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Cosmic Microwave Background

Figure: Wilkinson Microwave Anisotropy Probe (WMAP) heat map of
temperature fluctuations in the cosmic microwave background.

McGill University 1/23



Temperature Anisotropies
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Angular power spectrum
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Relation to the power spectrum of scalar fluctuations
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Power spectrum Anisotropy transfer functions

1
Large scale transfer function: Ap = gj/(k[no — Nrec))

Angular power spectrum on large scales
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Inflation
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Single field slow-roll action

5= /dx“r[ — (0u0)2 — 2V(&)]

Equation of state parameter
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Figure: Example of inflaton Slow roll conditions
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Inflation and structure formation

Second order expansion of the
action (comoving gauge)

Hubble radius 2 H2
5p=0 , gj=a’[(1—2R)s;]
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" e Relation to the power spectrum
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Figure: Propagation of
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. . R
Problems with Inflation (8

Swampland Program
Recent conjectures from the Swampland program put inflation un-
der tight constraint:

® Refined de Sitter conjecture : The scalar potential of a theory
coupled to gravity must satisfy one of the conditions

IVV|>cV |, min(V;V;V) < -V

where ¢, ¢’ > 0 are of order one, to be consistent with string
theory.

® Trans-Planckian Censorship Conjecture: Sub-Planckian
quantum fluctuations should remain quantum.

T<Hin(H™)
This imposes a bound on the duration of inflation (see above).
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Emergent scenarios
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Figure: Evolution of the scale factor Figure: Propagation of modes
In an emergent scenario. during an emergent scenario

Examples of emergent scenarios:
1. String gas cosmology
2. Emergent universe from the BFSS matrix model

3. Emergent universe from the IKKT matrix model
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Introduction to the IKKT matrix model &

The IKKT model is a non-perturbative formulation of type |IB the-
ory in ten dimensions. The action of the IKKT model is given by

1 o1
St =T g2l ATA A+ 53 T4, 1))
where A, (1 =0, ... , 9) and ¢ are N x N Hermitian matrices.

Here, space-time is described by the matrix elements Ag and A;,
which hold information about time and space respectively.

[N. Ishibashi, H. Kawai, Y. Kitazawa and A. Tsuchiya, , Nucl. Phys. B 498, 467-491 (1997) ]
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Introduction to the IKKT matrix model &

The IKKT action can be derived from the schild action of a Type
[I1B string

Sschild = /d02\/§ [Of (i{X“7XV}2 - ;&r“{XmT/J}) +5] ,

by replacing the Poisson brackets by commutators and the integral
by a trace

{7} = _I[a] ) /d20\/§:> Tr.
We obtain the IKKT action
1 1 -
SIKKT = (—4 TF[AM,A,,]2 - ETI’ (¢I’“[AM,¢])> —+ BTI’].

plus a constant § term that can be neglected.
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String solutions in the IKKT model 4]

Infinitely long static D-string solutions can be fund by solving the
Schild/IKKT equations of motion and setting ¢» = 0.

Schild equation of motion IKKT equation of motion
{ X, {XH, X"} } =0 [AL [A A =0

Static D-string in X! direction  Static D-string in X! direction

X0 =7 A =q

Xl=¢ Al =p

X* =0 Otherwise A¥ =0 Otherwise
Here, 7 and o are continuous Here, g and p are matrix
parameters that parametrize the operators that describe the string
worldsheet. geometry and satisfy [q, p] = /1.
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Higher dimensional objects in the IKKT model ",

Higher dimensional objects can be found by generalizing the string
solution. Consider solutions of the EoM’s which satisfy

[Au, Al = icul

where ¢, is a 10 by 10 antisymmetric matrix of constants. ¢,
can always be expressed in the Jordan canonical form

0 w1
—w; O
Cuv =

—Whs 0
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Higher dimensional objects in the IKKT model 043

Solutions with (p + 1)/2 non zero coefficients out of five wy take
the form

A,U« = (le P17 EX) Q(p+1)/27 P(p+1)/2a 0,..., O) )
where each Q's and Pk's satisfy
[Qks Pi] = iwy .

This class of solution describe (p + 1)-dimensional static objects
that are similar to D, branes. When p = 1, we recover the string
solution

A, =(Q,P,0,..,0),

that we described before.
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Dynamical solutions

35

To find dynamical solutions, we must minimize the IKKT action
(including fermions) using Monte-Carlo methods. When A° is cho-
sen to be diagonal, A’ has a band diagonal structure (see below).

/[t

t, average t) ( small
*lely n n
lys1 L=
Ap = 7 "‘-/tHn A 4t
.
*e i) \ small
Time parameter Time evolving matrix
element
1 n
t=-— Z tyta Aab _ A
n 4 7°(t) = (tuyalAiltusp)
a=
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Emergent (1 4+ 3 4 6) - dimensional universe
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Figure: 3 out of 9 eigenvalues of

Figure: The extent of space R(t)? T, become large at a critical
becomes large at a critical time t.. time t..
Extent of space parameter Moment of inertia tensor
2 _ 1o & o | Ry,
R(t)" = ;TrA,-(t) Ti(t) = ;TF{A,‘(t)Aj(t)}

[S. W. Kim, J. Nishimura and A. Tsuchiya, Phys. Rev. Lett. 108, 011601 (2012) ]
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IKKT model and structure formation

i
G2

Background evolution
ds® = (1 +20)dt? — a(t)?[(1 — 2)8; + hyj]dx’dx/
Equations of motion for the perturbations (at linear order)
V20 =4rGOT{ , V?hj=—4rGoT]
Power spectrum of perturbations
Po(k) = k*(|®(k)|%) = 16m°G*k~* (0 TG (K) T (K))r
Pn(k) = k>(|h(K)[?) = 167> G2k~ (8 T} (k) T} (k))&

Correlation functions for matter in a thermal state

2
BT TRNR = (175 — o)k = 5 Cv
BTITIKN R = (T)r ~(Thh =0y 08 i %]
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String thermodynamics

35

String action (Euclidean target space)

S = —T/deU (alxuaoéx,u - ’.l/jupa a¢u) 8w = Oy

Conditions to obtain a theory at finite temperature
1. Space-time bosons are periodic under X% — X% 4+ 3
2. Space-time fermions are anti-periodic under X° — X% + 3

Free energy of the system

F=—-8InZ |, Z:/DXDQ/)e_S

=—4In [@++}
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Thermodynamics of the IKKT model

35

Euclidean IKKT action (A® — jA® , " — i)

1 i
Sikr = —Tr (4g2[Au, AJIAY, AV + Zgzwr%,m)

Constraint equation for compactification on S; + anti-periodic
boundary conditions for the fermions

UTTAU = A% 4 273
UTTAU = A
U tpU = —1p.

U = some unitary matrix that generates a translation of magnitude 273
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Thermodynamics of the IKKT model

OF
g \ffg

Translation operator
U=e e | [q,p]=i

Solutions to the constraint equations

AY =) " Ae™ + 2mBq

nezZ
i _ i inp
A = E ALe
neZ
Y= § e
rezZ+1/2
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Thermodynamics of the IKKT model

35

Compact IKKT action

SikkT = 2—NzTI‘ (Z(27r/8n)2 L n+ Iz2ﬂ'ﬁrd) Cl()r (P
-1-2471'5”[/4_” m» £n]2AI Z[A—n m—1» I][Amv n]

nml/

—n—m— I?AJI][A;mAjn] — 1 Zw—r—nCIOFO[A?nwr]
rn

[A

nml

—i Z w—r—n ClOI_i[Aiw %])
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Relation to the BFSS model ‘3?'

Compact IKKT action
_ B 2 Lryi ywit2 4 70 Tty
SIKKT = 282 dr'Tr { (D, X') 2[X X2+ 9T Deap — il [ X 9]

Mode expansion

XO —_ ZXr(’)eIQﬂ,Bnt , Xi — Z X,I;eiZﬂ'ﬁnt 7 w — Z wreiZﬂ'Brt
n r

n

BFSS model action (after T — 1/T and a redefinition of g2)

Srss = 122 / drTr ((DTX’)z - %[x",xf]2 + Dy — ilﬁr"[X",w])
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Energy and free energy of the system

35

Partition function of the IKKT model at finite temperature

Z= / dAdype™ SKKT = / dAdype™ 05 it

Free energy of the system

1
F=-TInZ=-TInZ,— TI\/I2(D—2)In(6)—§TpM2In2

D-2 p\D-2 > 3.,
~ £ M2T3RZ + ..
+< 12 8>D—1 o

Energy of the system

E=—03InZ
D-2

D-2 p
=MD -2T -2 —= -2 ) =—M°T3R? + ...
( ) ( 12 8>D—1 *
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Power spectrum of scalar and tensor perturbations %%

Power spectrum of scalar perturbations

E
Po(k) = 1672 G2 T2Cy (kR) S, ¢y = (25
aT ),
oe2c2py4 (P _D=2\D-2 >4
~ 9672 G2(kR) (8 = )D_lle
Power spectrum of tensor perturbations
P¢(k)::16W2G2k2T3aéy§(kR)_2 f=—m
R ’ VoinR

. (D=2 p\D-2
_ 2 ~2 4 _ b 214
= 3272 G2(kR) a( 5 8>D_1MT
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Summary of the results

i
G2

e Inflation is not the only mechanism for large scale structure
formation in the universe. There are alternate mechanisms
(e.g. emergent scenarios).

e The IKKT model is a proposed non-perturbative description of
type |IB string theory.

® A thermodynamic description of this model can be obtained
by compactification on a torus where fermions acquire
anti-periodic boundary condition.

® This model admits emergent universe solutions (Kim,
Nishimura, Tsuchiya (2012)).

e |f the universe begins in a thermal state of the IKKT model,

then thermal fluctuations can source a scale invariant
spectrum of cosmological perturbations.
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