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Some motivations:

1. What is the late-time behavior of the Brandenberger-
Vafa scenario?

2. Can the presence of winding and momentum strings
stabilize a modulus?

3. Might dark matter be precisely such winding and
momentum strings?

4. What are the consequences of a long-range scalar
interaction among dark matter particles?

This work grew in part out of discussions with Jim
Peebles based on his recent paper with Farrar, astro-
ph/0307316, which addresses point 4.



Recall that in [Brandenberger-vara] the universe suppos-
edly was small and hot at early times: for instance a
T9 at the self-dual radius, with all string modes ex-
cited.

e

e If three dimensions start to grow (through ther-
mal fluctuations), the strings that wind them an-
nihilate efficiently because strings moving in three
spatial dimensions generically intersect.

e If four or more dimensions start to grow, the
winding strings do not efficiently annihilate, so
they pull these dimensions back in.

e If several dimensions start to shrink instead, we
perform T-duality on them, and then they're grow

ing.

Hence three large dimensions is preferred as a late-

time behavior!



Development of early-universe scenarios inspired by
Brandenberger-VVafa has been extensive: work of Bran-
denberger and collaborators and of Greene and col-

laborators.

At late times, still have strings winding and with
momentum on the six dimensions that stayed small.
Maybe these strings help stabilize the compactifica-

tion at around the self-dual radius.
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Recent numerical analysis [Brandenberger-Watson] Shows

that they do, provided we stick to a homogenous
FRW ansatz.

What about inhomogeneities?



Instead of many moduli, consider one scalar, ¢, cou-

pled to massive particles:
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Treat each species of particles in a hydrodynamic

approximation:

ni,no are number densities of winding and momen-
tum strings, and 2,37 = 0,1,2,3. The equations of

motion are
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where T = Y, Ty) + T¥.



We'll discuss inhomogeneities by linearizing (3) around
an FRW background:
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where we suppose ¢ = 0 in the background: so ¢ is a
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first order quantity. [Note: must assume V/(0) = O;
I'll also take V(0) = 0.]

Scalar-mediated forces cause like particles to attract

and unlike particles to repel:
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If these forces are comparable to gravity, structure
formation might happen differently than in the CDM

model.



Two combinations of perturbations evolve simply:

the total contrast,
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At late times, 040ap dominates in the scalar eom, so

we get
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In matter-dominated epoch, a(r) = (7/79)?, and
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If (1 =1 then v =1.

[Aside: replacing scalar interactions by gauge interactions leads
to {1 < 0: decaying / oscillatory A]

Suppose
Q1 =0 =1/2
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So it’s natural to have {1 ~ O(1) in a string theory

setup.



Consider strings on a compact Kg with some 7.
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G N IS the string frame metric; g;; is the 4-d Einstein
frame metric. Let's assume Kg is a square T° at the
self-dual radius, R = Vo/. Put Ggg = e29/Mp1 (still
Mp; is 4-d Planck mass) and assume other Sl's stay

of constant size. Then
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(1 =2 G2=1.
Values of (1, {» don't depend on (¢) (but 21, 2>
do).



A ~ 7% seems clearly untenable: bound structures
form way sooner than in CDM model. Simplest way
to fix this is assume a third species of dark matter
with Q3 > 1/2: then (1 < 1.

Punchline: Scalar forces are only slightly too strong

in simplest string theory construction.

Alternatively: String theory with a free modulus sits

close to the border of measurable deviations from
CDM model.



How do we make a testable model?

When a Fourier mode crosses into the horizon, it's
plausible to assume that Ay ~ 6, gy ~ 2 x 107>; but
thereafter,
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If (1 > 1, then (A, ) bound structures form before

(6m, gi;) Structures: exit from linear regime is at
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T hese structures are highly “charged” —mostly mq's

or else mostly mo’s.

If (1 < 1, then when §,, bound structures form, they
will have a small (random) charge imbalance: setting
m =1 1in (14), get

A= (2x10°)7, (16)



Bottom-up approach to structure formation in non-
linear regime will be affected by these charge im-

balances: structures merge preferentially with like
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Too bad this is in non-linear regime...

charged structures.
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Some concerns:

1.

We neglected gauge interactions. But they aver-
age out and screen, so no big deal.

S compactification is excessively naive.
. Branes can wrap compact dimensions, too.

. How did we produce the right number density of

these super-heavy dark matter particles?

. Shouldn’t ¢ have some couplings to the visible

sector? Are they a problem?

. Shouldn’t ¢ pick up a mass through quantum ef-

fects?

I find 6 particularly troubling: if SUSY prevents a

mass, then after SUSY breaking, mg ~ mgravitino =

0.1eV. Perhaps this is part and parcel with cosmo-

logical constant problem.



Let’'s expand our scope a bit:

If we grant the possibility of a very light scalar, what
might its effects be in late time cosmology, particu-

larly as motivated by considerations of string theory?

Quintessence is one answer (that is, coherent motion

of ¢ leads to w between —1 and 0).

Dark matter interactions are another, and then natu-
ralness leads us at once to super-heavy dark matter—

else we need extremely small coupling.

If scalars don’t roll, coupling to the visible sector can
be controlled:
in NN =1, d = 4 supergravity, scalar is part of chiral
superfield d.
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Quark masses and hence proton mass the depend on

the scalar:
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where e, ~ mqy ~ 5MeV and myp is of similar size
if QCD scale doesn’t depend on ¢ (plausible). This
quadratic dependence doesn’'t spoil tests of Equiva-

lence Principle.

For instance, suppose we have some local (¢) # 0.
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Universality of free fall would be violated by isotope
dependence of Fs. EXxperimental bounds are some-
thing like ¢ $ 10712, which translates to (¢) < 1074,

Similarly obtain a bound on (V¢). Neither bound

seems particularly restrictive.



This is in contrast with situation for a rolling scalar
field: dimension 5 couplings, e.g. MLPZQbH@ZQﬂ, contra-
dict tests of Equivalence Principle. Why are these

couplings absent now?

Generating a tiny mass dynamically

o If Mg, 2 1pc_1, then scalar forces don’t seem
likely to have played a role in structure forma-
tion.

e Conservative particle physics view is to give up at
this point

e Since we don’'t know how to break SUSY, pro-
pose to consider mass generation effects for ¢
that depends on presence of other particles.

First example:
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Second example [Peebles-Farrar]. consider adding a field
W whose mass comes only from (¢) # O:
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L= 5(8¢)2 + WigV — yopWW . (21)
If we have a density pf of W quanta with typical
energy Eiyp, then
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for some phase 6. But \Twoxu = ny. Scalar eom
(without further fields) is thus
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This is smaller than the Hubble length:
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but still huge.

This mechanism hasn’'t a prayer unless we prevent

m2|f2.



Spontaneously broken global symmetry won't do—
then couplings to dark matter will be quite different
from previously considered.

Unbroken supersymmetry will do nicely. Consider for

example W = gd1P,P3: an elaboration of (21).
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Key is that along flat directions, e.g. ¢1 = ¢> = O,

masses of the &1, P, quanta are |go3]|.

This model is easily embedded in string theory: 3 in-
tersecting D6-branes, or M-theory near a conical sin-
gularity over SU(3)/U(1)2. Leaving blow-up modulus
unfixed is inoffensive (except after SUSY breaking).



Some conclusions:

e Rolling scalars are a problem even before SUSY
breaking because of dimension 5 couplings to vis-
ible sector.

e Dimension 6 couplings to visible sector need not
visibly spoil Equivalence Principle tests.

e Astrophysically light scalars are unnatural after
SUSY, but let's think about them anyway because
they're the only force besides gravity that modi-
fies structure formation in an interesting way.

o If Fs5/Fy ~ 1, we may indeed get interesting devi-
ations from CDM, but in non-linear regime.

e Super-massive dark matter (e.g. winding and mo-
mentum strings) give Fs/Fy ~ 1; they could stabi-
lize moduli and provide an interesting alternative
to CDM.

e Screening effect based on light fields can easily
be embedded in string theory, and it allows us
further freedom to tweak CDM.

e Epoch of precision cosmology is coming, so it's
worth poking at every aspect of theory.



