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Fig. la. Diagram of gravitational instability in the ‘big-bang” model. The region of instability is

located to the right of the line M (¢); the region of stability to the left. The two additional lines of

the graph demonstrate the temporal evolution of density perturbations of matter: growth until the

moment when the considered mass is smaller than the Jeans mass and oscillations thereafter. It is

apparent that at the moment of recombination perturbations corresponding to different masses
correspond to different phases.
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@ Gaugino condensation — dilaton fixed.
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o Dimensional reduction and canonical field
normalization.

2 o
3mp,
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Result

Siiglyle] . o
Cosmology Resulting potential:

R. Branden-
berger

o e—VB(e/my)
— €

= _ —V2(¢/mpy)
S 4 V(¢a g, a) == \@(d’/mpl)ﬁz [AQe 2ape bl (ao
cenarios 8
Unified Dark )
Sector Model + le\@(wmp/))z H W0 ez\@@i’/mp/)
Matrix Theory 2 4
Cosmology \/§(¢/mp

Conclusions

— AW, (ao + %e‘@(w ’"P”) eV2(9/mp) g=20e” ! cos(aoa)} :

Key features:

o Common factor of e~ V87/Mu
o Axion potential has the right form .
o No term of the form Ae—be.
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Comparison

String
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R. Branden-
berger
TCC

Scenarios

Unified Dark
Sector Model

1
Matrix Theory V(U7 9) = [A + §N4S1n2(0/f)j| e_2a/f :
Cosmology

Conclusions
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Towards a Unified Dark Sector Model from
String Theory

String
Cosmology

R. Branden-

berger Integrate out fluctuations of the axio-dilaton field.

TCC

Scenarios V. |~ /\g’yz e_\@d}
Unified Dark 1 67T
Sector Model
g\amx ITheory .
osmology
Conclusions mg _ ,{_14 <eH2K| W|2> _ /414 (2A30309 3_030)
’ 28 (T+T)3

2 24,5,
A ao(ango)e & ® o VBU _. Re=VBY,
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Towards a Unified Dark Sector Model from
String Theory

String
Cosmology

R. Branden-
berger

Conclusions:

TCC g . .
o A unified dark sector action arises naturally from

heterotic superstring theory.
s ey @ Mild tuning of S yields the required dark energy scale.

S o To obtain a sufficiently flat potential need to keep 5 of
Conclusions the 6 internal dimensions fixed.

o Axion mass: my ~ 10~24eV1/6vey
@ — ultralight DM.

Scenarios

Unified Dark
Sector Model
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Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions

@ Emergent Cosmology from Matrix Theory
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Matrix Theory Cosmology

String
Cosmology

R. Branden-
berger

Starting point: BFSS matrix model at high temperatures.
TCC
oo o BFSS model is a quantum mechanical model of 10

Unified Dark N x N Hermitean matrices.
Sector Model

@ Note: no space!
o Note: no singularities!

o Note: BFSS matrix model is a proposed
non-perturbative definition of M-theory: 10 dimensional
superstring theory emerges in the N — oo limit.

Matrix Theory
Cosmology

Conclusions
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BFSS Model (bosonic sector)

String
Cosmology

R. Branden-
berger
TCC
Scenarios

Unified Dark
Sector Model

Matrix Theory s . .
Cosmology o Xj,i=1,..9are N x N Hermitean matrices.

conelsons o Dy: gauge covariant derivative (contains a matrix Ay)

‘t Hooft limit: N — oo with A = g2N = gs/; 3N fixed.
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Thermal Initial State

String
Cosmology

R. Branden-
berger

o Consider a high temperature state.
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Unified Dark
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Conclusions
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Thermal Initial State

String
Cosmology

R. Branden-
berger

o Consider a high temperature state.

o At high temperatures, the bosonic sector of the
e (Euclidean) BFSS model is equivalent to the bosonic

Sector Model sector of the (Euclidean) IKKT matrix model.

Matrix Theory
Cosmology

TCC

Scenarios
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Thermal Initial State

String
Cosmology

R. Branden-
berger

o Consider a high temperature state.

e o At high temperatures, the bosonic sector of the
ici”ad”gs . (Euclidean) BFSS model is equivalent to the bosonic
S sector of the (Euclidean) IKKT matrix model.
Ee o Matsubara expansion:
Conclusions g
)(I(t) _ Z)(iHGZTrITt
n

A= T 14D
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IKKT Matrix Model

String
Cosmology

R. Branden- Proposed as a non-perturbative definition of the 11B
peraer Superstring theory.
TCC

Scenarios Action:

Unified Dark
Sector Model

Matrix Theory 1

osmolo 1 i -
© logy S = —?Tr(z[Aa, Ab] [Aa; Ab] + Ewa(cra)aﬁ[Aaa ¢ﬁ]) 9

Conclusions

Partition function:

Z = / dAdye’S
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166 o Eigenvalues of Ay become emergent time.

Scenarios

Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions
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Sector Model

Matrix Theory
Cosmology

Conclusions

55/90



Matrix Theory Cosmology

String
Cosmology

R. Branden-
berger

166 o Eigenvalues of Ay become emergent time.
e o Work in the basis in which Ay is diagonal.
o Numerical studies: 1 (TrAZ) ~ kN

Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions
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Matrix Theory Cosmology

String
Cosmology

R. Branden-
berger

TCC

o Eigenvalues of Ay become emergent time.
Scenarios . - e o -
. o Work in the basis in which Ay is diagonal.
Unified Dark
Secioriodel o Numerical studies: 1 (TrAZ) ~ kN
Vit N 0
atrix Theory
Cosmology Qo — tmax ~ /N
Conclusions S At 1
— At~ N
Q

— infinite continuous time.
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Matrix Theory Cosmology

String
Cosmology

R. Branden-
berger

TCC o Eigenvalues of Ay become emergent time, continuous
Scenarios in N — oo limit.

ot o Work in the basis in which Ag is diagonal: A; matrices
Matrix Theory elements decay when going away from the diagonal.
Cosmology

o Y i{|Ai2,) decays when |a— b| > nc
o > (|Ail2,) ~ constant when |a — b| < nc

Q ,70 i~ \//iq

Conclusions
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Matrix Theory Cosmology

String
Cosmology

R. Branden-
berger

TCC
Scenarios o Eigenvalues of Ay become emergent time, continuous

Unified Dark in N — 0 Ilmlt

Sector Model

Matrix Theory @ Work in the basis in which Ag is diagonal: A; matrices
cosmelody elements decay when going away from the diagonal.

Conclusions o
o Pick n x nblocks A;(t) about the diagonal (n < n;)
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Matrix Theory Cosmology

G o Eigenvalues of Ay become emergent time, continuous

R. Branden- in N — oo limit.
S o Work in the basis in which Ay is diagonal.
TCC o Work in the basis in which Ag is diagonal: A; matrices
Scenarios become block diagonal.
Uniied Bark o Extent of space in direction i

Matrix Theory
Cosmology

X = (GTANO))

59/90



Matrix Theory Cosmology

J. Nishimura, PoS CORFU 2019, 178 (2020) [arXiv:2006.00768 [hep-lat]].

G o Eigenvalues of Ay become emergent time, continuous
R. Branden- in N — oo limit.

S o Work in the basis in which Ay is diagonal.
TCC o Work in the basis in which Ag is diagonal: A; matrices
Scenarios become block diagonal.

Unified Dark o Extent of space in direction i

Sector Model

Matrix Theory

e X2 = (STANDR)
o In a thermal state there is spontaneous symmetry
breaking: SO(9) — SO(6) x SO(3): three dimensions
of space become larger, the others are confined.
[J. Nishimura and G. Vernizzi, JHEP 0004, 015 (2000);
]1S.-W. Kim, J. Nishimura and A. Tsuchiya, Phys. Rev.
Lett. 109, 011601 (2012)]
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Matrix Theory Cosmology

G o Eigenvalues of Ay become emergent time, continuous

R. Branden- |n N — OO I|m|t.

S o Work in the basis in which A is diagonal: pick n
TCC (comoving spatial coordinate) and consider the block
Scenarios matrix A,(t)

Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions
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Matrix Theory Cosmology

G o Eigenvalues of Ay become emergent time, continuous

R. Branden- |n N — OO I|m|t.

S o Work in the basis in which A is diagonal: pick n
TCC (comoving spatial coordinate) and consider the block
Scenrios matrix A;(1).
Uniied Bark o Physical distance between n = 0 and n (emergent
Matrix Theory Space) :

Cosmology

Conclusions /ghysyi(n) = <Tr(AI)(t))2> ’
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Matrix Theory Cosmology

G Eigenvalues of Ay become emergent time, continuous

R. Branden- |n N — 0 I|m|t.
S o Work in the basis in which A is diagonal: pick n

TCC (comoving spatial coordinate) and consider the block
Scenarios matrix A,(t)

Uniied Bark o Physical distance between n = 0 and n (emergent
Matrix Theory Space) :

Cosmology

onclusions — A 2
o Brysi(n) = (TAND)) .

9 lpnys,i(n) ~ n (for n < nc)
o Emergent infinite and continuous space in N — oo limit.
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Matrix Theory Cosmology

G Eigenvalues of Ay become emergent time, continuous

R. Branden- |n N — 0 I|m|t.
S o Work in the basis in which A is diagonal: pick n
TCC (comoving spatial coordinate) and consider the block
Scenarios matrix A,(t)
Uniied Bark o Physical distance between n = 0 and n (emergent
Matrix Theory Space) :
Cosmology
onclusions — A 2
o Brysi(n) = (TAND)) .

9 lpnys,i(n) ~ n (for n < nc)

o Emergent infinite and continuous space in N — oo limit.

o Emergent metric (S. Brahma, R.B. and S. Laliberte, in
preparation).

d
gi(n)'/? = g physi(n)
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Matrix Theory Cosmology: Results

Stri 0
e Emergent metric:

R. Branden-
berger

d
- gi(n)'/? = E,phys,i(n)

Scenarios Result:

Unified Dark
Sector Model

Matrix Theory gii(n7 t) = A(t)éll I: 17273

Cosmology

Conclusions
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Matrix Theory Cosmology: Results

Stri 0
e Emergent metric:

R. Branden-
berger

d
- gi(n)'/? = E,phys,i(n)

Scenarios Result:

Unified Dark
Sector Model

Matrix Theory gii(n? t) = A(t)éll I: 17273

Cosmology

Conclusions

SO(3) symmetry —

gij(n,t) = A(t)é; i=1,2,3
— spatially flat.

Note: Local Lorentz invariance emerges in N — oo limit.

61/90



Late Time Dynamics

String
Cosmology

R. Branden-
berger

TCC

Scenarios
Unified Dark 1/2
Sector Model A( t) s t /

Matrix Theory
Cosmology

Conclusions Note: no sign of a cosmological constant.
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Matrix Theory Cosmology

String
Cosmology

R. Branden- o We assume that the spontaneous symmetry breaking
eraet observed in the IKKT model also holds in the BFSS
TR model.

Scenarios

o Method: generalize the Gaussian approximation
Sector Model method used to demonstrate the existence of the phase
Mat Theory transition in the IKKT model to the BFSS theory (S.
Brahma et al, in preparation).

Conclusions
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Matrix Theory Cosmology

S. Brahma, R.B. and S. Laliberte, arXiv:2108.1152

String
Cosmology

R. Branden- o We assume that the spontaneous symmetry breaking
berger observed in the IKKT model also holds in the BFSS
TCC model.

Scenarios

o Method: generalize the Gaussian approximation
Sector Model method used to demonstrate the existence of the phase
Mat Theory transition in the IKKT model to the BFSS theory (S.
Brahma et al, in preparation).

o Thermal correlation functions in the three large
spatial dimensions calculated in the high temperature
state of the BFSS model (following the formalism
developed in String Gas Cosmology).

@ — curvature fluctuations and gravitational waves.

Conclusions
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Matrix Theory Cosmology: Thermal
Fluctuations

String
Cosmology

R. Branden-
berger

TCC
Scenarios Method:

Sector Model o Consider BFSS finite temperature partition function

po ey o Take partial derivatives with respect to T and R;

Cosmology

Conclusions o Obtain energy density and pressure fluctuations.
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Matrix Theory Cosmology: Results
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Conclusions

Matrix Theory Cosmology: Results

Obtain the same results as in String Gas Cosmology.

@ Scale-invariant spectrum of curvature fluctuations
@ With a Poisson contribution for UV scales.
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Obtain the same results as in String Gas Cosmology.

R. Branden-
berger

@ Scale-invariant spectrum of curvature fluctuations
@ With a Poisson contribution for UV scales.

Scenarios

I @ Scale-invariant spectrum of gravitational waves.

Sector Model

TCC

Matrix Theory
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Matrix Theory Cosmology: Results

String
Cosmology

Obtain the same results as in String Gas Cosmology.

R. Branden-
berger

@ Scale-invariant spectrum of curvature fluctuations
@ With a Poisson contribution for UV scales.

Scenarios g .

I @ Scale-invariant spectrum of gravitational waves.

Sector Model

TCC

Matrix Theory
Cosmology — BFSS matrix model yields emergent infinite space,

Bl emergent infinite time, emergent spatially flat metric and an
emergent early universe phase with thermal fluctuations
leading to scale-invariant curvature fluctuations and
gravitational waves.
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Matrix Theory Cosmology: Results

String
Cosmology

Obtain the same results as in String Gas Cosmology.

R. Branden-
berger

@ Scale-invariant spectrum of curvature fluctuations
@ With a Poisson contribution for UV scales.

Scenarios g .

I @ Scale-invariant spectrum of gravitational waves.

Sector Model

TCC

Matrix Theory
Cosmology

— BFSS matrix model yields emergent infinite space,
emergent infinite time, emergent spatially flat metric and an
emergent early universe phase with thermal fluctuations
leading to scale-invariant curvature fluctuations and
gravitational waves.

Conclusions

Note: Horizon problem automatically solved.
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Open Problems

String
Cosmology

R. Branden-
berger

TCC

Scenarios

ek o Understand phase transition to the expanding phase

Sector Model of Big Bang Cosmology.
Cosmology o Spectral indices?

BerEEE o What about Dark Energy?
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Conclusions
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berger

TCC @ In light of the TCC and other conceptual problems Dark

S Energy cannot be a cosmological constant.
Sector Model o In light of the TCC we need to go beyond point particle

Matrix Theory EFT in order to describe the very early universe.

Cosmology

Conclusions
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Conclusions

String
Cosmology

R. Branden-
berger

TCC @ In light of the TCC and other conceptual problems Dark

S Energy cannot be a cosmological constant.
Sector Model o In light of the TCC we need to go beyond point particle

Matrix Theory EFT in order to describe the very early universe.

Cosmology

Conclusions o Starting from heterotic superstring theory a unified dark
sector model can be obtained without too much fine
tuning.
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Conclusions

String
Cosmology

R. Branden-

berger o BFSS matrix model is a proposal for a non-perturbative
Tce definition of superstring theory. Consider a high
Scenarios temperature state of the BFSS model.

Unified Dark o — emergent time, space and metric. Emergent space

Sector Model

Matrix Theory is spatially flat and infinite.

e o Thermal fluctuations of the BFSS model —
scale-invariant spectra of cosmological perturbations
and gravitational waves.

o Transition from an emergent phase to the radiation
phase of expansion. No cosmological constant.

Conclusions
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Obtaining an Emergent Cosmology: String Gas
Cosmology

String
C | 0
R°;m°:gy Idea: make use of the new symmetries and new degrees of
. Branden- . . .

berger freedom which string theory provides to construct a new
theory of the very early universe.
oo Assumption: Matter is a gas of fundamental strings

. Assumption: Space is compact, e.g. a torus.

Sector Model

TCC

Matrix Theory
Cosmology

Conclusions
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Obtaining an Emergent Cosmology: String Gas
Cosmology

String

C | 0
R°;m°:gy Idea: make use of the new symmetries and new degrees of
. Branden- . . .

berger freedom which string theory provides to construct a new
theory of the very early universe.
oo Assumpt!on: Matter is a gas of fundamental strings

. Assumption: Space is compact, e.g. a torus.

Sector Model Key pOIntS

Matrix Theory

e o New degrees of freedom: string oscillatory modes

Conclusions

TCC

o Leads to a maximal temperature for a gas of strings,
the Hagedorn temperature

@ New degrees of freedom: string winding modes

o Leads to a new symmetry: physics at large R is
equivalent to physics at small R
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T-Duality

String
Cosmology

R. Branden-
berger

T-Duality
@ Momentum modes: E, = n/R

Winding modes: E;, = mR

Duality: R —1/R (n,m) — (m, n)

Mass spectrum of string states unchanged

Symmetry of vertex operators

Symmetry at non-perturbative level — existence of
D-branes

TCC
Scenarios

Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions

© 0 0 0 o
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Adiabatic Considerations

String

B Temperature-size relation in string gas cosmology

R. Branden-
berger

T-dual Phase

T

~

Iy

Conclusions

InR
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Conclusions

Background for string gas cosmology
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Challenge for Emergent Cosmologies

String
Cosmology

R. Branden-
berger

TCC

Scenarios

_ Dynamics of the emergent phase?
Unified Dark

Sector Model

Matrix Theory
Cosmology

Gonclusions Require an analysis beyond EFT.
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Structure formation in string gas cosmology

String
Cosmology

R. Branden-

Conclusions

N.B. Perturbations originate as thermal string gas
fluctuations.




Method

String
Cosmology

R. Branden-

berger o Calculate matter correlation functions in the Hagedorn

o phase (neglecting the metric fluctuations)

Scenarios o For fixed k, convert the matter fluctuations to metric
Unified Dark fluctuations at Hubble radius crossing t = f;(k)
;ifmxze‘y o Evolve the metric fluctuations for t > t;(k) using the
Cosmology usual theory of cosmological perturbations

Conclusions
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Method

String
Cosmology

R. Branden-

berger o Calculate matter correlation functions in the Hagedorn
phase (neglecting the metric fluctuations)

TCC

Scenarios o For fixed k, convert the matter fluctuations to metric
Unified Dark fluctuations at Hubble radius crossing t = f;(k)

Sector Model

P o Evolve the metric fluctuations for t > fj(k) using the
Cosmology usual theory of cosmological perturbations

Conclusions

Note: the matter correlation functions are given by partial
derivatives of the finite temperature string gas partition
function with respect to T (density fluctuations) or R
(pressure perturbations).
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Extracting the Metric Fluctuations

String
Cosmology

aHGIl  Ansatz for the metric including cosmological perturbations

berger g .
and gravitational waves:
TCC

Scenarios

Sector Model ds? = &(n)((1 +20)dn? — [(1 — 20)d; + hjldx’dx) .
Matrix Theory

Cesneiogy Inserting into the perturbed Einstein equations yields

Conclusions

([O(K)[F) = 1672G2k~*(6T (k)5 T % (K))

(Ih(K)[?) = 1672 GPKk=*(5T' (K)o T';(K)) .
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Power Spectrum of Cosmological Perturbations
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berger

Key ingredient: For thermal fluctuations:
TCC

Scenarios
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Unified Dark <5p2> = R CV .
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Sector Model R

Matrix Theory
Cosmology

Conclusions
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Power Spectrum of Cosmological Perturbations

String
Cosmology

R. Branden-
berger

Key ingredient: For thermal fluctuations:
TCC

Scenarios T2
2
Unified Dark <5p > - CV :

Sector Model RS
Ui e Key ingredient: For string thermodynamics in a compact
0SMOoIo
- space

Conclusions
2 /3
R/ts

VI
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Power spectrum of cosmological fluctuations

R. Branden-

berger
e Po(k) = 8G2k' < |sp(k)]? >
Unified Dark = 8G2k2 < (5,\/’)2 >R
Sector Model _ o2, 4 2
Matrix Theory o 8G k7_ < (‘I(Sp) >R
Cosmology B 2_
Conclusions — 8G Kg —1 _ T/ TH
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Cosmology

Power spectrum of cosmological fluctuations

R. Branden-

berger
e Po(k) = 8G2k' < |sp(k)]? >
Unified Dark = 8G2k2 < (5,\/’)2 >R
Sector Model _
Matrix Theory = 8G2k7_ ¢ < (‘I(Sp)z >R
Cosmology B 2_
Conclusions — 8G Kg —1 _ T/ TH

Key features:

o scale-invariant like for inflation
o slight red tilt like for inflation
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Spectrum of Gravitational Waves
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= 16n2G%K < Ty(R)P >
Scenarios T
Unified Dark ~ 1 671'2 62—3(1 — T/ TH)
Sector Model ES
Matrix Theory
Fosmeeay Key ingredient for string thermodynamics
Conclusions
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Spectrum of Gravitational Waves

String
Cosmology

R. Branden-

berger 167T262k_1 < |le(k)|2 >
. = 1672GRk 4 < |Ti(R)P >

Scenarios

2

Unified Dark

167r262€13(1 —~T/Ty)
S

Sector Model
Matrix Theory
Cosmology Key ingredient for string thermodynamics
Conclusions
<ITHAIP >~ (1= T/Th)
BR*

Key features:

o scale-invariant (like for inflation)
@ slight blue tilt (unlike for inflation)
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Where do we stand?

String
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TCC o String Gas Cosmology appears to be an alternative to
Seenaros inflation for generating the structures we see in

ot cosmological observations.

gg;';jog‘geyo"v o String Gas Cosmology: nonsingular, solves the horizon
problem.

Conclusions
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Where do we stand?

String
Cosmology

R. Branden-
berger

TCC o String Gas Cosmology appears to be an alternative to
Seenaros inflation for generating the structures we see in

ot cosmological observations.

Matrx Theory o String Gas Cosmology: nonsingular, solves the horizon
problem.

@ Achilles heel: how do we describe the emergent phase
mathematically?

Conclusions
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Relationship between IKKT Model and Type |1B

String Theory

String

St Consider action of the Type 1IB string theory in Schild gauge
R. Branden-
berger

Ssana = [ PoalVB(zIX" X"} — L0 X", v})+5E].

Scenarios

Unified Dark
Sector Model

i G Partition function : Z = / D\/gDXDype~Ssehiid |

Cosmology

Conclusions
Correspondence : {,} — —i[,]
/ Poy§ — T
Obtain grand canonical partition function of IKKT model.
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Some Details

sl Starting point: finite temperature partition function:
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Z(8) = / DADX;e~5%)
TCC
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Conclusions
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Some Details

sl Starting point: finite temperature partition function:

R. Branden-
berger

Z(8) = / DADX;e~5%)
TCC

Scenarios Internal energy

Unified Dark
Sector Model d

Matrix Theory E - = d_/Ban(/B)

Cosmology

Conclusions

E = —ZA_ / dtTrX . X]?
Matsubara expansion:

X = Z)(inei(Zﬂ'n B)t
n
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Some Details

String Matsubara expansion of the action:
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berger Sgrss = So + Skin + Sint
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TCC
Scenarios

Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions

Some Details

Matsubara expansion of the action:

Sgrss = So + Skin + Sint

At high temperature: Si;, and Sj; suppressed compared to
So.

To next to leading order:

=N\ =

where y1 ~ R2A\¥/3T-1/2,
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Some Details

String
Cosmology

R. Branden- o Derivative w.r.t. T — density fluctuations: both terms
erger contribute.

Teo o Derivative w.r.t. R — pressure fluctuations: only second

Seenanos term contributes.

Unified Dark
Sector Model

Matrix Theory
Cosmology

Conclusions
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Some Details

String
Cosmology

R. Branden- o Derivative w.r.t. T — density fluctuations: both terms

erger contribute.
Teo o Derivative w.r.t. R — pressure fluctuations: only second
Seenanos term contributes.

Unified Dark
Bl Power spectrum P(k) of density fluctuations: (k = R~1)

Matrix Theory

SeEule] o First term dominates in the UV: Poisson spectrum.
Conclusions
o Second term dominated in the IR: Scale-invariant
spectrum.

P(k) = 1672G2XY2N2O(1) ~ (Ismpi)~

using the scaling GEN2X*/3 ~ (Ismp)~4.
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Obtaining Inflation

Coamoingy o EFT framework: General Relativity + field theory

R. Branden- matter.

berger . . 1
o — require matter with p < —5p.
G o Consider scalar field o as matter: potential energy term
Seenanos has an equation of state p = —p.
Unified Dark .
Sector Model o But one needs to ensure that potential energy
Ui e dominates over other forms of energy!
osmology . . .
Conclusi @ Require a slowly rollling scalar field:
onclusions
4 < 1
V mpl ’

o Require rolling over large distances

o — EFT breaks down.
86/90



Challenge for Inflation

String
Cosmology

R. Branden-
berger

@ TCC — require non-perturbative analysis of inflation.
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Challenge for Inflation

String
Cosmology

R. Branden-
berger

@ TCC — require non-perturbative analysis of inflation.

TCC q .
o Constructions exist:

Scenarios

Unified Dark @ G. Dvali et al: inflationary phase as a condensate of
S gravitons about Minkowski space-time

Cosmology (arXiv:1701.08776 [hep-th]).

Conclusions o H. Bernardo, S. Brahma, K. Dasgupta et al: inflationary

phase as a coherent state in string theory
(arXiv:2007.00786 [hep-th]; arXiv:2007.11611 [hep-th];
arXiv:2009.04504 [hep-th]).
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Obtaining an Ekpyrotic Bounce
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R. Branden-

berger o Space-time described by Einstein-Hilbert action.

TCC o Idea: Slow contraction given by matter with equation of
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Matrix Theory scalar field ¢ with a negative exponential potential.
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o Anisotropies diluted, creates spatial flatness

o Global attractor in initial condition space (A. ljjas et al,
arXiv:2103.00584)

o Note: Negative exponential potentials are
ubiquitous in string theory.
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S-Brane and Ekpyrosis

String
Cosmology

R. Branden-

berger Challenges for Ekpyrotic Cosmology:

e o How do we get the bounce?
Scenarios

e Dark © How do we obtain a scale-invariant spectrum of
Sediariiod curvature fluctuations?

Matrix Theory

Cosmology o Can we obtain a spectrum of gravitational waves
Conclusions relevant to current observations?

Adding an S-Brane to the EFT action can solve all three
problems, and leads to two consistency relations for
cosmological observables.
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Idea: At the string scale a new tower of string states
becomes comparable in mass to the usual low energy
degrees of freedom;

— they must be included in the low energy effective action.

Included as an S-Brane.
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e Idea: At the string scale a new tower of string states
becomes comparable in mass to the usual low energy

R. Branden-

2z degrees of freedom;
- — they must be included in the low energy effective action.
Scenarios
Unified Dark InCIuded as an S-Bl’ane.
Sector Model
Matrix Theory
Cosmology 4 1 4
Conclusions S - d X\/ —Q[R T 58“@8 ® — V((p)]
—/d4Xm5(T — BV
Kk = Nng’ ,

Note: The S-brane has p = 0 and p < 0 — can mediate the
transition between contraction and expansion. g
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