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of thermodynamics.

@ We need to look beyond an EFT description of the early
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Trans-Planckian Problem

o Success of inflation: At early times scales are inside
the Hubble radius — causal generation mechanism is
possible.

o Problem: If time period of inflation is more than 70H~1,

then \p(t) < Iy at the beginning of inflation.

o — breakdown of effective field theory; new physics
MUST be taken into account when computing
observables from inflation.
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Scenarios solutions with timelike singularities: super-extremal
Matrix Theory black holes.

Cosmology

Conclisions @ — Cauchy problem not well defined for observer
external to black holes.

o Evolution non-unitary for external observer.

o Conjecture: ultraviolet physics — external observer
shielded from the singularity and non-unitarity by
horizon.
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ee Translation

Scenarios

Matrix Theory o Position space — momentum space.
Cosmology

e o Singularity — trans-Planckian modes.
onclusions
o Black Hole horizon — Hubble horizon.

Observer measuring super-Hubble horizon modes must be
shielded from trans-Planckian modes.
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@ Recall: non-unitarity of effective field theory in an
166 expanding universe (N. Weiss, Phys. Rev. D32, 3228
S (1985); J. Cotler and A. Strominger, arXiv:2201.11658).

Matrix Theory

Cosmology o H is the product Hilbert space of a harmonic oscillator
conclisions Hilbert space for all comoving wave numbers k

o UV cutoff: time dependent Kmax : kmax(t)a(t)~" = my,
o Continuous mode creation — non-unitarity.

o Demand: classical region be insensitive to
non-unitarity.
@ — no trans-Planckian modes ever exit Hubble horizon.
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Scenarios o EFT: expand fields in comoving Fourier space.

Matrix Theory

Cosmology @ Quantize each Fourier mode like a harmonic oscillator
Conclusions — ground State energy.

o Add up ground state energies — CC problem.

@ The usual quantum view of the CC problem is an
artefact of an EFT analysis!
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Cosmology

Conclusions o sg(t) increases in time since the phase space of
super-Hubble modes grows.

o Demand: sg(t) remain smaller than the
post-inflationary thermal entropy.

o — Duration of inflation is bounded from above,
consistent with the TCC.
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Conclusions

Demanding that inflation yields a causal mechanism for
generating CMB anisotropies implies:
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— upper bound on the primordial tensor to scalar ratio r:

r <1030

Note: Secondary tensors will be larger than the primary
ones.
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.
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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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@ — acoustic oscillations in CMB angular power
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@ — baryon acoustic oscillations in matter power
spectrum.
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e @ Horizon > Hubble radius in order for the scenario to

Seenaries solve the “horizon problem” of Standard Big Bang
Matrix Theory

Cosmology CosmOIOgy.

conclisions o Scales of cosmological interest today originate inside

the Hubble radius at early times in order for a causal
generation mechanism of fluctuations to be possible.

@ Mechanism for producing a scale-invariant spectrum of
curvature fluctuations on super-Hubble scales.
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provided that the energy scale at the bounce is lower
than the Planck scale.

o Emergent cosmologies are consistent with the TCC
provided that the energy scale of the emergence phase
is lower than the Planck scale.

o Inflationary cosmologies are inconsistent with the
TCC unless the energy scale of inflation is fine tuned.
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All early universe scenarios require going beyond EFT.
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Matrix Theory Cosmology
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oo Starting point: BFSS matrix model at high temperatures.

Seenaros o BFSS model is a quantum mechanical model of 10

teae N x N Hermitean matrices.

Conclusions Q Note no Spacel
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.
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0 X;,i=1,...9are N x N Hermitean matrices.
o Dy: gauge covariant derivative (contains a matrix Ag)

‘t Hooft limit: N — oo with A = g2N = gs/; 3N fixed.
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o At high temperatures, the bosonic sector of the
et (Euclidean) BFSS model is well approximated by the
Cosmology bosonic sector of the (Euclidean) IKKT matrix model.
Conclusions o SBFSS _ S/KKT _|_ 0(1/7-)

o Matsubara expansion:
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Partition function:

Z = / dAdye’S

35/50



Matrix Theory Cosmology

Emergent

R. Branden-
berger

TCC
Scenarios o Eigenvalues of Ay become emergent time.

Matrix Theory
Cosmology

Conclusions

36/50



Matrix Theory Cosmology

Emergent

R. Branden-
berger

TCC
Scenarios o Eigenvalues of Ay become emergent time.

e 1 el o Work in the basis in which Ay is diagonal.

Cosmology

Conclusions

36/50



Matrix Theory Cosmology

Emergent

R. Branden-
berger

TCC
Scenarios o Eigenvalues of Ay become emergent time.

Matrix Theory o Work in the basis in which Ag is diagonal.

Cosmology

Conclusions Qo Numel’ica| StudieSZ 1n<TI'A8> ~ KN

36/50



Matrix Theory Cosmology

Emergent

R. Branden-
berger

TCC

Scenarios o Eigenvalues of Ay become emergent time.
Matrix Theory o Work in the basis in which Ag is diagonal.
Cosmology
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1
o — At TN
@ — infinite continuous time.
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J. Nishimura, PoS CORFU 2019, 178 (2020) [arXiv:2006.00768 [hep-lat]].
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o Work in the basis in which Ag is diagonal: A; matrices
it become block diagonal.
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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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Eigenvalues of Ay become emergent time, continuous
P in N — oo limit.
o Work in the basis in which Ay is diagonal: pick n

- (comoving spatial coordinate) and consider the block

Scenarios

et matrix A;(t).

atrix Theory i i

Cosmology o Physical distance between n = 0 and n (emergent
Conclusions Space)

Biysi(n) = (THA)D)?) |
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o Emergent infinite and continuous space in N — oo limit.
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Matrix Theory Cosmology

Emergent

Eigenvalues of Ay become emergent time, continuous
P in N — oo limit.
o Work in the basis in which Ay is diagonal: pick n
(comoving spatial coordinate) and consider the block

TCC

Scenarios

o matrix A;(1).

atrix Theory i )

Cosmology @ Physical distance between n = 0 and n (emergent
Conclusions Space)

phys:(n) <Tr(/z\i)(t))2> )

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)'/? = %lphys,i(”)
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Matrix Theory Cosmology: Results
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Emergent metric:
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berger

1/2 d
TCC i = e
g(n) 2 = o h (n)
Scenarios -
Matrix Theory ReSUI'[_
Cosmology
Conclusions gii(n’ t) _ A(t)éu I _ 1 | 27 3

SO(3) symmetry —

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

Note: Local Lorentz invariance emerges in N — oo limit.
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A(t) ~ t1/2

Conclusions

Note: no sign of a cosmological constant.
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S. Brahma, R.B. and S. Laliberte, arXiv:2108.1152
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Matrix Theory o Method: generalize the Gaussian approximation

Sosmelosy method used to demonstrate the existence of the phase
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.
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Method:

o Consider BFSS finite temperature partition function
o Take partial derivatives with respect to T and R;
o Obtain energy density and pressure fluctuations.
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berger

o @ Scale-invariant spectrum of curvature fluctuations
Scenarios @ With a Poisson contribution for UV scales.
teae o Scale-invariant spectrum of gravitational waves.

Conclusions

— 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.

Note: Horizon problem automatically solved.
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Scenarios
i sy o Understand phase transition to the expanding phase
o of Big Bang Cosmology.

o Spectral indices?
o What about Dark Energy?
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ee o Inflation is not the only scenario of early universe
Soenanes cosmology consistent with current data.

Matrix Theory

Cosmology @ In light of the TCC and other conceptual problems
Conclusions effective field theory models of inflation are not viable.

@ In light of the TCC and other conceptual problems Dark
Energy cannot be a cosmological constant.

@ We need to go beyond point particle EFT in order to
describe the very early universe.
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o BFSS matrix model is a proposal for a non-perturbative
definition of superstring theory. Consider a high

S Ty temperature state of the BFSS model.

Cosmology o — emergent time, space and metric. Emergent space

conlisions is spatially flat and infinite.

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.

TCC

Scenarios
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