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PHASE TRANSITIONS AND DARK MATTER PROBLEMS

David N. SCHRAMM

The University of Chicage, Chicago, IL 60637, and Fermilab,
Batavia, IL 60510

The possible relatlonshipa between phaae transitions In the early univerase
and dark matter problems are discussed. It [a shown that there are at least
3 distlnet cosmcloglcal dark matter problems 1) halos; 2) galaxy formatilcn
and cluatering; and 3) @ = 1, each emphasizing different attributes for the
dark wmatter. At least soma of the dark matter must be baryonle but If
problems 2 and 3 are real they seeam to also require non-baryonic material.
However, if seeds are Jenerztad at the quark-hadron-chiral symmetry
transitlon then alternativea to the standard scenarlos may occur, At
present no simple simultanecus sclutlon (neither "hot", "wara", nor foeld™)
exists for all 3 problems, but non-standard sclutlons with strings, decayling
particles or light not tracing to mass @Ay Work. An  altsrnative
tnterpretation of the rzlationship of the cluater-cluster and galaxy-galaxy
correlation [functions using renormalized scallng s mencioned. [n this
interpretation galaxles are more strongly correlated and the cluster-cluster
function 1s not expected to go negative untll > ;00 Mpe., Posslble pnase
tranattion origins far the sluater=cluster rencrmulized scale are  preaented
@i Waya to obtain a dimenston 1.2 rractal,

1, INTRUDJCTION

[n this paper the varicus cosmological dark makter propleus wiil! ne zxamined
with a particular emphasis on “he poasivle roles that phase frinsttion3 In the
uwarly unlverse say play. To do thia, the 3 different oosmoicglusl dark  macvcer
problems: 1) halos, 2) galaxy formation and clustering, and 3) i = 1; Will be
discussed. It will be shown that problems 2 and 3 are ln part a conjequence of
our believing 1a the exlztence of phase transitlon2 In tne early universe
With regard to clustering, the relationship of tha cluster-cluster and
galaxy-galaxy correlatlon functicas will be dlacuased from the alternative view
of a rencrmallized length scale. Posalble solutlons to the duark matter problema
will then o€ discussed. [t will be cophasized that ab least come of the dark
matlor must be baryonic, and in  fdact all of the hale materlal could, In
principal, be baryonlc. However If problems 2 and 3 are real then wWe are

forced to require additlional non-baryonlc materlal, Simple one particle dark

matter hypothedes  whare "hot" or "cold"™ or "warm" are 3hown TtO not
slmultaneoualy seclve all 3 problems and even hybrids of two klnds of atable
non-baryonlc matter fall. ["Hot" particles are those which are relativiatic,
like 10 eV v'a, untll shortly before recomblnation, "cold" particlea are ones
which are alow moving well before decoupling llke 10 GeV gravitinos or axions
and warm oned are in between.] More complex "ugly"'solutlons zan be made Lo
work but at pres2nt need more flne tunlng than one would like. Sclutlons with
strings, Jdeeds From the quark-hadron-chiral symoetry Cransitlon, decaylng

particles and light not belng an unblased Lracer of mass are all presented.

2. HALO3
The <lassical Jark matter preblem la the, now well establlianed observational
2a¢t  that galssles have Jark halowu. Thiy proplem 13 nleely desaribad ing

L 20 L won't pe gene  Intu detail here, A

Auueihenited ln nuueeods coviewd
slwple sumsary of the redults «ill aufcice, Basl.ally dalactic maisez, M, are
measnred uslng 3lmaple dynaalics,

M- vgr/G (1)
wher'a v is the orbital veloclty, r *he separatlon aQlatance  snad 3, Newton'a
conatant., Whoen this 13 applled to the vistble reglons of apiral galaxlua, thw
typical mass obtalned i3 - 1! Mg <lth a sasu-to-luminosity satta ML - yuh
in  agiar unlts where h, 1a the Hubble conatant In wnits of 100 wm/sec/Mpe.  Aa
an aslde Lt 13 interesting to neta that this wvalue for galactic dizks  aay
accually be obout 4 factor of twd higher than what C3n be aclountzd for with
ytars, gas, Just, ~te.  deen in the disk. Thi3 liscrepanny 13 well Jdoongented
I the  solar neighborhooua'j and can pe refarred Lo ds o4 fuurtn Jark nalter
roblem although 1ts aolutlon (9 probsuly not cozmologlceal,

<hen equatlon (1) l® applled Lo binaries and =small groups, it 13 found  Lhat
the lmplied wmasses increase by a factor of ~ 10 while the light/galaxy s nol

Increased at all, thus M/L approaches - 100k . This 1s known as the dark halo

problem. The aasa must ba there 3o It |3 not the mass which is missing but the



light, thua Stelgman and nus' refered to It as the "missing 1light problem”.
The need for dark halos has also been diacussed on theorstical grounda5 as
neceasary for diak stability. As well described in the reviews it (s also
supported by measurementa of distant materfal such as stary and gas as well aa
other galaxles, While mentloning dark halos it ls lamportant to note that dark
halos may even surround small dwarf spheroldal gala:1e36 as waell as spirals and
ellipticals. If trus this has lmportant implications on what material could
form thess halos since phase-space argumentsT would not allow neutrinos to work
on these small scales.

A3 we go to the atill larger scales of large clustera and superclusters the
apparent mass per galaxy and thus the best estimate for M/L continues to rise,
howaver the uncertainties and scattar In the data also increase. Tne range for

"M/L's ilmplled from these large scale measurements using the virial thecrem
(where averages for <v?> and (r> ara used tn eq. 1) and from looking at the
deviations in the Hubble flow caused by Infall into the Virgoe cluatera is freca
- 100h, ta - 500h,. Nothing glves a signiticantly larger M/L. It should also
be noted that whether M/L keeps rising beyond - 100h_ or not at large scales ls
at111 not unamdiguous.

The M/L's can be made cosmologically relavant by multlplying by
j( =2x WOBNOLGIHpc3. the average lumlnosity density (care needs to be taken
to use the same riltsrebands for 2: and the L's In the M/L'a, different M/L's
than I have listed are [requently quoted but thay correseond to a different
thus maintaining the resultant product.} This product p = ML - J: i3 Lthe
{eplied matter danaity If that MWL applies to the average light in the
universe. The density parameter @ = p/p, ., thus obtained 1s Independent of h,

aince = hi and® M/L - ;Cu h‘g. The reaults are summarized in Table [,

forit
Note that since most galaxles are not In the largest clusters, their M/L may
not be assoclated with }z: but perhaps is cnly related to some speclal procesa

involved in forming these things. Thus while we can aay with some confldence

that @ > 0.07, we are not forced to make Lt slgnificantly larger on the grounds

of unamblgucus observational evidence. Note also that while the M/L  and the
implied © do tend to rlse with scale, no obaervation ylelds an implied 0 of
unity or larger. The only way to achleve an 0 2 0.4 would be Lo have
signlficant amounts of material that does not cluster within the bounds of the

largest clusters.

3. BARYCNS

Before looklng at the other dark matter problems, ft 12 useful to see what
ordinary baryonic matter can and cannot do for us. In particular a detailed
comparison of the atate-of-the-art Big Bang Nucleosynthesls calculations and
the current observed abundances ylelda‘0 an extreme upper bound on the baryonic
density, @, of 0.19 with a reasonable bound put at 0.14, Yang, et. al. also
point out the existence of an extreme lower bound on nb of - 0.01. This lower
bound can be tightened'' to @ > 0.03 using limits on the age Of the universe
froe nucleochronology and globular clusters. This range on ab is intriguing.
On the one hand it tells us that the halos sven in the large cluaters can 1in
principle be completely baryonic. ©On the other, It tells us that at least some
of the baryons are not shining. We know that some of these non=-optically
shining baryons are shining ln x-rays as evidenced by the x-ray gaa associated
with large clusters.'2 [r all galaxies have as many non-optical baryons
assoclated with them as do the cnes in large clusters then we know the anawer
te the dark hale problem‘ - baryons. However Hegyl and OllveT3 argus that it
would taks a very peculiar baryonic object to work., Jupiters or low masn stars
work but only if produced in large excess of any extrapolation of observed
stellar initial mass functiona. S3imilarly stellar mass black holes work only
{f they ars not produced with accompanying heavy element producing Supernovaas.
{Stellar mass black holes count as baryons since they would have been In the
form of baryons during Big Bang Nucleosyntheats.) Although these are
reasonable arguments, they do have loopholes since no fundamental physics ls

being vioclated, therefore the halo problema can in oprinciple be completely

T



sclved with dark baryons. In fact, the old solution!¥

of 1 -~ 0.1 {3 =s1:11
valld ang cannot be ruled out If Lhe universe s baryonic. However, we will
age that other argumenta lean towards a dominant admixture of non-baryonic

atuff.

4, GALAXY FORMATION

To form a galaxy requires s density fluctuation, 6nb In the 2aryon  density,
M, Sueh a fluctuation can come from a primerdial fluctuation or it can be
vreated by shocks coming from explosions of pre-existing Seeds.15 with the
origin  of the  seeds still regulrlng  some e imordlal Jecurrence.
Classlcally.'ﬁ-]7 two kKinda ot primordial (luctuations were discussed;

1) isothermal wherse N, = const

2)  adiabatic where O./ny = const

where n. ye Lhe photun Jensity.
We noW  know tnat  Daryons can be produced by Grand inified VCNTs

18

lnteractions in  the carly ublverae and we have no alher convineing way to
produce the observed excesa of baryoena over antlbaryons. Turner,  Schrawm  ana
Preas‘g noted that aucn praduction {3 only easy to anake compataple witn
primordlal adiabatic fluctuations since in such achemes N, 13 4 unique function
of temperature T, thus 8o, must be accompanied by a 8T yleldling a én,. Cnce
primordial adlabatic fluctuatlons are accepted them there 3 a  dJirect

connection between 5nb/nb and the hoped-to-be observed varlations In the 3K

background. Recent limits on the 3K aru.ﬁotrop:,r‘?O tell y2 that

6T/T < 2 x 1072
at the decoupling of the radlation from the matter which occurs at T - 300G K.
We «now that denaity perturbatlons grow Llicearly with 1/T in an expanding
universe once the unliverse 13 matter domlnated. (Growth will cease 1n an open
unlverae a4t redshift z -~ 1/4), Since baryons are coupled to the radtatlon,

thele perturdations musat be amall at T ~ 3000 K. (Nalvely d&p/p - 34T/T but
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detailed calculationa?’ 22 through the decoupling epoch taking Into account the
averaging techniques 1in the wmeasurements show that the propertionallty is a
little different from 3.)

We know that at the present epeoch of T - 3K, that depsilLy variatlions
Sp/p ~ ) exiat on scales up to at least the large cluatera of galaxles. Linear
growth tells us that this requires Sp/p 2 10_3 at T ~ 3000K. But, dnb/nb -

I8T/T ¢ 2 x 1077 thus 8p/p 2> dn.s/ny at T - 3000 K. That L3, we are forced Lo

B
non-baryonic matter 1f we assume adiabatic perturbatlons and linear growin.

Detalled caleulatlona?1+22 even with non-baryonlc matter, noting the growth cut
off at - 1@ riagd that & - 1 (at least @ > 0.2) 13 requlred to get dp/p -
teday. [Remember oace $p/p Y 1 non-linear growth can cccur 30 the exlatence uof

acme dbjects with &ps/p >> 1 13 not a problem unless tne scale 13 ac ldarge Lnat

§u/p cculd mot have reached unity.|]

5. GALAXY CLUSTERING

An lmportant conatralat on the dark maller involved wllh galaxy formatlon s
0w galaxiea are cluatered and how clusters are clustered., There are thu
important consideraticns here. The first [3 the galaxy and cluster correiatlon
funect ions. The aecond 13 Lhe exlatence of large scale Cfilamenta and volda.
Lat us begin with the latter.

Although there 13 st1ll no unamblguous, unbiased statistlcal study of the
problem, there I3 defllnitely a growing Lrend among observers to note large
scale holes In space and to nate the lining up of the largest cluaters along
filamentary lines.?3 The scales of such ordering corresponds Lo mass scales &M
k4 ‘016HQ. Such structure requlres censlty fluctuations §p/p excesding unlly on
extremely large scalea. It haa been estlmanedza that with random (luctuaticns
the probability of such large scales having §p/p ? | 30 that non-linear grawth
aan set-in i{s about equivaient to a 49 event.

The exlatence of thease very large scales has been used Dy some Lo argue for

neutrinoa® 11+25 (or other "hot™ matter) as the dark matter candidates or to



favor non-random phaacs.g6-27 Howaver Lt may alsc be possible through
atatistical fluctuations to obtaln a few rare such cases in "cold matter”
acenarlca.ea The teat wlll be whether larger surveys reveal these very large
structures te be rare or common.

The use of 2, 3, and even ¥ point correlation functions haa been developed
by Peebles'T and his co-workera to a flne art that has now become a cornerstone
of modern cosmology. In particular the 2-point galaxy-galaxy correlation

functlon E£(r) which 13 defined a3 tne exceas probability over random for a

B
W
=)
[}
or
3
o
x]

to be 2

Iad
1]
[+%

stance r fro
r'"'a which 13 equlvalent to a fractal of dimensicon 7,2, That is, galaxies do
not T111 all apace and are corralated. The correlation deviates from this
power law at large 3scales and @ay even go negative23 for r 2 40 Mpe. It is
,alao Intereating that the 3-point functlon is what one would axpect for a
hlerarchical clustering acenarle where large scale bullds up from 3mall. Thls
used to be a stronmg argument ln favor of primordial Isothermal [fluctuatlons
hefore grand unifled theorles, since a pure baryonic iscthermal model produced
hierarchical clustering whereas a pure baryonlc adiabatlc model produced large
scales firat and required fragmentatlon. However, we now know Gthat
hierarchical clustering can be achleved with cold {or warm) particles |In
adiabatic scenarios. In addition Fryzg hag ahown that scenarlos vhich produce
large 3cala f{lamenta wlll alsc yleld a 3-polnt function which fits the data.

An exclting new result by Bahcall and Sontera3?® and Kiypin arnd Khlopov31

following earller exploratlons by Peebles‘7 {s the recognition that the

corralation function between clusters also has the r"'8 power law dependenca
but 1a - 70 times stronger than the galaxy-galaxy function on the same scale
and {3 definitely non~zero on acales up to at least 100Mpe, This seemed

aomewhat perplexing, and was not a simple quantitative consequence of pure
taryontc nor "cold” nor "hot" modﬂls.32 One poasible explanation was that
clusters are 3o effects3? and the corralatlon of such affects would be

significantly enhanced over the reat of the fluctuations. Such an
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{nterpretation would mean & proporticnal amplication, thua if the galaxy-galaxy
function goes negative at U0 Mpc 830 should the cluster-cluater function. This
gseems to contradict the observations, however both the negativity at 40 Mpe in
the galaxy-galaxy funetion and the strength of the cluster-cluster function at
scales > 50 Mpc are not yet beyond question. More observational work s
clearly required.

An alternabtive way to look at the c¢luster-cluster versus galaxy-galaxy
functions 1s wuse a rencrmalization approach as is done ln condensed matter
studies with correlation functions. In particular, Inatead of using tha same
unlts for r for both galaxies and clusters one "rencrmalizes" and uses a unit
aof the average separation dlstance of the obfect befng studled. In these
rencraalized units for the Bahcall and Soneira samples the cluster~cluster

functicn 1s actually weaker than the galaxy-galaxy Cfunction by a Cfactor of

about 3. But as one goes to higher richness cluaters with longer renormalized
length scales the renormalized amplitude stays roughly constant ({n absolute
units higher richness classes yleld satronger correlations). Such a
renormalized approach also means that negative correlations in ths
galaxy-galaxy functlon at - U80Mpe would not manifest themselvea onto the
cluster-cluster function until - 200Mpc since the renormalized length units for
clusters are ~ 5 times those for the galaxy sample. Thus there {s a clear test
for comparing the renormalized approach with the 3o approach with current data
leaning towards renormalization., I[f the renormalized approach has any physical
merit It must mean that there ls some other physical proceas at play on large
scales with a different corrslation scale than that at play on small acales.
Presumably the small acale procesa is gravitatlonal attraction which In the
rencrmalized view fa giving additional correlation strength over the large

1.8

acale funetion. Since the r~ or 1.2 fractal character holds in both 1llmits

this would imply that the process giving the large scale is the 1.2 fractal

producing process, Posaible physlcal processes which yleld large acale

structyre Include neutrino “pancakes“25 or strin3327'3“. Szalay and CNS are
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praparing a mora detalled examlnation of thils renormallized approach.

&. INFLATION

Let ua now laok at the third cosmologleal dark matter problem, namely the
fact that lnrlat10n35 aeems to require Qe1 [barring a flnely tuned minimal
{nflatlon which 1= almost as unattractlve as having no-inflatlion at all, other
than making the flatneas problem one of logarithaic rather than llnear fine
cuning, ] While philosophical arguments about an open  versua closed univerase
nave exlated for years, Inflatlon haa now provided us with a physlcal reason to
favor a model Just at the critical denaity, a flat, open unlverse, which with a
cosmologlcal constant of a0, Implles O=1. It f3 well known that tne original
lnflation had problems which were cured by Llnde35 and Albrecht and
Stetnnarat3’ using a "smooth" phase transltion which ln effect 2ould put the
whole unlverse In a singie bubble of a multiple bubble unlverae, Since this
bubble inflated away all the primordial fluctuations to sclve the horizon,
flatneas, and menopole problems, it waa necessary to look at the sell generated
Quantum  fluctuations (n the bubble Itself to see II any [luctuations were
generatead. Numerous3? warkers did tthis aad found that fluctuations were
generated with the Harriaon-Zeldovich16 apeckrum of fluctuaticons which put
equal power on all 13calea which fits observations well; nowever all the
standard Grand Unifled models ended up with primordial §a/p > 10 as opposed Lo

Ll

< 10" required by the 3K anlsotropy limlts. Such large fluctuations wauld

rapldly collapse to black holes not galaxies, Solutions which ylelded proper

aized C(luctuatlona have been proposed3a'39'“°'41

tnvalving supersymmetry
(SUSY), Supergravity (SUGR), or extra Higga 3ectors but each has necessitated
some ad ho¢ assumptions whose only motivation 1a to 3solve this particular
problem. Therefore, no solutlon yat proposed 1s as yat convincing. At this
point, cne might ask “why then ls Inflation viewed with 30 much <certalnty?!

The answer L3 that even though the detailed physics of the phase tranafition and

the possible role of the Higgas seotor and GUTs, SUGR, or SUSY 1s still highly
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questionadie, 1t does 3eem <clear that the only way to set the Inltial
conditlona  of the unlverae 3¢ as to solve the herlzon and flatnesas problems 1o
Lo g0 through a deSitter phase. Thia point was made earller by Cllner.“z

Kazanas.“S and Gottuu

regardtng the horizon problem and connected to the
flatness and monopcle problems by Guth4® who ingenegusaly coupled the deStitter
phaze to the GUT phase tranaitlon and colned the term Inflation. Qniy through
GUTa and reheating could tne new post-inflaticn unlverse produce baryona and
not  be empty. In addition, It has been nuLeclq6 that Il the Intflatlon energy
acale, Ez_ 13 2 1o|?Gev, the inflation Will cccur too near the planck scale, Mp
~ 12" Gev and gravitons will produce fluctuations In the alcrowave background
corresponding to dp/p - (EI/Hp)E which exceed the observatioual {lmlta. This
Argues that quantum gravity or even Lthose SUSY models wlth EI < M, cannot cause
the lesitter phase Lo occur. This leaves us with the need for uome generlc
inflation whose amicroscople detalls rematn to be resclved,

In anpy case, the result lnevitably seems tc require a flai unilverse. ar
course a flat universe at the present can be achleved by having & and @ affects
cancel, but 3uch a canceilatlon ls epoch dependent alnece the denalty term
variea In a dlfferent functional manner with the expanalon thaa does tne A
term. Barring our living at 4 speclal epoch leaves only the aptlon Lhat =1,

from nucleosynthesla we know that this Implles that >85% of the universe must

te ncn-baryonle. In other words, we don't - - .. e made of the ™ right

atufrin

7. CANDIDATES
Single particle non-baryonlc candldated have been dlylded into "hot™,
"cald®, and "warm" following Bond.uT The ey to this dlvialcon comes from the

effective Jeans maaa
3x10!8u,

(HJ31 - ‘;IZT:V) (2}

This {s the amallest acale which can initially ccllapse when particle i [lrat

dominates the masa density of the unlversa, At times wearller when the
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temperature KT of the unlverse exceeds mica then apecies 1 would be
relativistic and damp out all adiabatle fluctuaticns out to the herizon. MJ ia
related to the horlzon masa at KT = mlcz. For light-hot particles MJ ls large
and large cluster scales form first and eventually fragment to make galaxleas,
for heavy-cold partlicies, M, i3 amall 3o small scales form flrsat and large

r [ = bk ars
L wers

aealoa oot N T NN e 5 amall mas nevar In
acalrs get hierarchically btulll. {(ARKICNS Nave & 3E&. 1 MEsS ou ever in

thermal equilibrlum 3o they have a low veloclty and thus a small MJ,] Table It
I1ats various proposed particlea and their classification.

HMassive neutrinos are the least exot{c of the proposals since they are known
partleles and although thelr massiveness la not required 1t 13 also not
forhldden. Since neutrino Interactiona and spina are well kneown, L i3 easy to
calrulate  the exact qgnsity af them produced in the big bang (cf, ref, 4 and

'refersnces thereind., In particular it can be shown that they decouple at
~ 1Me¥ =0 :helr present Ltemperature will be - 2°K compared to a photon
temperature of 3K, due to subsequent e*e” amninhilaticn heating the photons
relakbiva %o the neutrincs. The net result Including spln factera {a that the

foms 232 oom

Y - f e e 1EQ 7 e ared to B L11]
] vy is 150/ cm AR 3

for photons. Other more weawly Interacting speclea like gravitinoa decouple
aoonar allowing more annihilaticns to heat up v'a and 7Y's, Therefore the
temperature and neaber denaltiea of  theae ultra weak apecies will be atlll

48 *hereby allowlng larger aingle particle maasess without exceeding

lower,
cosmologlical density limits,

Planetary mass black holes behave Just like any slementary cold particle but
thelr preduction requires a f(lirst order phase transttion to nccur when the
lﬁg

cosmological horizon exceeds 10 ., 30 the hlack holea don't dislntegrate vla

~he Hawking process, and yet they muat form bdelfore nuclecaynthesls If the light

element . abundances are not to constrain their total density, The two
tranaitiane *hat £211 (nto this range are the alaptro=usalr (T - 100CalY and Eha
tranattions that fall (nto this range are the electro-weak (T 100GaV¥) 1nd the

quark-nadron-chiral symmetry transltions at T - 1GeV the posslble productlon of

planetary bHlack holes in the latter was disrussed by Crawford and Schr‘ammuq'50
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and {n the former by Crawford®' and Novikov.52 at present {t appears that the
quark=hadren-chiral tranaition might be first order and thus may have 3one
chance, however: 38ze other papers In this volume for a wmore detailed
dilacussion. The electro-weak doeas not appear capable of signiftcant planetary
mass black hole produetion‘s‘

Iv has heen not-d1"28'53'5u that nejithar a single cold nor a slngle hot nor
even a aingle warm particle can sloultaneously sclve all three cosmologleal
dark matter problems In the s{mple model with non-interacting free particles
undergoling gravitational clusatering,

Hot particles have HJ ~ 1016H@ ac they glve the large scale structure and
thelr large c¢luster!ng 3cale can put the bulk ¢f them outsalde of the largest
clusters thus enabling &=1' without conflicting with the obvservaticon that
nnluster ~ 0.2 eof within a factor of 2., However such models need Lo have
galaxies form lates? {z<1} which conflicts with observations of quasara at
223,5, Thus they don't make galaxies well, In additlon phase space arguments
prevent them from belng the dark halo matter of dwarf sphercidals, but that 1s
not oritical aince we kriow 3ome dark barvons must axist acmevhare

matter has recelved much praise recent1y25'53

tue to Ets belng abls to soclve
the galaxy formation problem and it galaxy-galaxy correlations as wWell as
serve 33 halos even on the small scales of dwarf galaxiea, 1t does have the
aerious flavT1'55 of putting all of Its matter on acales that should be
measured by cluster dynamics If light traces mass In some unbiased way. Thua
Ir 8,4 - t. then Uujyster - ! In conflict with observations. No warm
particle mass has been found which doean't fall into sither the cold or hot
difficulty. Thus there i3 no slmple splution. Hybrid two particle models have
also been tried using a hot and a cold particle. These alse fajll because the
hot particles will damp out the growth of the cold density fluctuatlions unti}

the hot particlea beoome ngn-relatlvlst1c557'11 Such damping occurs unless

M oo1d?>Ongy DUt from observations R, ,4cepe<0.4, LAUS Roo14<Rpo, 1 0 - 1,
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Thia dilemma l3 now forclng various groups to look at more complex mDodela,

all of which seem somewhat contrived at thls tima.

8. MUGLY" SOLUTIONS

Table III lists "ugly" sclutions which have been proposed and can, with
gnough tweaklng of Lhe parametera, De made Lo simyltaneoualy solve the 3 dark
matter problems. The "uglineaa" differs frem case to case 48 (3 listed in  the
Table. While none are compelling at the present time, they at least have the
advantage of maklng different specific predicticna whieh might eventually be
chacked. Ln particular the "light-not-a-tracer" and the "decay" scenarics make
atatements about large scale structure and cluster-cluater correlatlona which
futurs large sky surveya should be able to resolve. They will also tell ua
whether the large superclusters and volds are rare or commen., If common, thisa
would argue lor non~random phases and perhaps for the GUT phase transitlon
golng vla stringa.

A very nice way to begin to resolve the dark matter problem would be to flnd
some of the 3tuff in the lab. If neutrinos are found to have a masa or if a
10CeVY photlno 13 found this would !mmediately collapsa the degrees of freedom

in the propomala.

9. SUMMARY

Thia paper has discussed the 3 coswscloglcal dark matter prablemé of 1) the
rales, 2) galaxy Cformation and clustering, and 3) the Ilnflatlonary G=1. The
hale probleam comea directly from observaticnal astronomy and could be solved
Wwith dark baryona, the 2nd and 3rd require aon-baryonic matter (howaver they
also only cecur because of natural theoretical blases rather than direct
observation). We have gseen that no simple model of baryons plus one cold or
hot particle apecles simultaneously solves all three problems and even hybrid
solutions of a hot plus a cold spacles fail. Complex solutions can be made to

wark but at pressnt each has some uglinesas which can cnly be removed it  other

- 13 -

ptiysics also forces us In those directiona or If observatlion or experlment
force uas 1in those directlons. It s lnteresting how ao many aspects of Lhe
dark wmatter problem are intertwined with phase transitions, These
inLerrelationahlpa- Ilnclude GUTs and the need for adiabatic fluctuations which
relates to the galaxy formation problem; inflatlon; atrings; and the generation
of dark matbter candldates ln¢luding possible planetary mass black holes of the

quark-hadron-chiral symmetry transition.
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TABLE I

Scale r wL" Implied R
Stars <1pe -1 to 2 510'-3
visible reglons -10Ype -10h_ - -0.007
of galaxiea °
binaries and -108pe -100n -0.07
small groups o
large clusters -3x107pe -100h, to S0Ch,, ~0.07-~0.4

Solution

TABLE I1I

Ugly Solutions

Ugliness

Light is not an unbiased

»
Usea bandwidth consaistent with ,Z: - 2xl0B Lsfnpc3

TABLE Il

Popular Candldates

Name Mass Classi{fication
Yeutrinos SSmUSSUeV hot
Neurral heavy leptons 23 GeV¥ eold

"Inos” >210 Ge¥ (ravored neld
gravlitinos by experimental limits)
photinos few 10 eVim¢rew keV warm
aneutrinos mgro2 av hot
axinos
dimenajions and other m-10"7Gev cold
tupologlcal beasts
axions <<leV cold
planetary TU'SBSHg1033S cold

black holea

Ltracer of masg

veraion 1-cold matter

version2-hot matter

In the extreme this means obser=-
vational astronomy 1s a waste of time

réequires semi~ad hoc assumption
that only 3o density fluctuaticns 28
lead to light emitting galaxies

requires "spec!al” hydrcdynamics or
magnetohydrodynamics to prevent large
dark pancakes from bacoming cbs- 58
ervable x-ray socurces. Also 59
requires assumptions about frag-
eentation of some pancakes intc
galaxies. (May be alded by shock 25
induced galaxy formation.)

A cold or warm particle
decays to a hot one

Requires a finely tuned particle
medel with no other current

after galaxies form reason for the tuning than 57, 60, 61
(v *u «X or the solutlon to theae problems 62, 63
gggs?glnoléﬁ?ﬁofaxion or ?)

Opens up a tremendous range in

mutltiparameter space once the
Non-random phases assumption that the fluctuatfons 26,27

{atringa?)

are random is thrown out.

Different physical models, like
strings, doc provide some

constraints but their model parameters
have no strong motivation other

than this class of problems

Shock enhanced
galaxy formation

Requires iMitlal seeds which

elther come from cocld ar hot

aodels with their problems or 15
from baryona falling onta clusters

of planetary mass black holes

whose production ls dependent ]
on the physics of poorly

understood phase transitions.

Non-~zero

cosmological constant

Always lnggked to solve

cosmologlical problems, 61
requires that we live

at a special epoch
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