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Goal of this Talk

® To describe the physics of cosmological
singularities

® To come closer to an understanding of the
origin and fate of space-time



Based on the following papers:

hep-th/0603104, Daniel Robbins, Emil Martinec + S. S.
hep-th/0601062, Ben Craps, Arvind Rajaraman + S. S.
which further develop the models appearing In:

hep-th/0509204, Daniel Robbins & S. S.

hep-th/0506180, Ben Craps, Erik Verlinde & S. S.



There are two models that we will consider today. Both are
generalizations of the original BFSS Matrix model. Both are
null cosmologies.

e Matrix Big Bang — description: of a light-
like linear dilaton in type IIA string theory

| want to describe the leading quantum mechanical

STGGIE BY RAE IR model — description of

the null-brane “funnel” space-time in M-
theory



| Matrix Big Bang

The space-time theory is the light-like linear dilaton.
e e aF
gs — 6¢7 ¢ e, _QX

The string metric is flat while the Einstein metric sees
a “crunch”

ds% = e@X"/2 ds?,.



Big Bang

Weak coupling

Strong string coupling

X T =00

No a priori definition of string theory on this background.



AN~TT0, e = T'Te=0.
Background preserves 16 supersymmetries.

At strong coupling, lift to M-theory with a metric and
curvatures:

—4QX /3 2QX71 /3
, .

Ri11411 ~ e Ry, r;~e

Divergent tidal forces.



We will use Matrix theory to provide a definition.

On decoupling, we find a non-perturbative definition of this
background in terms of Matrix strings on the Milne orbifold,

ds? = €297 (—d7r? + do?), g\~ o+ 2mhs.

Milne space

Big Bang



When is decoupling valid?

This is a theory of D-strings in a specific 11B background.
Biften, 1 QX /2
4% NG

We care about energies £, ~ e£/~ so string oscillators

decouple if
eE—1¢TT ~ \/EE_e_EQX+/2 — 0.
Similarly, gravity decouples if

G B ) SRS F B 28T H0s el



S= & [ (3DuX) + +e 729, — 127X, X2
507 they; [, lb])-

We identity A with %

The value of Q has no invariant physical meaning. It is either
Zero or non-zero.
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Matrix Big Bang

Strongly coupled

Weakly coupled Yang-Mills : _
Matrix strings

>
X T =00

DN ="

RG flow corresponds to time evolution.

The singularity is replaced by a non-abelian gluon phase.

1
gsﬁs

gy M —
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Let us examine the leading quantum mechanical effects.

Remarkably little is known about interacting field theories
on time-dependent spaces.

We would like to define “effective physics” at low-energies.
However, the usual Wilsonian procedure always breaks down
at sufficiently early.times.

Expand around a vacuum:  Tr(X)? ~ bZ.

M X%V ~ 2T ]2 Always below the cut-off for sufficiently
early times.
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Characteristic break down time:  Tpon—abelian ™~ é In(A/b)

At this time, the theory is non-abelian. We will see that the 1Pl effective
action does appear to make sense.

On the other hand, perturbation theory breaks down at late times,

gYM/b % 17 Tstring ™ é ln(gsb)

At this point, perturbative string theory should take over.
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Supersymmetry is broken: does Matrix theory make sense?
Do we have flat directions?

The Milne orbifold is non-Hausdorff. Does this lead to problems
In defining field theory? etc.

We will see that there appear to be no problems in defining and
studying the quantum mechanics of this theory.

Further, the theory appears to be more effective computationally
than we perhaps had a right to expect.
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First one can check that integrating out particles with a
time-varying mass does not introduce non-localities in the
1PI effective action.

Let's take that as given.
How do we compute quantum effects?

We will use the description of the Milne space as an orbifold
of flat space.
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B~ ~ e, . (TG TG
S aok e - ds? = —2detdg

Boost identification: §i ~ fiei%ws ;

In this frame, particles of non-zero spin are not periodic
under the identification.

A boost Iinvariant wavefunction satisfies:

e 7 el e V) ST R d (£ L B
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The leading quantum mechanical effect should be a potential
for the impact parameter, b.

So we want to compute a time-dependent version of the
Coleman-Weinberg potential.

Integrate out quadratic fluctuations. This generates a
determinant. For example, for a massive boson we want to
evaluate:

det YA (H) = det Y 25052 82
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—it(H —1ie€)

det"Y?) (H) = exp (% [ d2& Rt &— (faf))

Expressed in terms of the heat kernel.

Usually SUSY guarantees that all contributions to the
potential vanish but not here!

—itH )
el (Y=
. P m exp ( — b — z%(l L g O] = e, 212kl QWQESns)
The UV divergences from small t are regularized.
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Summing over the different helicities (ghosts, fermions, gauge-fields and
scalars).

f‘/eff(ba §+7§_) %

3 2 00  /bsinh* (7Qlsn/2) 2t 1.2 o i
W2 Vit - 2L 2 PR K, (1/8b2sinh? Q)€ +6-).

Ki(z) ~ \/ige_z, i o

Kl(Z)N;, Ze< <5

The potential lifts the flat directions.
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Late times:

Cb

f@veff(b) ~ [ dodr \/QZSG_E.

D-brane induced potential that decays super-fast!
Early times:
f \/gvfiff & fd2€ §+1g— log(2b2§+§_).

Attractive potential between eigenvalues. So supersymmetry and the
flat directions are restored at late times.
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A final comment about general covariance.

We should be able to couple Matrix strings to gravity without

any local anomalies. So the breaking of Poincare invariance
IS spontaneous.

v

Serr= [ 3{0,20"® + VO (®)+ R(GVI (D) +...},

[his.is aotdleidoro’ efahedpotentidlwve oUA

This suggests a mixing of high and low: scales.
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Orbifold description:
%
e
X
\ 2 /

Depends on (A, L).

3

£U+
x4 2mAr + 2w\t
x+ 2mhx™
e + 2w L

Can again compactify X~ ~ X~ + 27 R,

and consider the Matrix description.

:
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This iIs the theory of an array of boosted DO-branes.

S ~ [ drdo Tr ((Doxi)2 + (Doz)? — L2(Dy%)? — L2(Dyx)2

5~

- Y2z — 7Do)F + (L% + 1 X272 F2? + L [, 27]°

+ ( |z, 2] + %Dﬁiy)
T = L = 0 1s the crunch.

A new flat direction opens up where sigma excitations
become light.

(L2 + 37°)(D12%)? — 0.
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D-branes will interact via their velocity-dependent interaction
which will generate a static potential.

Classically, the brane and its images will collapse into a black
hole whose size grows polynomially with 1/L.

(Horowitz & Polchinski)
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A comment on the large N limit:
Relative velocity of DO-branes related by g" is 2mnA.

View lambda as a velocity. The kinetic energy of N DO-branes should
scale as 1/N™2.

KE. ~v?/R~1/N? =  v~1/Nand A~ 1/N.

We can only well approximate a black hole with S ~ N. This determines a
lower bound on N:

d non-compact dimensions.
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The potential is computed in much the same way as before
except that the operators are nicer.

exp ([ drdo Veg) = det V2(H) = det~1/? (202 —"n TR £ 72 /2.

L.
det Y2 (H) = exp (2 [drdo [ ZetH (1, 7)) O

The heat kernel is the SHO kernel given by Mehler’s formula:

itH in? L%t in ¥
— X
5 (T’ T) & (27r\/§sinh(\/§nt))

n \/_
exp {ﬁsinhg\ﬁnt) (72(cosh( " 2nt) — 1))]
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Finally we rotate the result to Euclidean space (simplified):

Vet ~ [ % Nl sinh* <%) K(t,A\t,n)

where

2% 7 2 1/2 2
_ ,—(n°L°+b)t n\ NA\T nit
K(t,7,n) = e~ ) <2W\/§Sinh(\/§mt)) exp [— 75 tanh( )] :

There is an infra-red divergence when

n’L? +b* < n)\/\/i.

This signals a breakdown in the one-loop approximation.
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The UV contribution to the potential comes from small
proper times,

s

1/2
2 Ve ~ [ L2 5400 e/ (22)

~ =BV T(T/2) o7 o v/ DKPS

VAS



The potential
velocity-depe

Plotted as a f

e leading
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The well becomes infinitely deep as L approaches the
tachyon instability.

It tentatively appears we never escape from the non-

abelian gluon phase and so conventional space and time
end.

| haven't yet discussed particle production but it is encoded
In the imaginary part of the phase shift.
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A brief look at particle production. The linearized dynamics
of the bosonic fields is solved by parabolic cylinder funetions,

07 — W29, (1) = vy (7)

e—uﬂ'/4

Yy =« (2w)1/% L o T (6%\/_“’7') % ) (ezj;ﬁ —ip—1 (6%\/57)

j&® — |4 =T R 20873

Probability amplitude for particle production:

LS T wn L2
1Bl =e “—exp{—\/@\}.
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Mode production becomes of order 1 when the effective
coupling Is of order one. Again a signal of the breakdown of
perturbation theory.

L — 0 with fixed A yields a non-uniform large N limit.

Scaling lambda ~ 1/N suppresses particle production.

What about the production of multi-particle excitations
corresponding to strings that thread of order N DO-branes?
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