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Formation of cosmic structures in a light gravitino-dominated universe
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We analyze the formation of cosmic structures in models where dark matter is dominated by light gravitinos
with a mass of 100 eV — 1 keV, as predicted by gauge-mediated supersymi®@etBy) breaking models.
After evaluating the number of degrees of freedom at the gravitino decouging Wwe compute the transfer
function for matter fluctuations and show that gravitinos behave like warm dark n(éfi@i) with a free-
streaming scale comparable to the galaxy mass scale. We consider different low-density variants of the WDM
model, both with and without a cosmological constant, and compare the predictions on the abundances of
neutral hydrogen within high-redshift damped kysystems and on the number density of local galaxy clusters
with the corresponding observational constraints. We find that none of the models satisfy both constraints at
the same time, unless a rather snfdjj value (=0.4) and a rather large Hubble parameter(9) is assumed.
Furthermore, in a model with warm hot dark matter, with the hot component provided by massive neutrinos,
the strong suppression of fluctuation on scales-@fh~*Mpc precludes the formation of high-redshift objects,
when the lowz cluster abundance is required. We conclude that all different variants of a light gravitino DM
dominated model show strong difficulties for what concerns cosmic structure formation. This gives a severe
cosmological constraint on the gauge-mediated SUSY breaking sch86%56-282198)03204-4

PACS numbds): 95.35+d, 04.65:+€, 14.80.Ly

I. INTRODUCTION servable sector and, hence, it is expected to be in the 10
—10° GeV range. On the other hand, it has been vigorously
Since the momentearly 1980% that low-energy super- emphasized recentlyafter ten years of silence about this
symmetry(SUSY) was invoked in gauge unified schemes toalternative that gauge, instead of gravitational, interactions
tackle the gauge hierarchy probldmy, it became apparent may be the vehicle for the transmission of the SUSY break-
that it had also a major impact on several cosmological ising information to the observable sect@®]. In these sce-
sues. By far the most studied consequence was the preser@rios the scale of SUSY breaking is much lower than in the
of a stable SUSY particle in all models where a discretesupergravity case and consequently, as we will see below,
symmetry, known as R-parity, is imposed to prevent the octhe gravitino mass is much lower than?1GeV. Hence in
currence of baryon and lepton renormalizable terms in théhis class of gauge mediated SUSY breaki@GdSB) mod-
superpotential. Indeed, R-parity assigns a different quanturals the gravitino is more likely to play the role of LSP with a
number to ordinary particles and their SUSY partners. Hencéass which can range a lot, depending on the specific scale
the lightest SUSY particléLSP) is absolutely stable and of SUSY breaking, say from a fraction of eV up td@eV).
constitutes, together with photons and neutrinos, a viable From a cosmological point of view, the neutralino LSP
candidate for relic particles of the early Universe. scenario with a lightest neutralino in the tens of GeV range
The two best candidates we have to play the role of LSRonstitutes an ideal ground for a cold dark mat€DM)
are the lightest neutraling.e. the lightest among the fermi- proposal[4]. Indeed there exists a sufficiently vast area of
onic partners of the neutral gauge and Higgs fielsd the  the SUSY parameter space where such an LSP becomes non
gravitino (the fermionic partner of the graviton in the gravity relativistic at a sufficiently early epochs so as to make its
multiplet) [2]. Which of the two is the actual LSP strictly free-streaming mass much smaller than the typical galaxy
depends on the mechanism one envisages for the SUSviass scale{10'™M,). The standard version of the CDM
breaking, or, more precisely, for the transmission of thescenario, with(o=1 for the density parametein=0.5 for
breaking of SUSY from some hidden sector to the observihe Hubble parametkand P(k) =k for the post-inflationary
able sector of the theorfordinary particles and their super- power spectrum of Gaussian adiabatic density fluctuations, is
partners belong to this latter segtaif the “messengers” of generally accepted to fail in reproducing several observa-
the SUSY breaking are a of gravitational nat(@s happens tional tests. On scales of few tens &f *Mpc it develops a
in the more “orthodox” supergravity modeélshen the light- wrong shape of the power spectrds. Furthermore, once
est neutralino is likely to be the LSP. In these schemes thaormalized to match the detected level of cosmic microwave
gravitino mass sets the scale of SUSY breaking in the obbackgroundCMB) temperature anisotropi¢6], it produces
too large fluctuations on scales10h~Mpc, with a subse-

*On leave of absence from Department of Physics, Tohoku Uni-
versity, Sendai 980-77, Japan. We takeH,=100h km s™* Mpc~* for the Hubble constant.
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quent overproduction of galaxy clustdrd|. tions for DM. We provide the main tools for the computation
This failure of the standard CDM model may be over-of the relic gravitino abundance in GMSB models. Section
come in these SUSY models by finding a way to suppres$l describes the scenarios for the formation of cosmic struc-
fluctuations on 1t~ Mpc scales, without decreasing too tures when the DM content is dominated by light gravitinos.
much power on the-1h~*Mpc scale, which would delay Here we compute the corresponding power spectra of density
too much the galaxy formation epoch. A first possibility is fluctuations at the ou_tset of recombinatio_n. Afterwards, we
adding to the LSP CDM candidate some massive light neupr_(—:-sent the observational data that we will use to constrain
trino [cold+hot DM model(CHDM)] to provide about 20— this clgsg of_models, r_1ame|y the abundance of neutral hydro-
30% of the critical density8]. This has just the effect of 9€N Within high-redshift damped Ly-systems and the num-

decreasing the fluctuation amplitude around the neutrin@! density of local galaxy clusters. In Sec. IV we compare

free-streaming scale, so as to change the power-spectrum Tiﬂe model predictions for the formation of cosmic structures

the right direction. A further possibility is assuming a densityWIth the abovementioned data. The main conclusions of our
parameter substantially smaller than unity, either with or2nalysis are summarized in the final Sec. V.

without a cosmological constant to provide spatial flathess

[9]. A lower cosmic density gives rise to a larger horizon size Il. LIGHT GRAVITINOS IN SUSY

at the matter-radiation equality epoch, so as to increase the
large-to-small scale power ratio in the spectrum of cosmicaS
density fluctuations.

In a supersymmetric modél], each ordinary particle is

sociated with a superpartner. We assign R-parity even to
N . the ordinary particles and odd to their superpartners. In su-
If the gravitino is the LSP, one loses the traditional CDM pergravity, that is a natural extension of the supersymmetric

candidate, b'elng .SUCh a grawtmo a more Ilkely WalMgiandard models to the framework of local supersymmetry,
(WDM) candidate, its free-streaming mass scale being com,

parable to the galaxy mass schi®,11]. This happens when ve have another R-odd particle, the gravitino, which is the
its mass lies in the rang®.1—1 keV. which represents the superpartner of the graviton. The lightest of the R-odd par-

tuation that il | in detail in thi ticles, namely the lightest superparti¢leSP), is absolutely
situation that we will analyze In detail in this paper. —  gapja under the assumption of the R-parity conservation,
It is already known that just replacing the cold LSP with a

in the standard CDM io d i id which was originally introduced in order to avoid too fast
warm oné in the standar Ml scenario does not provide Broton decays. The LSP is thus a dark matter candidate, if its
viable scenario for the formation of cosmic structuf2g].

: . - expected relic abundances lie within a suitable range of val-
Indeed, the effect of introducing the warm component is thah b 9

of suppressing fluctuations only at the galaxy mass scale

while leaving the power spectrum unaffected on the CIUSteE)ravitino. Imposing the vanishing cosmological constant in

mass scales, where standard CDM fails. : ; : . ;
T ) . he E L f hat th -
Therefore, if we desire a GMSB scheme to provide thet e Einstein supergravity Lagrangian, one finds that the grav

. ) itino mass is related to the SUSY breaking scAl as
dominant DM content of the Universe, we need some pre g Susy

' As a starting point, we review some properties of the

scription to improve the WDM scenario. To this purpose, Wefollows.

will analyze in the following what happens if we follow the 1 A2

same pattern as for improving CDM, namely either adding a mg=—— —2>Y 1)
hot neutrino component or lowering the density parameter. V3 Mg

Our analysis will focus on the interesting class of GMSB

schemes, although many of our conclusions may equallyhereMp, is the reduced Planck mass2.4x 10'® GeV. On

well apply to models with a generic WDM other than the the other hand, the soft SUSY breaking masses for the su-
light gravitino. perparticles are given as

The purpose of our analysis is twofold. On one hand,
given the success of suitable CHDM and low-density CDM
models in accounting for several observational constraints
(in particular providing a low level of density fluctuations at
the 10~ *Mpc scale to avoid cluster overproduction, while whereM effectively represents the mass scale of the inter-
having enough power at abouh_’LlMpc to form galaxies at actions that transmit the breakdown of SUSY in the hidden
an early enough epoghwe ask whether the agreement cansector to the observable sector, the latter including particles
be kept when a warm gravitino component replaces the col@f the SUSY standard model. We cMl the messenger mass
candidate. On the other hand, from a more particle physicscale. In the conventional scenario of the gravity-mediated
oriented point of view, we would like to make use of the SUSY breaking, the transmission is due to gravitational in-
cosmological constraints related to the DM issue to inferteractions. In this case, the messenger mass scaM is
constraints on the GMSB models, in particular shedding~Mpg,, so that the gravitino mass will be comparable to the
some light on the range of the allowédr at least cosmo- other soft masses. In order to have the soft masses at the
logically favoured scales of SUSY breaking in this class of electro-weak scale the SUSY breaking scale should be at an
theories. intermediate scale- ymyMp,.

The paper is organized as follows. In Sec. Il we present On the other hand, one can consider the case where the
the general features of the GMSB models, focusing in parSUSY breaking is transmitted by gauge interaction. The idea
ticular on their predicted light gravitinos. We compare theof the gauge mediatiod13] is older than the gravity-
two scenarios, gravity-mediated and gauge-mediated SUSHhediation, and has recently been revived with fruitful results
breaking, in relation to their LSP predictions and implica-[3]. In this case the gauge interaction can set the messenger

2
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mass scale much lower than the Planck mass. Since the saftessenger scale, and therefore the Goldstino which is in the
masses are fixed at the electro-weak scale, the SUSY breakidden sector has a stronger interaction to the fields in the
ing scale can be much smaller than the intermediate scale observable sector. This point is crucial when we discuss the
VmyM p,. Correspondingly the gravitino can be much lighter cosmology of the light gravitino.

than the other superparticles. Now a crucial question is: how
light is the gravitino? The answer should depend on the de-
tails of the messenger of the SUSY breaking. In most of the
gauge-mediated models, there are three independent sectors.Among the superparticles which appear in the supersym-
They are the hidden sector, the messenger sector and theetric standard models, a neutralino tends to be the lightest
observable sector. The interaction between the last two seone and, therefore, it is stable. The neutralino LSP with mass
tors is the standard-model gauge interaction, so its strength & the order of 100 GeV turns out to be a good candidate for
fixed. But the interaction between the first two is model de-the cold dark mattefCDM) [2]. In gravity-mediated models
pendent, so is the messenger mass scale. For example, in thith mz~10°—10° GeV, we face the traditional gravitino
original models of gauge-mediatidi3] it was shown[14]  cosmological problem§19]. Namely, unless gravitinos are
that A sycannot be smaller than 1@eV, the correspond- strongly diluted at inflation and they are not regenerated in
ing gravitino mass being-10? keV. However, a lighter the reheating phaseT{.,<10® GeV), they would spoil the
gravitino should be possible from viewpoints of both modelcanonical picture of big-bang nucleosynthe88N).

building and phenomenology. In the SUSY gauge-mediated On the other hand, if the gravitino is lighter than the neu-
approach the soft masses arise at the loop léeehvoid the tralino, the latter is no longer stable, and decays to the grav-
supertrace constraiff5]). Hence a lower bound ohgygy  itino. It was pointed ouf20] that its decays would also de-

A. Two scenarios: neutralino LSP and gravitino LSP

is provided by the relation stroy the BBN if its life time is sufficiently large. A limit on
the life time depends on the abundances of the neutralinos
1672 before decay. We quote here a conservative bound b§4©
Asus¥ ?msoft ©) as an upper bound for the life time of the neutralino from the

BBN constraint.

whereg is some gauge coupling constant. For instance, re- N this case the gravitino will be the stable LSP. Suppose
cently Izawaet al. [16] have constructed a model where that_ t_hg spin 1/2 components of gravitinos were in thermal
Mqor=0.192/16m2A s ysy. In this case,Agysy can be as equilibrium at an early epochAs temperature went down,

small asO(10°) GeV for mgo;=O(10%) GeV. In view of the processes which kept the gravitinos in equilibrium be-

the above consideration, in this paper we consider the folc@me ineffective and they decoupled from the thermal bath.
lowing gravitino mass rande After that, the number of gravitinos per comoving volume

was frozen out. This freeze-out took place while the graviti-
1 eV =mgs afew TeV. (4) nos were relativistic. Following a standard procedj2&)],
one can calculate the relic density of the gravitifi®3]
It is noteworthy that interaction of the longitudinal com-
ponent(spin 1/2 componentof the gravitino is fixed by the ) 1 100 mg
low-energy theorem. Namely the would-be Goldstino has a 2gh°=0.282 eV 'mgY.=1.1 9. \1¢ ev
derivative coupling to the supercurrent with Aqy * 6)
=1/\BmgMp, suppression. After integration by parts and
the use of equations of motidhwe obtain the following

effective Lagrangiarfi18]: where Qg is the contribution of thétherma) gravitinos to
the density parameteh, is the Hubble parameter in units of
my, — m)Z( _mfb — 100 km/s/Mpc, andy, stands for the effective degrees of
Leti=—=——"GC[v,,¥,]\F,,+ =——Gx_ ¢" freedom of relativistic particles when the freeze-out of the
8\6maMpy V3mgMp, gravitinos takes place. Note thgf = 106.75 for the full set
+H.c., (5) of particle contents of the minimal standard model and

=228.75 for those of the minimal supersymmetric standard

whereG represents the longitudinal component of the grav-nodel- Thus one expects thg{ at the freeze-out will fall
itino (the Goldsting andm, , m, andm,, are the masses of somewhere in between the two numbers. The computation of
! X

a gaugino\, a chiral fermiony and its superpartnep, re- g*_is a crucial point of our analysis and we will come back
spectively. The point is that as the gravitino mass get§0 it later on. For later convenience, we introduce the yield,
smaller the interaction becomes stronger. What happen$=- Of the gravitinos, defined by
physically is that a lighter gravitino corresponds to a lighter
ng| 0.617
Yoo: - = ’ (7)

. S
2In the framework of no-scale models, one may consider a some- 9

what larger range of the gravitino mas$&g].

Here we present the formulas for massless gauge bosons. One
needs to modify the formulas when the gauge bosons get massive®We assume that the Universe underwent inflationary era, so that
due to symmetry breakdown. In our numerical computation in Secthe spin 3/2 components of the gravitinos were not thermalized after
Il B this correction is taken into account. that.
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whereng is the number density of the gravitinos amis the  Qgh?, it fixes the corresponding gravitino mass and, there-

entropy density. The subscript means that the ratio is fore, the free-streaming scale.

evaluated at a sufficiently late tinfee., low temperatuneat The production and destruction rates of the gravitinos due

which it is constant. to scattering processes are proportional to the fifth power of
We will first briefly discuss the case when the relic abun-the temperature and, therefore, their abundance rapidly drops

dance of the gravitinos calculated in this way exceeds thélown as the temperature decreases. Thus, decay and inverse

closure limit,Qg=1. This corresponds to the gravitino massdecay processes are more important for a light gravitino

region mg=1 keV (g,/100)h?. In this case, as was dis- whose freeze-out occurs at a rather low temperd20¢ In

cussed in Refd.20,14], entropy production is needed to di- the following we will focus on these processes.

lute the gravitino abundance in order not to overclose the The relevant Boltzmann equation can be casted in the

Universe. To avoid an excessive reproduction of the gravitiform

nos after the entropy production, its reheating temperature )

must be low; its upper bound varies from®1® 10° GeV, ng+3Hng=C, ®)

depending on the gravitino mass. The lower the gravitino ) . ] )

mass is, the lower the reheating temperature should be. If théhereng is the gravitino number density artd is the ex-

reheating temperature happens to saturate the upper bouRgnsion rate of the Universe. As a collision term, we con-

quoted above, the gravitinos will dominate the energy densider contributions from two body dec#gnd inverse decay

sity of the Universe, and play the role of DM. processes
On the other hand, the low reheating temperature required
by the closure limit leads to the question of how to generate _ = [ Ma _hs
the baryon asymmetry of the Universe. Since the reheating c ;J [(a—bG) E,/"a 1 ?éq ' ©)

temperature can be still higher than the electro-weak scale,

baryogenesis during the electro-weak phase transition M&erel’(a—bG) is the partial width of the speciesto b and
work for some region of the parameter spaeg]. Another G, (m,/E,) stands for the thermal average of the Lorentz
possibility is to use the Affleck-Dine mechanism, which Wast,OSt ?act&gr withm,, andE, being mass ang energy afn

. o s - _ ’ a a a
explored in detail in Ref.14] in the framework of the gauge is its number density and finally the superscritg® indi-

mediated SUSY breaking. cates the equilibrium value of a given quantity. After some

When the gravitino mass is smaller thagy (100)h? keV, laebra. the ab Bolt i b it
the thermal relic density of the gravitinésg is smaller than algebra, the above bollzmann equation can be rewritien as

one. This is the region that we will study in detail in this N s/

paper. As we discussed previously, models providing this Y'— —RY=——RY®, (10
range for the gravitino mass can be devised. It is also inter- 3s 3s

esting to mention that a possible explanation of &ey — eq
event[24] at the Collider Detector at Fermilgdi€DF) by the _ SI(a—bG)(ma/Eg)na/ng
light gravitino scenarid25] requires this range of gravitino R= H '
mass; otherwise the neutralino would not decay into a photon

and a gravitino inside the detector. A particularly interestingwhereY is the yield of the gravitinos as defined by K@),
parameter region for cosmology is the region in which 0.1and the apex symbol denotes derivative with respect to the
=Qg=1 is realized, and thus the gravitino mass densitytemperature. Equatiof10) can be solved to give

constitutes a significant portion of the density of the whole

Universe. A DM particle with mass within the sub-keV to Y(T)=YeUT)+ fTodT,

keV range is known as warm dark mat{@6,10,11. Differ- T

ently from CDM, it is characterized by having a sizable free

streaming length until matter-radiation equality, roughly of xexp( —fT,dT”R(T")s’Bs)qu'(T’) (12)
T

11

the order of Mpc, but still much smaller than that of the hot
dark mattefHDM), like a few eV neutrino. We will discuss
scenarios of cosmic structure formation within a WDM Here the temperaturg, is taken to be sufficiently high so

dominated universe in the following sections. that the gravitino is still in thermal equilibrium.

If, instead, the gravitino mass is as small as to divg In order to understand the meaning of E@2), let us
<0.1, then it becomes cosmologically irrelevant and an alconsider the case wheR{T) changes abruptly at a tempera-
ternative DM candidate is required. ture T¢ such asR(T) = for T>T; and O forT<T;. In this

case we can approximate expﬂ’d'l”’R(T”)s’/Ss) with a

3 _ T
B. Computation of g, step functiond(T;—T'), so that

Before moving to the discussion of cosmic structure for- To _, , -,
mation, we would like to come back to the questionggf, Y(M=YHT)+ fT dT"O(Ti =T Y (T)=Y*Y(Ty),
the effective degree of freedom of relativistic particles at the (13
freeze-out of gravitinos. Of particular interest is the region
wheremg=<1 keV so that gravitinos of thermal origin domi- thus reproducing the usual result. In the present case, how-
nate the energy density of the Universe. The crucial relever,R(T) gradually decreases as a species becomes nonrel-
evance ofg, lies in the fact that, for a specified value of ativistic. Therefore, we need to integrate E§2) numeri-



57 FORMATION OF COSMIC STRUCTURES IN A LIGHT ... 2093

TABLE |. Value of effective degrees of freedom of relativistic The fact thatg, tends to lie in the lower side should be kept

particles, at the gravitino freeze-ougf, , as a function of the grav-  in mind, though we will explore a somewhat wider range for
itino massmg and the U(1) gaugino mas$/;. In the casda) the

Oy -
right-handed slepton masstis; =M, and in(b) mj_=2M;. *
) mg (eV) lll. LIGHT GRAVITINOS AND COSMIC STRUCTURE
T.=M, 10 50 100 200 500 1000 FORMATION
M, (GeV) 50 87 93 101 110 122 136 A. Computation of the transfer functions
100 87 89 93 111 114 124 The fundamental quantity that allows to make predictions

150 87 89 92 97 109 119  about the formation of cosmological structures, once the un-
200 88 90 93 97 105 115 derlying Friedmann background is fixed, is the transfer func-
tion T(k), which convey all the informations about the evo-
(b) mg (eV) lution of a density fluctuation mode at the wavenumker
m7_=2M, 10 50 100 200 500 1000 through the matter_—rad|at|on equahty and recombinations ep-
ochs. In the following we will discuss how the transfer func-
M, (GeV) 50 87 91 95 102 116 128  tjons for the models under consideration are computed. As

100 87 9 93 98 107 116  for models containing only the warm gravitinG&/DM) we

150 88 91 93 97 104 111  will consider theQ}y<1 cases, both withX CDM) and with-

200 88 92 94 98 103 108  out (OCDM) a cosmological constant terrf),, =1—Q, to
restore the spatial flatness. Furthermore, we will consider
also the class of)o=1 mixed models, whose DM content
cally to evaluatey(T) accurately. For sufficiently loW, the  consists both of warm gravitinos and one species of hot neu-
yield Y(T) approaches its constant vale , from whichwe  trinos, having massn,=910,h? eV (Q, is the neutrino
obtaing, using Eq.(7). contribution to the density parameter

Results are presented in Table I. We show the valye Here we will only sketch our implementation of the
for a range of model parameters. In this computation, weBoltzmann code to comput&(k) and we refer to the rel-
assumed a typical sparticle mass spectrum in a simple clagsant literature [28]; [29]) for more technical details.

of gauge-mediated mode[27]. Explicitly, we take for the The transfer function is defined as
gauginos
ZiN:SlQi‘Si,z:O
5 a; o o3 TW=sm g5 (16
M1:§ EAG, MZZEAGl M3:EAG! (14) i=1"71"Lz2=7
_ whereNg is the number of different massive species in the
and for the sfermion masses model, 5; is the energy overdensity of thith component and
z; a suitable initial redshift such that the smallest considered
) ag\? ay\? 5(Y\?[a;\?] , scale is much larger than the horizon scale;at
m*=2/Cs\ 7| +Col 7| +3|5] |7,] |As We evaluate the transfer function for the models of inter-

(15) est in two steps: firstly we solve the equations for the fluc-
tuation evolution of all the species involved in the models
In the above expressions is a gauge coupling constant in (namgly the baryons, th'e' radiation, the massless and massive
the standard mode¥ is a hypercharge of 4{1), while Cs neutrinos, gnd the _gravmn))fnr a number_oik val_ues_; sec-
= 4/3 for a SU(3}. triplet, C,=3/4 for a SU(2) doublet, ondly, we find a suitable analytic expression which is able to

and 0 otherwiseA 5, A are introduced to parameterize the provide a good fitting to the transfer functions for the whole
G 43S

transmission of SUSY breaking from the messenger sector t;&;arsztgrsconsmered models, by varying a minimal set of pa-

the observable sectdiwe provideg, values for two cases: As for the fluctuation evolution, the goal is to find the

(@ the rlght-handed slepton Massr, equals to the bino final amplitudes; for the different species, given the initial
massMy, i.e. m7_ =M, and(b) m7 =2M,. In both cases, one This goal is achieved in different ways for different
we find thatg, is around 100 for a wide range of the param- components. For baryons only two differential equations
eter space. For a giveflg, a lower value ofg, implies a must be solved: one regarding their overdensity and one for
lighter gravitino, making structure formations at small scalesheir velocity; for relativistic particles it is necessary to solve
more difficult, as we will discuss in the following sections. a hierarchy of coupled differential equations for the coeffi-
cients of the harmonic expansion of the perturbation in order
to well describe the free-streaming behavior.
5To avoid further complication, we set a light Higgs boson mass For massive free-streaming particles, different free-
to be thez® mass, and masses of heavier Higgs and higgsinos to betreaming behaviors can be expected depending on which
the same as the left-handed slepton mass. Furthermore we did nisaction of particles has to be considered still relativistic at a
include D- or F-term contributions to the scalar masses. Also wecertain epoch. For these species it is therefore necessary to
ignored the mixing in the mass matrix of the neutralino and thefollow the fluctuation evolution separately for particles hav-
chargino sector. ing different momenta. A representative set of different val-
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ues of the momentum is chosen, and the density fluctuatiowhere

evolution is evaluated for each value of this set. The overall In(1+2.347)

&; is therefore found by integrating the zeroth order har- _n +2. 2 3
monic coefficients over the momentum, with weights chosen ~ ©PM 2.34 [1+3.8%+(16.19)"+ (546
on the basis of the distribution function. This is the reason 41—1/4

why, unlike for CDM, for massive free-streaming compo- +(6.710)"] (18)

nents the shape of the spectral distribution function affect% the transfer function for CDM models. Herg= k/T'h and

the shape of the final transfer function. . -
In our case, both gravitinos and massive neutrinos have trr]1e expression for the shape paramelér; Qohexp(~{lg

initial thermal distribution, so the equations describing their, V2hQs/0q) accounts for the presence of a non-negligible

: L baryon fractionQ g [32].
evolution are qualitatively the same for both the components: Therefore, by fitting the transfer function, as computed by

What makes the difference between the two is the redshift . .

which they become nonrelativistic, being higher for the%e Boltzmann code, W'th. Eqél7) and(18) one obta|'ns the
~ . _value for the free-streaming scalg;s. More in detail, our

warmG than for hotv. As a consequence, such two particle j.j.oqure to estimate proceeds as follows

populations will be characterized by different free-streamin (a) We run the Boltzfrsnann code assumiﬁg'=1 and tak-

scales. ing g, =100 and 200; the first value is rather representative

Al the calculatlo_ns were per'formed in the synchronousof realistic cases, while the larggt, corresponds to a very
gauge. For a detailed description on how a thermal free- =~ .
Id G population.

streaming component is treated in the syncronous gauge, s&8 ) i
Mah and Bertschingdi28]. From a numerical point of view, ~ (P) The free-streaming scale for thig;<1 cases is t_hlen
we find that a higher degree of accuracy is needed whefomputed by resorting to the scaling relatiétsomg
dealing with WDM-dominated models if compared to theocQ~G_~l [cf. Eq. (6)], whereQg=Q;— Q5.
CDM-dominated ones. The reason is that all theare As a result, we find that
coupled by means of the potential; whose evolution equation,
in turn, depends upon all the the different overdensities, each
of them contributing with a weigh®, . If the overdensity of
the most abundant component is not well evaluated, the error
propagates via the potential to all the other components, anglways provides an accurate fitting of the exponential sup-
over time. In the case of standard MDM, CDM plays this pression of fluctuations on small scales. We note that our
role, it stabilizes the value of the potential so that a lowervalue forRsg is larger by a factor~2.5 than that given by
accuracy in the integrals over the momenta of the hot comKawasaki et al[11]. This difference mainly comes from the
ponent is allowed. fact that our value is directly obtained by fitting the exactly
In the models considered hereafter, gravitinos and massomputed transfer function, while their value comes from the
sive neutrinos are the most abundant components, and thaisual relation betweeR; andz,, [see, e.g., Eq9.88) in the
overdensities are evaluated by mean of integrals. It is therekolb and Turner book21] ], the redshift at which gravitinos
fore necessary to choose the integration method that, at tHeecomes nonrelativistic, that represents an approximation to
same time, i) provides the best accuracy, and)(mini-  theRss value. We also confirm the warning by Bardesral.
mizes the number of values of the momentum over which th¢31], who pointed out that the exponential cutoff in Efj7)
integration is performed, so as to keep the number of differmarginally underestimates the transfer function on interme-
ential equations to be solved as small as possible. diate scales, 0&k=<0.5(Q;h?)"* Mpc~!. However, we
Within the class of Gauss integration methd@6|, we  did not attempt here to look for a more accurate fitting ex-
verified that, keeping fixed the number of integration pointspression, since(a) the effect is always quite small
in momentum space, Gauss-Legendre integration performss5-10% and(b) we will mainly concentrate our analysis
better than Gauss-Laguerre, especially for high valuds.of on the small scales relevant to galaxy and galaxy cluster
Furthermore, we found that using Gauss-Legendre integrdermation.
tion, 20 integration points are adequate to obtain stable re- We plot in Fig. 1 theT\ypu(k) shape forfQQg=1 for dif-
sults. ferentg, values(left pane) and for two( <1 casegright
We computed the transfer function upkg,,~=1 Mpc™!  pane), also comparing with the corresponding CDM cases.
(for Qg=1 andh=0.5), with higherk values requiring too It is apparent the power suppression on small scales, which
high an accuracy to be reached within a reasonable compuaepends both og, and on the parameters of the Friedmann
tational time. We will show in the following that suchkg,,, ~ backgroundcf. Eq. (19)].
value is larger than the free-streaming wave numkey, As for the warm+ hot DM (WHDM) case, transfer func-
Therefore, we expect that the behavior of the transfer functions have been computed fér,=0.1, 0.2, 0.3, 0.4 and 0.5
tion atk>k,ax has a marginal influence on the hierarchicalin the case of only one massive neutrifd. Ref.[8] for the
clustering regime ak<k;s, we are interested in. effect of introducing more than one massivg taking g,
In order to provide an analytical fitting to the transfer =100 and 200 and always assumifig=1. The analytical
functions for the class of purely WDM models, we resortedfitting is provided by Eq(17), where the CDM transfer func
to the expression provided by Bardeen et[al]: tion is replaced by the CHDM one, as provided by Pogosyan
and Starobinski33]. TakingQg=1—-Q,—Qg, we find that
Eqg. (19 always provides an accurate fitting to the exponen-
tial cutoff in the transfer function. The shapesTqfpm(K)

g, |43
_ ~h2y-1| 2*
Ris=0.51Qgh?) (100> Mpc (19

kas (kas)z
Twom(K)=Tcpm(K) eXF{‘ 5 o ), (17)
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FIG. 1. The shape of the transfer functions for WDM gravitino models. Left panel: the effect of vayyifag 0,=1 andh=0.5; solid,
dotted and dashed curves correspond to the CDM casg, 0200 andg, =100, respectively. Right panel: the effect of varying the
Friedmann background; heavy and light curves correspond to the CDM and WDMywtf200 cases, respectively.

are plotted in Fig. 2, showing both the effect of changing Having fixed the expression for the transfer function, we
at fixed(Q, (left pane) and the effect of changing@ , at fixed define the power spectrum of the density fluctuations as
0, (right panel. P(k)=AT?(k)k"r, where Ny, is the primordial (post-

According to Figs. 1 and 2, it turns out that the effect of inflationary spectral index. The amplitud& is determined
replacing the CDM component with light gravitinos of massby following the recipe by Bunn and Whif84] to normalize
given by Eq.(6) is that of eliminating the hierarchical clus- both low—density flat and open models to the 4-year COBE
tering below some free-streaming mass scale. In order tdata. In the following, we will not consider the case of non-
provide an estimate of the free-streaming mass scale, weegligible contribution of tensor mode fluctuations to the
resort to the almost Gaussian cutoff at lakyéo define itas CMB anisotropies. Indeed, such an effect would lead to a

smaller spectrum amplitude, with a subsequent delay of the
_ g, |\ * galaxy formation epoch that, as we will see, represents a

Mfs=(27er25)3’2p:0.55< 1—00) (Qgh?)3QhM 4, major problem for WDM-dominated models.

(20) We plot in Fig. 3 the rms mass fluctuatiary, for the
same models whosg(k) have been plotted in Fig. 1. This

— . ) quantity is defined as
where p is the average cosmic density aith,=10"M, .

Therefore, Eq(20) provides the limiting mass for the devel- 1 (=

opment of hierarchical clustering: structures of smaller Ufﬂ:ﬁf dk K P(k) W2(kRy,), (21
masses form after structure of mass larger thdpy, as a mJo

product of their fragmentation. As a consequence, we expect ]

that a crucial constraint for the whole class of WDM- Where the length scale associate to the mass 3dal&),
dominated models will come from the abundance of high-=(4mp/3) M3, is the radius of the top-hat sphere whose

redshift cosmic structures. Fourier representation is given B(x) = 3(Sirk—xcos)/xC.
T T T bl T T
l - -
0.1 | N -
~~ E \‘ :/\
= ) X
=1 0,=0.25 ) =1
CHDM IR
001 | oo g.,=200 R <
F ——- g.=100 Vi
Vo
VY
0.001 caul Lonl -
0.001 0.01 0.1 1
k /(h Mpc-1) k /(h Mpc-1)

FIG. 2. The shape of the transfer function for the watithot DM models. Left panel: the effect of varyirgy at a fixed value of
Q) ,=0.25. Right panel: the effect of varying, at a fixedg, = 200.
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FIG. 3. The mass-scale dependence of the r.m.s. density fluctuations within a top-hat sphere. Left and right panels are for the same
models as reported in Fig. 1. Heavy and light curves are for WDM and CDM cases. As for the WDM curves, the Wlaéwhich they
become lighter corresponds to the value of the free-streaming mass, defined according?®.Eq.

For each model, the corresponding free-streaming mass scale Several authors recognized DLASs as a powerful test for
corresponds to the transition from heavy to light curves inDM models using both linear theory and numerical simula-
Fig. 3, while the completely light curves represent the corretions [40]. The recent availability of high-resolution spectra
sponding CDM cases. It is apparent that such a scale is aler several DLAS systems, allowed Prochaska and Wolfe
ways at least of the order of a large galaxy halo. The flattenf41] to use the internal kinematics of such systems to se-
ing of o), at small masses represents the imprint of nonverely constrain a CDM model.
hierarchical clustering. On the other hand, it turns out that In order to connect model predictions to observations, we
the behavior on the scales of galaxy clusterd0*>h M,  consider the fraction of DM which at redshittis collapsed
is rather similar as for the CDM-dominated case. In the fol-into structures of mash!,
lowing we will use the abundance of local galaxy clusters
and of high-redshift protogalaxies, through data about
o ; { 34(2)
amped Lya systems, to constrain the whole class of Q=erfg ———
WDM-dominated models. Constraints on larger scales, like \/EUm(Z)
bulk-flows data[35], are much more similar to the CDM
case. Accordingly,Q ;= QgQ o - Here,oy(2) is the r.m.s. fluc-
tuation at the mass scal at redshiftz within a top-hat
B. Observational constraints sphere. Furthermore§.(z) is the critical density contrast
whose value predicted by the model for the collapse of a
spherical top-hat fluctuation in a critical density universe,
The first constraint that we consider comes from the abuné.=1.69 independent of the redshift, has been confirmed by
dance of neutral hydrogeil) contained within damped Ly- N-body simulation$42]. In our analysis we used the expres-
a systemgDLAS; see Ref[36] for a review about DLASs  sions foré.(z) provided in Ref[43] for both low-density flat
DLAS are observed as wide absorption through in quasaand open universes. We note, however, that at the redshift
spectra, due to a high HI column density=10?° 2z=4.25, that we are considering, the resultidg value is
cm™2). Since aiz=3 the fractional density of neutral hydro- always very close to 1.69.
gen associated with DLASS),,,, is comparable to that as-  We note that the Press and Schechter apprfdéh on
sociated to visible matter in local galaxies, it has been argued@hich Eq.(22) is based, holds only in the case of hierarchi-
that DLASSs trace a population of collapsed protogalactic ob<al clustering. In our case of WDM models, hierarchical
jects. In this context, a crucial question is to understandlustering only takes place on mass scales larger khan
whether the observef)y,, provides a fair representation of On smaller scales, the lack of fluctuations causes the flatten-
the collapsed gas fraction at a given redshift. Effects such agg of o . Therefore, by estimating, at arbitrarily small
gas consumption into stars, amplification biases due to gravimasses, one obtains the r.m.s. fluctuations at the free-
tational lensing of background quasistellar obje¢®S0Os  streaming mass scale. In our approach, we will give up the
[37] and dust obscuratiof88] could well alter final results. dependence on mass sc8e which amounts to assume that
However, such effects are believed to play a role at lowDLASs are assumed to be hosted within protostructures of
redshift @~ 1-2), while they are expected to be less relevantmass of abouM ; protostructures of smaller mass, instead,
at the highest redshifts at which DLAS data are availableare produced later by fragmentation of larger lumps.
For this reason, we will consider as the most constraining As for the observational value &1y, Storrie-Lombardi
datum the value of), reported by Storrie-Lombardi et al. et al. [39] provided for Qy=1, Qu=(1.1+0.2)
[39] at redshiftz=4.25 and will assume that all the HI gas at X10™ > h™! at z=4.25. In the light of all the above uncer-
that redshift is involved in the absorbers. tainties in directly relating,, to Q.. , we prefer to main-

. (22

1. High-redshift objects
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tain a conservative approach here and to consider a model ¢
ruled out if it predictsQy, to be less than the observational
1o lower limit. At this level of comparison we do not con-
sider as reliable to put constraints to model producing too
high aQy, value. <
Furthermore, we should also rescale appropriately the
value by Storrie-Lombardi to include the more gendigy
<1 cases. Therefore, the limiting value that we consider is

06 O

Q4 =0.0000 " (Qg,0, ,2=4.25, (23 02 04 06 08 1
where FIG. 4. Observational constraints for COBE-normalized WDM
12 models, withg, =150, on the (2y,h) parameter space, for flat
f(Qg,Q,,2)= 14002 © 0.=0 low-density AWDM) and open(OWDM) models. The finely
0r27A 1+z ’ A shaded area corresponds to the 95% C.L. region allowed by the

cluster abundance, as estimated by Viana and Lidtg(see text
[(1+2)%Q0+0,]Y? The heavy solid curve delimiting the coarsely shaded area repre-
; sents the limit of the region allowed by the data about(hg in

f(Q0,0,,2)=

(1+Z)3/2 - A ) .
DLAS at z=4.25, as given by Storrie-Lombardi et §B9] (see
Qi=1-0 o4 text); models lying below such curves are excluded. Horizontal
AT 27240 (24 dashed curves connect models having the same age of the Universe:

to=9,11,13,15,17 Gyrs from upper to lower curves.
2. The cluster abundance

As for the cluster abundance, it has been recognized to bg/S Naving the same age of the Univergg=9, 11, 13, 15,
a sensitive constraint on the amplitude of the power spectrufid 17 Gyrs from upper to lower curves.

[7]. Based on the Press and Schechter apprfadh it is As a main result, we note that there is almost no overlap-
easy to recognize that the number density of clusters witlpind between the regions allowed by the two observational

mass exceeding a given value is exponentially sensitive tgonstraints: for fixed values of the Hubble parameter, cluster

the r.m.s. fluctuation on the cluster mass scale. Fitting th&Pundance tends to select relatively smallgy in order to

local x-ray cluster temperature function with the PressSalisfy the low-normalization request of E(®S). On the

Schechter approadi#4] led several authors to obtain rather ©ther hand, the DLAS constraint favor higher density param-
stringent relationships betweems, the r.m.s. fluctuation ©t€rs, which has the effect of both decreasing the free-

value within a top-hat sphere oft8 *Mpc radius, and, streaming scale and to increase the small-scale power even in
[45]. In the following we will resort to the constraint by the absence of any free-streaming. Judging from this plot,

Viana and Liddle, who provided the most conservative ando€ Would conclude that the whole class of gravitino-

probably, realistic estimate of errors, mostly contributed bydominated WDM models would be ruled out by combining
cosmic variance effects on the local cluster population: constraints on Fhe cluster and on the galaxy mass scale. A
residual possibility seems to exist to reach a concordance for

089“(Q°)=0.60*0'§2 00=<0.4 (2y=0.5) and a high Hubble parametér=1 (h
0 ~018 =0.9) for OWDM (AWDM) models. However, two main
a(Qg)=0.36+0.310,—0.2802: ,=0 problems arise in this cas@) all the current determinations

of the Hubble constant indicates &5<0.8 [46]; (b) the
resulting age of the Universe would be definitely too small,
(25) especially for OWDM models, even on the light of the new
recalibration of globular cluster ages, based on the recent
with uncertainties corresponding to the 95% confidencélata from the Hypparcos satellifd7].
level. We also checked the possibility of considering nonscale-
free primordial spectran,#1), although results are not
explicitly presented here. We verified that assuming either
blue (n,,>1) or red f,,<1) spectra does not improve the
As for the purely WDM models, we plot in Fig. 4 the situation. In the first case, power is added on small scales,
constraints on the(l,,h) plane, forg, =150, from DLAS  with the result that smalle®, are allowed by DLASs. How-
and cluster abundance. Only scale-free primordial spectraver, the price to be paid is a rapid increase of the cluster
(i.e.,np,=1) are considered here. Left and right panels cor-abundance, that also pushes toward smdllgrthe finely
respond to the low-density flah(WDM) and opefOWDM)  shaded area. As for red spectra, the opposite situation occurs:
cases, respectively. The solid line delimiting the coarselythe reduction of small-scale power leads both constraints to
shaded area indicates the limit for the region of the parametdavor relatively larger}, values, with no overlapping with
space which is allowed by the observ€ld,, in DLASs: the two allowed regions of the(Xy,h) plane ever attained.
model lying below such curves should be considered as ruled As a matter of fact, the situation becomes even worse
out, since they produce a too sméll,, value atz=4.25. when consideringd),=1 WHDM models. Results for this
The cluster abundance constraint by E2f) is represented class of models are reported in Fig. 5 on thik,(n,,) plane.
by the finely shaded region. The dashed curves connect motleft and right panels are fan=0.5 and 0.6, respectively;

a(Q0)=0.59-0.161,+0.0803; Q,=1—Q,,

IV. DISCUSSION



in favor of texture seeded galaxy formatiga9], which

would ease the formation of high redshift objects. However,
also this possibility has been recently shown to suffer from
serious troubles in producing a viable power spectrum of
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density fluctuation$50], which make texture-based models
as virtually ruled out.

v ;vtw// 1.1 E
One may argue that the gravitino abundances will be di-

// luted to a cosmologically negligible level by late-time en-

= i tropy production. On the other hand, as the low valug of
04 05 0 0.1 02 03 04 05 .
a, suggests, the reheat temperature after the entropy production
_ _ _ should be lower than the electroweak scale to avoid the re-
FIG. 5. Observational constraints for Cosmic Background Ex-thermalization of the gravitinos, which severely constraints

plorer (COBE) normalized WHDM models, witly, =150, on the  possible ways to generate the baryon asymmetry of the Uni-
(2,,ny,) plane, forh=0.5(left pane) andh=0.6 (right panel$. A verse.

vanishing tensor mode contribution to CMB temperature anisotro-
pies is assumed far, <1 models. The two shaded areas have the
same meaning as in Fig. 4. V. CONCLUSIONS

] o In this paper we analyzed the cosmological consequences
smaller h values are disfavoured bid, determinations, — of assuming dark matter to be dominated by light gravitinos
while larger values are constrained by the age of the Uniyith a mass in the range 100 eV — 1 keV, as predicted by
verse. In both cases the regions allowed by DLAS and clusgayge-mediated SUSY breakingGMSB) models. We
ter abundance are largely disjoined, especially as hifher pointed out that gravitinos with such a mass behave like
are considered. Indeed, increasing the neutrino fraction hagarm dark matte(WDM), since their free-streaming mass
the effect of further reducing the power on small scales, thugcgle is comparable to the typical galaxy mass scale.
further suppressing the high-redshift galaxy formation. After estimating the number of degrees of freedom of

Based on such results we should conclude that none of theativistic species at the gravitino decoupling, , we re-
variants of the WDM gravitino-dominated scenario is able t0ggted to a Boltzmann code to compute the appropriate
account at the same time for the relatively small abundanc@ypm transfer functions. These are used as the starting point
of clusters at low redshift and for the relatively highy, in ~ to compare gravitino-dominated model predictions to obser-
collapsed structures at high redshift. It is worth remindingyational data about the abundance of HI within high-redshift
that this result has been obtained with the rather conservativgamped Ly« systems and about the abundance of local
choice ofg, =150. As we have shown in the previous sec-ga|axy clusters.

tion, more realistic value af, should be even smaller, thus = The main results of our analysis can be summarized as
putting WDM-dominated model in an even worse shape. fgjlows.

Which are the consequences of such results on the low- (5 Low-density WDM models with both flatACDM)
energy SUSY breaking models that we described in Sec. 113ng operfOCDM) geometry cannot satisfy the two observa-
Of course, a first possibility is that gravitinos were so light asijonal constraints at the same time, unless a rather singll
to be irrelevant from the point of view of cosmic structure \5i,e (0.4) and a rather large Hubble parameter
formation. For instance, the current understanding of high(ZO_g) are assumed. However, such requests would conflict
energy physics phenomenology would surely allow i@ \yith measurements of the Hubble constant and with current
~1 el/. In this case{)g would be negligible. Of course, constraints about the age of the Universe.
sinceG represents the LSP, the source for a cold DM com- (b) As for warm + hot (WHDM) models, we find that
ponent should be found in this case outside the spectrum ahey have an even harder time. The combined free-streaming
SUSY particlege.g., axions® of both neutrinos and gravitinos generates a strong suppres-

On the other hand, if a scenario with~100 eV will  sjion of fluctuations at~1h~'Mpc scale. This makes ex-
turn out to be preferred, a nonnegligilles cannot be es- tremely difficult to form high-redshift £~4) protogalactic
caped. In this case, three possible alternative scenarios caijects if we require the model to match the laveluster
be devised. The first one is to allow for cold warm DM.  abundance.

However, since gravitinos have a much smaller free— Based on such results we claim that no variant of a light
streaming scale than neutrinos with,~5 eV, this scenario gravitino DM dominated model is viable from the point of
would suffer from the same pitfalls of the standard CDM view of cosmic structure formation. Therefore, in the frame-
one, unless one takd3,<<1. The second possibility would work of GMSB models, this amounts to require the gravitino
be to have a substantially larggy, , so that gravitinos be- to be light enoughfiz=<50 eV) so as to be cosmologically
have much like CDM. However, as we have seen in Secirrelevant(unless entropy production with a sufficiently low-
II B, it is not clear how a substantially largey, can be reheat temperature dilutes the gravitino abundandeshis
attained within plausible SUSY models. The third possibility case, however, one would lose the LSP candidate for imple-
would be to abandon the assumption of Gaussian fluctuationsenting a CDM-dominated scenario.
As a concluding remark, we should point out that, from
the point of view of the particle physics model building, we
8See however a recent proposal that a sneutrino in the messengglill lack an exhaustive construction of realistic GMSB
sector can be a CDM candiddi4s]. schemes, in particular as far as the details of the messenger
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sector are concerned. In this respect we hope that our analy- co2h M5
sis may constitute a useful guideline for the intense work [(B—y+G)= _vv2_12 (A4)
which is going on in the GMSB option. 48m mzMp,
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APPENDIX (A7)
In this appendix, we summarize the decay widths to grav- co2o M3 m2\ 4
. . . . . ~ ~ w 2 z
itino which are needed in the calculation@f in Sec. Il B. I'(W°—Z+G)= 71— (My>my)
. ~ . 48T miMm 2, M3
We denote the gluino by (with massMj), the W-inos G A8)
[U(2), gauginog by W*, WP (with massM,), and the b-ino
[U(1)y gaugind by B (with massM,). We ignored possible 2 5 2\ 4
» . —_ ~ . ~_ COSfOy mz 5
mixing between the gauginos and Higgsinos. [(Z—=W°+G)= —— ———|1-— (M,<m,),
The decay widths involving the gauginos are 2T mzM3, 2
(A9)
- - M3
I'(9—9+6)= 71— 202 (A1) wherem,, my, areZ- and W-gauge boson masses, respec-
Pl tively, and 6, represents the electroweak mixing angle.
5 o\ 4 The decay width of a slepton with massg to gravitino is
P W4 B)= 2 [ MWy oy Ovenas
B memg| oMy :
(A2) [(T=1+G) t (A10)
— = = T 5 5 .
5 2\ 4 48™ mem,
+ T+t~ 1 r.nW M 2
W =W +G)= 55— ——5| 1-— | (Mp<my) . o , ,
12w mzMp, My A similar expression is obtained for the decay width of a
(A3)  squark.
[1] For a review, see H.P. Nilles, Phys. R4d.0 1 (1984). edited by N. TurokWorld Scientific, Singapore, 1997
[2] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep. [9] A.R. Liddle, D.H. Lyth, D. Roberts, and P.T.P. Viana, Mon.
267 195 (1996, and references therein. Not. R. P-\Stron. Soc278, 644(1996, A.R. ledle, D.H. Lyth,
[3] M. Dine, A. Nelson, Y. Nir, and Y. Shirman, Phys. Rev 33, P.T.P. Viana, and M. Whitebid. 282, 281 (1996.

2658(1996: M. Dine and A.E. Nelsonibid. 48, 1277(1993; [10] S. Borgani, A. Masiero, and M. Yamaguchi, Phys. LetG&5,

: e 189(1996.
M. Dine, A.E. Nelson, and Y. Shirmaihid. 51, 1362(1995. . . .
[4] H. Pagels and J.R. Primack, Phys. Rev. Leg, 223 (1982 [11] M. Kawasaki, N. Sugiyama, and T. Yanagida, Mod. Phys.

| hal . K Lett. A 12, 1275(1997.
G.R. Blumenthal, S.M. Faber, J.R. Primack, and M.J. Rees'[12] S. Colombi, S. Dodelson, and L.M. Widrow, Astrophys. J.
Nature(London 311, 517 (1984. 458 1 (1996,

[5] J.A. Peacock and S.J. Dodds, Mon. Not. R. Astron. 263, [13] M. Dine, W. Fischler, and M. Srednicki, Nucl. PhyB189,

1020(1994). 575 (1981); S. Dimopoulos and S. Rabybid. B192 353
[6] K.M. Gorski, AJ. Banday, C.L. Bennett, G. Hinshaw, A. (1981); M. Dine and W. Fischler, Phys. Lettl10B 227
Kogut, G.F. Smoot, and E.L. Wright, Astrophys.4B4, L11 (1982; M. Dine and M. Srednicki, Nucl. PhysB202, 238
(1996. (1982; L. Alvarez-Gaume, M. Claudson, and M. Wisbjd.
[7] S.D.M. White, G. Efstathiou, and C.S. Frenk, Mon. Not. R. B207, 96 (1982; C. Nappi and B. Ovrut, Phys. Letl13B,
Astron. Soc.262, 1023(1993. 175(1982.

[8] J.R. Primack, inProceeding of the Princeton 20th Century [14] A. de Gouva, T. Moroi, and H. Murayama, Phys. Rev56)
Anniversary Conference, Critical Dialogues in Cosmology 1281(1997.



2100 PIERPAOLI, BORGANI, MASIERO, AND YAMAGUCHI 57
[15] S. Ferrara, L. Girardello, and F. Palumbo, Phys. ReM2@  [31] J.M. Bardeen, J.R. Bond, N. Kaiser, and A.S. Szalay, Astro-
403 (1979. phys. J.304, 15 (1986.
[16] K.-I. Izawa, Y. Nomura, K. Tobe, and T. Yanagida, Phys. Rev.[32] N. Sugiyama, Astrophys. J., Suppl. S60, 281 (1995.
D 56, 2886 (1997; Y. Nomura and K. Tobe, Report No. [33] D. Yu Pogosyan and A.A. Starobinski, Astrophys447, 465
hep-ph/9708377. (1995.
[17] E. Cremmer, S. Ferrara, C. Kounnas, and D.V. Nanopoulos34] E.F. Bunn and M. White, Astrophys. 480, 6 (1997.
Phys. Lett.133B, 61 (1983; J. Ellis, C. Kounnas, and D.V. [35] A. Dekel, Annu. Rev. Astron. Astrophy82, 371(1994); M.A.

Nanopoulos, Nucl. Phy8241, 406(1984; B247, 373(1984; Strauss and J.A. Willick, Phys. Rep61, 271(1995; L.N. da
J. Ellis, A. Lahanas, D.V. Nanopoulos, and K. Tamvakis, Costa, S. Borgani, W. Frgudllng, R..Glovanelll, M.P. Haynes,
Phys. Lett.134B, 439 (1984 J. Ellis, K. Enquist, and D.V. J. Salzer, and G. Wegnén preparatioj

[36] A. Wolfe, in Relativistic Astrophysics and Particle Cosmolpgy
edited by C.W. Ackerlof and M.A. SrednickiNew York
Acad. Sci., New York, 1993

Nanopoulosjbid. 147B, 99 (1984.
[18] P. Fayet, Phys. LetB4B, 421(1979; Phys. Lett. B175 471

[19] \(]19E8llc?s J.E. Kim, and D.V. Nanopoulos, Phys. L&#5B, 181 [37] M. Bartelman and A. Lo_eb, Astrophys._(l]57, 529 (199-6'
: reee P e ' e [38] S.M. Fall and Y.C. Pei QSO Absorbtion LinegSpringer-
(1989; R. Juszkiewicz, J. Silk, and Z. Stebbiribid. 1588, Verlag, Berlin, 199
463 (1985; J. Ellis, D.V. Nanopou.los, and S. Sarkar, Nucl. [39] L.J. Storrie-Lombardi, R.G. McMahon, M.J. Irwin, and C.
Phys.B259, 175(1985; V.S. Berezinsky, Phys. Lett. B61, Hazard, in “Proceeding of the ESO Workshop on QSO Ab-
71(1991); M. Kawasaki and T. Moroi, Prog. Theor. Ph@s3, sorbtion Lines,” Report No. astro-ph/950308E995.
879 (1995. [40] H.J. Mo and J. Miralda—Escud@strophys. J. Lett430, L25
[20] T. Moroi, H. Murayama, and M. Yamaguchi, Phys. Lett. B (1994; G. Kauffmann and S. Charlothid. 430, L97 (1994;
303 289(1993. C.P. Ma and E. Bertschingehid. 434, L5 (1994; A. Klypin,
[21] EW. Kolb and M.S. TurnerThe Early Universe(Addison, S. Borgani, J. Holtzman, and J.R. Primack, Astrophyg4d,
Wesley, Chicago, IL, 1990 1 (1999; S. Borgani, F. Lucchin, S. Matarrese, and L. Mos-
[22] Pagels and Primadi]. cardini, Mon. Not. R. Astron. So@80, 749(1996; J.P. Gard-
[23] M. Carena, M. Quiros, A. Riotto, I. Vilja, and C.E.M. Wagner, ner, N. Katz, L. Hernquist, and D.H. Weinberg, Report No.
Nucl. Phys.B503 387 (1997). astro-ph/96090721996; M.G. Haenhelt, M. Steinmetz, and
[24] S. Park, in10th Topical Workshop on Proton-Antiproton Col- M. Rauch, Report No. astro-ph/97062(11997.
lider Physics edited by R. Raja and J. YaAIP Press, New  [41] J.X. Prochaska and A.M. Wolfe, Report No. astro-ph/9704196
York, 1995. (1997).
[25] S. Dimopoulos, M. Dine, S. Raby, and S. Thomas, Phys. Rev[42] C. Lacey and S. Cole, Mon. Not. R. Astron. S@¥1, 676
Lett. 76, 3494(1996; S. Ambrosanio, G.L. Kane, G.D. Kribs, (1994.

S.P. Martin, and S. Mrenndhid. 76, 3498(1996); Phys. Rev.  [43] T. Kitayama and Y. Suto, Astrophys. 469, 480(1996.
D 54, 5395(1996; S. Dimopoulos, S. Thomas, and J.D. Wells, [44] W.H. Press and P.L. Schechter, Astrophy<.8Y, 425(1974).
ibid. 54, 3283(1996; K.S. Babu, C. Kolda, and F. Wilczek, [45] P.T.P. Viana and A.R. Liddle, Mon. Not. R. Astron. S@81,

Phys. Rev. Lett77, 3070(1996; J. Lopez and D.V. Nanopo- 323(1996; V.R. Eke, S. Cole, and C.S. Frenkjd. 282 263

ulos, Mod. Phys. Lett. All, 2473(1996; Phys. Rev. D55, (1996; U.L. Pen, Report No. astro-ph/96101410996.

4450(1997). [46] W.L. Freedman, irProceeding of the Princeton 20th Century
[26] P.J.E. Peebles, Astrophys.2k8 415(1982; J.R. Bond, A.S. Anniversary Conference, Critical Dialogues in Cosmology-

Szalay, and M.S. Turner, Phys. Rev. LetB, 1636 (1982); ited by N. Turok(World Scientific, Singapore, 1997

K.A. Olive and M.S. Turner, Phys. Rev. 26, 213(1982. [47] R.G. Gratton, F. Fusi—Pecci, E. Carretta, G. Clementini, C.
[27] G. Dvali, G.F. Giudice, and A. Pomarol, Nucl. Phg178 31 Corsi, and M. Lattanzi, Report No. astro-ph/97041%097.

(1996. [48] S. Dimopoulos, G.F. Giudice, and A. Pomarol, Phys. Lett. B
[28] C.P. Ma and E. Bertschinger, Astrophys485 7 (1995. 389 37 (1996; T. Han and R. Hempfling, ibid.
[29] A.R. Liddle and D.H. Lyth, Phys. Re231, 1 (1993. hep-ph/9708264.

[30] W. Press and S. Teukolsky, “Numerical Recipes in Fortran” [49] U.L. Pen, U. Seljak, and N. Turok, Phys. Rev. L&, 1611
(Cambridge University Press, Cambridge, England, 1992 (1997.
p. 140. [50] R. Cen, Report No. astro-ph/9707240.



