baryons!) is only ﬂBhg 2 0.01)., The
cdnsequences of a positive detection of DM in_the halo are enormous. A
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single galaxy formation scenaric may be singled out and if

supersymmetric the identity of the lightest and stable SUSY partner

would greatly narrow the choice of supersymmetric models.
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