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ABSTRACT

It is shown that there are at least 3 different types of dark matter problems
and that no simple, single new particle candidate satisfles them all. All current
solutions require at least two ad hoc assumptions. Of these, more complex but
complete solutions, the ability to produce large scale free structures, known as
fractals, with fractal Dimension ~ 1.2 may be critical. It is shown that models
which incorporate strings from GUT phase transitions may do this particuliarly
well. The fact that Supersirings, which are the in vogue candidates for the
Theory Of Everything (T.O.E.}, yield cosmic strings is encouraging. It is also
shown that the location of the dark baryons may be the way to resolve the

different, currently ad hoc solutions.

For children in the United States, the Tocth Fairy is the creature which magically changes a
child's baby-tooth, which fell out during the day, into a shiny‘ new dime (or some higher denomi-
aation due to non-cosmic inflation) if the tooth is placed under the pillow at might. According to
Tuarner's lawl, the invocation of the Tooth Fairy should not occur more thaa once in any
scientific argument. Unfortunately, all solutions to the cosmological dark matter problems seem
to, at present, require a double invocation. That is, each requires at least two ad hoc assump-

tions which are motivated by no other reason than to solve the dark matter problems.

It should be noted that Turner's law may be in conflict with T.H. White's Iaw2: "Every-
thing not strictly Forbidden is Mandatory™. This latter viewpoint kas appeared to guide theoreti-
cal particle physics and cosmology in recent years but may not be a guiding principle of the
universe. However, to be on the safe side, we should minimally determine which dark matter
problems are mandatory and which solutions are, therefore, strictly forbidden. To do this, we will
frst look at the various arguments regarding dark matter. In so doing, it will be emphasized that
there are several coqmological dark matter problemss, not aj]l of whick require exotie {nop-
baryonic) stuff. In fact, it will be shown that some dark baryons are necessary, and how these
dark baryons are distributed may eventually prove to be the day for resolving the nature of the



balk of the matter of the upiverse. We will review the fact that no simple solution which uses
oaly an exotic particle worka.

It wil! then be shown that the additional constraint, that the targe scale structure of the
usiverse be nale-!'tee‘. tmay severely conatrain the allowable dark malter salutionn even if we
allow violations of the double tooth fairy law. Such a scale-free solution tells n;u that clusters are
laid out in & fractal; since the fractal is close to dimenaion ope, it may point in the direction of
cosmic sirings or other linear phenomena.

The conclusion will be that the correct, “best”, solutions may Lell us rometbing about phase
transitions ia the early universe. While, at present, the properties needed appear like invocations

of towth fairies, it 1 possible that future observalions will restrict us to a mandatory sotution.

The Dark Matter Problems
As emphasized in tef. 4, there are at Jeast 3 classes of dark matter problems:

1 Dyoamics

(24

Galaxy Formation

3 lnfaticn

5 fact that the light emitting regions of the Universe have

The Bist is the well established
relatively low tass-to-light ratios so that if there were only that much mass in che Universe, the
tosmological densily parameier [} = P/‘acrif. would be ~ 0.007, 3 very open universe. However,
if those same light emitting galaxies are observed interacting with more distant galaxies in
binaties aod small groupe, then the implied mass of each galaxy is about a factor of tem larger aod
tbe implied 1 is ~ 0.07. This tells us that galaxies have massive halos which are dark. {as
Schramm aod Slaei.gmm6 emphasize, it is the fight, not the mass, which is missing.) If the dynam-
i of large clusters of galaxies are observed, then the implied mass per galaxy s even larger. 1
2l galaxies bave that much mass, then {1 is from 0.1 to < 0.4. [t is important to emphasize that

ne syriem implies ap {1 > 04,

To put these numbers in perspective. remember that Big Bang llcleos_vthesis7 puls an
wpper limit on the dessity of baryoos in the umiverse of ﬂb < 0.15 for a present backround tem-
persture of Tu < 28K. Thus, within the uncertainties, all of Lhe dark balo matenal could be
baryonic, although Lhe higher super—cluster masses may require something sdditional.

Hegyi and Olive® have sbown that if the halo malerial is non-baryonic, then it must cither
be in blackholes (that were baryonic at the time of Big Bang oucleosynthesis) or low mass, astro-
wamical objects (Jupiters or low mass. dim atars). This latter lass would require a very strong

peak at low maas in Lhe initial mass Tunction.

-3- .

Freese and Schnmm° bave combined the nuclecayatbesis argumentis with age arguments to
conclade that {1 = 0.03. Thus, it in argued that the denity in baryons exceeds the depsily of
shining stuff. In fact, it can be said that the bulk of the bar;oa onust be dark. As we will see, 18
8 not clear whether these dark baryons make up Lhe dark bolos or whether they wre distributed
elsewhere. However, it should pot be forgotten that the dynamical sod the nucleosypibetic argu-

ments are atill connistent with {1 ~ 0.1 and everything being baryonic 10‘

The arguments for noo-baryohic matter center on iwo additional dark matter arguments
galaxy formation and inflation. While the izflalion argument is the most theoretical, il is perbaps
the most mandatory from u logical sense. As we will sce, the galaxy formation srguments may

have some intriguing loopholes and o are not as mandatory.

The infation argument comes from the proposal of Gulh". Although the detailed mechan-
wm has been modified considerably (see review in rel. 12 and references therein), the basic para-
digm is still there. Inflation is the name given Lo the process which sets the initial conditions of
woiverse by a rapid, de-Sitter pbase, expansion. Such a phase will solve the boriton problem, the
Batness problem, the monopole problem and it will produce Buctuations whech might eveglually
yield galaxies. The detaded particle madels which produce inflations copsistent with observalions
siifl appear very ad hoel?. However, the flatness problem alcoe tells us that something like
wlation must have occurred, ot else we live in a very special epock in the history of the Universe
[a particuliar, sizce {3 vares with time oo a gravitational time scale, we can conclude that, sipce
we still don't know whether {2 is signilicantly different from unity after ~ 15 x lﬂ.:l years that at
the Planck time (ll.'l"3 seconds), {1 bad to be Goe tuned to be umity 1o’ 60 decimal places.
Inflation, or apything like it, solves this problem by making {1 == 1 to far greater accuracy and
thos avoids forcing us to live in the special epoch where {2 irst deviates from unity, Sipce {} = 1
W in excess of nb. this tells us that che bulk of the matter of the Universe s non-baryonic. Note
also that since nciustered < 0.4, wflation tells us that the bulk of the matter of the Upiverse is
nol clustered with the light emitting stulf.

The above sequence of arguments wended to favour massive [~ 10eV) peutrinos as dark
matter since they would be non-baryonic and would not strongly cluster with the lizht emitting
stull. Then the galaxy formalion argumects came aloog and the shift from neutrinos to "cold”
matter aoccuted. One point to be emphasized is: the galaxy formaticn arguments may have a
significant loophole and the large scale struclure arguments may force us to go through the
loopbole.

The galaxy formation ar;umtnam ceater on the following poaints;
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1. Quasars exist at redshifts” " ¢ > 3.
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2. Apisolropies in the microwave backroond are lmlﬂls, STIT< 22 1075,

3 Baryonsynthesis requires primordial, adiabatic Buctuations’®.

4 Fluctuatinpa, §pfp, grow lineatly with the expansion until bplp ~ 1 or until redshift

t~ 10 Torl < 1.

5 Fluctuation growth does oot atart until matter domination.

It the uhiverse were baryon dominated, then from arguments 2, 3, 4 and 5, §2fp would only
reach - 2 x 102 today sioce the background radiation decoupled at redshift ¢ ~- 3000 But we
Yoow thal 4p/p exceeds | today. Thus we peed something in addition to baryons. If the addi-
Lomal material were ip the form of nratrinos or other partictes which are relativistic, "hot™, untit
Just before galaxy [ormation, then condensed objects wouldn't form until 1 < 1, violating argu-
ment |. The best candidate thus sppears to be "cold” matier which is moving stowly and can
hegin clusiering rapidly oo galactic scales. Tt has been shown!? that argument 4 also implies that
N must exceed ~- 0.4 in ordes—to have sufficient growth. This |atter point appears to violate the
dynamic argument that matter in clusters has {1 < 0.4 since cold matier will clyster on smaller
scales than superclusters. Thus superclusters should contain all cold matter of light emitting stufl

goes along wath it

Problematlc Solutions

From the above discussion, it is apparent that in the simple picture, no single dark-matter
candidate works: hot particles doo’t form galaxies fast enough and cold particles put too much
mass oo small scales where it is not seen. Even hybrids of bot and cold particles I’aa'!.l."'ls Two
clagses of solution have been able to work: ome is to have light, not trace mmw; the other is to

kave cold particles decay to hot,m

If light does pot trace mass, then many (most) clumps of cold matter and baryons do not
tarn on their baryons and [ail to shine for some reasom. Such a flailure to umiversally ignite
requires a tooth fairy. albait a thermodynamic one {ralher than a particle physics one). Thin ther-
modynamic tooth fairy is sdded to ihe particle physics tooth lairy (Lthe ome whick produced the
cold particles: axions, pholinos, heavy leptons, planetary mase black holes, quark nuggets, elc}.

The decaying scenario requires twa toothfairies as well, but both are of the particle variety.

Some people have preferences for one or another variety of tooth fairy. Thermodynamic
oats might, in prineiple, be eliminated since they only require classical physics, Sul remember we
#till con't prediet the weather. On the other band, particle ones might, in principle, be eliminated

by future sccelerator experiments.

Another way oul i3 1o duck the gafaxy formstion argument by baving something other than

N

malter earry the primordial Buctuations””. Usder such & scenario, the Buctuations would not be

5.

smoothed by the free streaming of the matter and radistion. They would be sitting, waiting for
the baryoos to fall in coee the baryons decouple from the radistion snd the Universe is no Jonger
matter dominated. Such fuctuations behsre like the oid isothermal fuctustion model. Toamic
-Irings:: are a flue example of such Auctuatioos if energy density in strings g relative to the
totxl matter energy depsity pis, pujp —~ 10'3. then fuctuation growth in 2 to Spfp -~ 1 can occur
for Lhe baryoms sod rapid galaxy formation is mo problem. Strings would bave masm scales amaller
thao ~ 1012 Mg damped by gravitational radiation, but otberwine bebave like isotherrasls, with,
however, an equal power oo all mass scales, Harvison-Zeldovich spectrum. Strings are also capa-
ble of preducisg mon-random pbuu""s which may be valuable for explaining large elusters and
roids"".

While baryosyotbesis argues against primordial isothermals on scales larger than the bor-
izon, it does not preveni subsequeat phase transitions from producing isothermal-like Buctuations
on ecales smaller than the bhorizon at these phase transitions. An example is the possible genera-

ton of planetary mass Black hulugs or quark nug,get.l?6

at the Quark-hadron-chiral transition.
Such cbjects can serve as small scale isotbermal seeds that baryoms can condense tumnr"r':B alter
recombination. Such objects can serve as the seeds for the Oslriker—Cowie"‘g explosive galaxy for-

mation scenarios.

Thus, galaxy formation eitber requires cold matter or isothermaklike Auctustions, which
require some phase trasition action ju the early Universe, either generating strings or some other

remoant.

Large Scale Structure

The distribution of matter in space bas been deseribed in detail by Peebles™ using the
two-point correlation function £{r). This is the excess probability over random that two objects

are separated by distanee r. The correlation function for zalaxies £ has been shown to bave the

313233 5

form Eu[rl - '1'8, Similiarly, it has been shown that the cotrelation function of

¥
.3
rich clusters E“__ also bas the form Eu_ - aur'l's; but for Abell R==1 clustess LW 20 au and
o, is even Jarger for Abell R we 2 clusters.

At first glance, this appears strange, since the |arger separsted clusters would ot have had
s much gravitational elumping as the more closely separated galaxies. However, Kliuer‘N and
ans pointed out that if clusters sre merely the 3o peaks in the galaxy distribution fenction,
tben one would obtain a factor of ~20 enbancement, since the less clumped galaxies would dilute
the amplitude for €. Such biasiog would mean that E“[ll - E“(r) so that when Ell goen nega-
tive, (“ should also be pegative, only more so. Current dnlnm indicates that €__ devistes from

-1.8

the 177 power law and goes pegative ad r =2 20 ho'I Mpe (where b, = H°[100 km /sec /mpe),

but £, is posilive out to 1 > lmho.l mpc. Thus, simple biasing seems in trouble. Of course, the
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argative correlations may be due to unfortunste statistical Iuctu;tioul in our peighborhood, but
it should be remembered that essentially all models of galaxy formation with s Harrison-Zeldovich
type Buctuation spectrum Yyield E“ going Begative for some p which i3 well below 100Mpc
Therefore, a pasitive £ al 100Mpc is in conflict with the biasing interpretation for all the stan-
dard galaxy formation scenarios.

This problem has been redxamined using a dimensicnlens lpprcm:h:W where all distances are
measured in waits of L = n'”a {where o is the demsity of objects in the catalogue). With this
proceedure, £t} = ﬂLNhr[L}'l'E. This is saalogous to the reormalization spproach that is used
\» condeased matter physice 10 apalyze scalefree transitions. o particuliar if, A(L}. were found 1o
be constant for all, this would imply that £{r) is scale free. [ is interestiog that J(L) bn approxi-

6 catalogue. However,

mately the name for both R > | aod R 2 2 as well as the Schectman
AL) for galaxien is about a factor of 3 larger. Thus, this dimensionless approach bas eliminate?d
the dependence o cluster richness and reduced the entire dynamic range to a facter of ~3. That
all the various clustercluster funclions have the same S{L} seems to imply that there is a scale-
free process operating from ecates of Mpe to 100's of Mpe. The slight enbancement of ﬂu is sim-
ply implying that galaxies have bad their clusteriog enbanced by gravity a factor of ~3 over the

scale- free process which produced the 18 bebavior,

A scale free process of this Lype is known as 3 [w:lal‘a'8 The :"I's power law telis us that
the dimension D of the fractal is D == 3+ 1.8 = 1.2. This is pretty close to alinear, b = 1, frac-
tal. It is interesting 1o pote that if large scale structure is scale-free, then the dispersion in the
velocity-field about the Hubble low should saturate rather thaa contipue to grow with ¢ Prelim-
inary oh.f»cs'v3|.imn$36 seem to support this.

There ate several possible scale-free processes which might yield a D==1.2 fractal for laying
eut galaxies and clusters in the Universe.

1 Blaslng This can yield 3 scale-free process il the primordial Buctuation spectrum is scale-
free. However, as mentioned above, the lack of negativity at large in E“ seems Lo argue

against this mode.

Strings If the primordial Buctualions are created by cosmic stnogs, shey would be laid
out along a pattera left by the primordial stnng before it fragmeated. The fractal dimen-
sion of this pattern depends on how the strings move and fragment but a near linear D 2> 1

fracta) 1 not unreasonable.

3.  Percolstion 1f galaxy formation in related to explosions of primordial seeds, and if the
density of such seeds is sufficiently bigh, percolation can occur and a scale {ree pattern can
form. The fractal dimensicn of such a patters depends on the geometry of the explosion

(jets, disks, spheses, or?) and on the geometry of the region where the seeds are dense

|neutrino pancakes?].

Conclusions

Combitiing the peed for n scale-free, large-acale structure mechsnism with {3 = 1 and »ih

the requirement Lthat galaxies form rapidly with 6T/T small, restricls us to:
I biasing and cold dark mattet

2. strings and bot dark matter

3 percolated explosions and bot dark matter

1o the "bias and cold” case, the dark barvoos are in bon-shimag clumps of cold matter.
anrclated Lo clusters of galaxies. Contrary to Lhe present reports, such a solution also requires {
Lo be pegalive at large scales

The “string and hot™ case requires the dark baryons to be in the balos of galaxies. The hot
x-ray gas io rich cln.meruﬁ implies that galaxies is clusters bhad significant baryonic matter associ-
ated with them which fell into the deep potential well of the cluster and was beated to x-ray tem-
peratures. If all galaxies bad this much baryosic material, it would support dark baryome Lalos
A strong {recent) plus for the striog model comes from the work on supersttiogs which = the
current best candidate for the Theory of Everything (T.O.E). While teo dumensional super-
strings are themselves not durectly refated to the cosmic etrings needed for galaxy formation Wit-
ten>? bas shown that the two superstring models 0{32) and E{8} x E(8) which sre apomely-free,
fnite and have chiral fermions, naturally lead to cosmic strings. These cosmic strings form when

the supertheory breaks at the GUT epoch.

The "percolation and hot” case also has the dark baryons in halos, but this model uses
baryous in early explosions so that the early universe is quite active, whick should lead 1o obser-
vational consequences. This model requires early universe phase transilion activity since the seeds
can only be sufficiently plentiful if isothermal-like Suctuations are generated on scales that eveo-
tually produce seeds. The quark-badron trapsition is the best candidate for such a transinop
However, while current estimates imply a frst-order transition, it s stll quite difficall 0 e Lot
long-lived quark buggets or planetary-mass black holes.

In summary, the way to distinguish possibilities is to find the dark baryons. While the best,
current estimate might lean wwards strings and bot stuff, the data is by no means concluzne Ia
fact, the solution with the least Toothfairies is that eitber one of our assumptions ot ane of our

picces of input data is wrong!
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