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Cosmology and string theory

3 cosmological epochs where string theory is needed to control Planck scale physics:

1) Small and large field inflation i) Kination after inflation
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Type lIB 4D EFT

Focus on 4D EFT of type lIB flux compactification on CY orientifolds

Closed string moduli:

i) axio-dilaton S =g;1+iC,
i) complex structure (shape) moduli z, a =1,...,h"?
i) Kaehler (size) moduli T; =t;+i6; i=1,..,h%"
Tree-level Kahler potential and superpotential
K=-2InV(t;))—In(S+9S) —In(—=if Q(z,) A D)
W = [ (F3+iSH) AQ =W(S,z,)
Tree-level F-term potential for ;W = 0 and no-scale cancellation: KTTK;K7 = 3
V =eX(ID,W|? + |[DsW|*) = 0
Fix S and z-moduli at |D,W| = |DsW| =0 Wy = (W (S, z,)) ~ 0(1)

SUSY-breaking (due to FT# 0) Minkowski minimum with flat T-moduli
|WO|Mp
14

Mass spectrum:  m, ~ mg ~ ms/, ~ »>mr =0



Numerical flux vacua

[Chauhan,MC,Krippendorf,Maharana,Piantadosi,Schachner]

* Numerical searches of flux vacua using Machine Learning (JAXVacua)
« Exhaustive searches in targeted regions of moduli space

« Example with h12 = 2: CIP[l 11,69 atZg X Z;g symmetric locus

| Name || Im(z") | P | N || #h | #f } #(f.h) | Noac || exhaustive” |
A 2.3 | [42,20] | 34 82,082 | 1,849.426 | 5,134,862 <1 40, 8?> " |
23 ] - ] : Compare with 15392 solutions of
B [2,5] [-“;—-i ll]] 10 1.900 6,340 12,160 12,196 Flnd/ng all flux vacua
C [1,10] | [¥2,50] | 34 | 3.652,744 | 21,043,832 | 50,652,686 | 50,884.086 No in an explicit example
7 [Martinez-Pedrera et al]
D (2,10] | [%%,10] | 50 || 5,909,012 | 45,886,900 | 123,075,206 | 123,408,240 No
Nmax =20, Im(2') =1
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No continuous flux approx. — distribution of actual flux vacua beyond [Denef,Douglas]



Inflating with Kaehler moduli

Slow-roll inflation driven by Kaehler moduli T with canonical inflaton ¢

V(p) =Vo[1—g(P)] =V, with  g(d) «1 for o> 1

Volume V couples to all sources of energy due to eX = V2
no ¢-independent plateau if ¢ =V

¢ should be a direction L V: ¢ = 1,

Each term in VV depends on V

V(¢$) =V, if leading dynamics fixes V but not t,,

¢ = 14 is a leading order flat direction with an approximate shift symmetry
[Burgess,MC,Quevedo,Williams][Burgess,MC,deAlwis,Quevedo]

Type |IB Kaehler sector:
tree-level: no-scale cancellation V,...(t;) = 0

0(a'?g$): extended no-scale cancellation V. 2(7;) =0  [MC.Conlon,Quevedo]

0(a'?): leading no-scale breaking effect lift only V V,3(t;) ~ V™3 [Beckeretall

0(ag?) or 0(a'®F*): subleading quantum effects lift T, which drives inflation
¢



Plateau inflation with Kaehler moduli

Vvig)
4

V(d) =Vol1 - g(d)]

Non-perturbative Blow-up Inflation: VY, .
Reheating ¢, ¢
g(d) x e—aV*P " ith 1~ 10710 Ap K M, [Conlon,Quevedo][Bond et al]

Non-perturbative Fibre Inflation:

g(d) x e Pe® with r~107° Ap ~ 0.1 M, [MC,Pedro, Tasinato][Luest,Zhang]

Loop Fibre Inflation:

x e PP with r~ 0007 Ab~5M [MC,Burgess,Quevedo][Broy et al]
() ¢ p [MC,Ciupke,deAlwis, Muia]

Explicit model: CY with h'-" = 4 from toric geometry, 03/07, D3 and D7-tadpole canc.,

chirality, moduli stab., dS from anti-D3, inflation inside Kaehler cone
[MC,Grassi,Lacombe,Pedro]

Loop Blow-up Inflation:

g(¢p) x

1
TVERSTE with r~ 107> Ap ~ 0.1 M, [Bansal,Brunelli, MC,Hebecker,Kuespert]



Reheating from volume decay

Non-standard cosmology after inflation:

1) N efolds of matter dom. from inflaton ¢ oscillations

i) Radiation dom. after inflation decay

iii) Ny, efolds matter dom. from volume V oscillations
Iv) Reheating from V decay

dark radiation, non-thermal dark matter, Affleck-Dine baryogenesis,...

A 1 1 1 1 [ p.
N, =57 + Zlnr - ZNq’ — ZNV + Zln (pend>
v ssm / \ v S6,6
v inflation ; v After Infiation >v By Sy
SM dof bulk axions 0,
— hidden photons '

Decay/reheating v Late times V

ANeff 0



Dark radiation from bulk axions

Bulk axions 6, enjoy a perturbative shift symmetry Kpert depends juston V ~ 12/2
Kpert = =2InV + K0, (V) = =3InT1p + -+ Tp =t + 16,
Shift symmetry broken by non-perturbative effects 8, is ultra-light
WM
_ _ 2/3 _ 2/3 0
Wnon—pert = e"WTh xc e~ WV « 1 mg, ~ € apV Mp LK my ~ ’VT/ZP

V-6, coupling from kinetic terms

Ty = eV 2/3¢/M

Hb = \/2/31917

192K 1 1
i (970" T + 0,85018)) = 5 0, 0" b + 5e—2J2_/3¢> 9, 9,019, {

2¢6190”19
§M_pub b

Model-independent V — 6,6, decay rate [MC,Conlon,Quevedo]

1 m}
qugbgb = 48—1TM_5 ANeff =0



Bulk hidden photons

Bulk hidden photons y' from dimensional reduction of C,

C, = Di(x) AD; + VA(x) Aay + UA(x) A By + p;(x)D? A=1,..,h%"
h}? > 1 for CYs in Kreuzer-Skarke list with 2 < k%! < 7 : =
[Sheridan et al] —_—— i
—— =
.—’;
=
Charged modes are D3s wrapping 3-cycle X; with mass L
mD3 ~ TD3VOI(Z3) >> MS 0 20 10 60 }&18'0 100 120 140
no light charged mode no Stueckelberg/Higgs mechanism massless '

Gauge kinetic function depends on complex structure moduli z¢ a = 1, ..., h1-?

i
Re(fa) X X" fa =504 F@)| ,  Ya=1,..h"

1
F(z) = _gkI]KZIZ]ZK +-- LJK=1,..,h? fac(2) ~ kppeaz®

Kinetic mixing with SM photon on D7s wrapped on 4-cycle X, [Grimm,Louis][Jockers,Louis]

X X2, FeY ¥ j ANi*ay ¥ = x(a;, {4, 2%) a; = Wilson lines
%4 {4 = D7 deformations



Bulk hidden photons

Generic Lagrangian for photon and bulk hidden photon '

—Re(fuis) (T) F*'Fry = Re(fnia) (2) X" Xy + €(2,0, XM Fy + JyysAy +‘ @V v

1 1 €
——F"E, —=X"X,, + =X"YE,, + Guis

€ ~ ¥y <1
4 uv 4 uv 2 vis M \/Re(fm's)Re(fhid) ~ GvisYhid
Non-unitary transformation
P V=V +—— 4
KT VI= ez SN
1. . 1.
_ZFMVF[,LV - ZXHVX + gms]vls U
. R 1
Small correction to U(1)-charge:  §,ic = gpis (1 + 562) tiny effect on GUT unification

bulk hidden photons are super-hidden
Observations:

i) Collider signals for low-scale SUSY from hidden photini mixed with Bino [Arvanitaki et al]

i) Dipole moments from y' coupling to visible matter via dim 6 operators [Coudarchet et al]

Gravitational production from V - y'y’ decay at reheating? AN os # 0



Dark radiation from bulk hidden photons

« Moduli coupling to y' from gauge kinetic function [Caraffi,Chinaia,MC,Lin]
Re(fhid (Z)) XMVX;W
only cx str moduli z couple directly to y'

* Volume V coupling to y' induced by kinetic mixing between V and z

f(z+2) 4 £

K=-2InV-3In(z+2) + p2/3 Ty

+...

« Canonical normalization around V?/3 =7 = (t) + t and Re(2) = u = (u) + @

A\

u

T
=0V +0Wx~x  S=0Me+0WV )y ~¢
(w) (7)
V-suppressed V-y* coupling at 0(a’*) level
g ¢ XWX g - K1
Vyr 3, Vyr ™ S i/2
VM, uv V' 4/3

negligible contribution to AN ¢ since

3

r N, g%,V p-8/3N. T < 10-°T &T AN 0
Voyryr y'9vy’ M2 Yy V-0p0p ~ V-0p0)p V-0p0p eff
1%
V=103 N, ~ 100



Massive bulk hidden photons from torsion

A torsional 3-cycle £; of degree k is the boundary of a non-orientable 4-chain S,

5, of degree k = 2

Dimensional reduction of C, in presence of a torsional 3-cycle of degree k

C4 ) V(x) N &3 + p(x)54 dd3 = k54

Geometric Stueckelberg mechanism ——. massive Y [Camara,lbanez,Marchesano]

N N
FsAxFy —— Emi,vuw V=dp—-kV

Very large mass: m,r = M

——— hidden photons from torsional cycles disappear from EFT



Loop blowup inflation with SM on D7s

[Bansal,Brunelli,MC,Hebecker,Kuespert]

v mg, A
641 M}

Non-pert D7s

Ceg—vavn =

Inflation N, =~ 53
Hidden D7s
Higden D7 Inflaton dom. Nz, =1
T Tp = VnVYn

Radiation dom.

Infl start

Volume dom. Ny =3
V - hh

Radiation dom.

4
2 Msoft m——
Ivonn ~ Cioop T voe,0,
v Matter dom.

Mgope ~ M3 > my Dyonn > Tvog,e,

Dark energy
[MC,Hebecker,Jaeckel,Wittner]
Predictions:

ng = 09765 r=17x10"% T4 =4%x101°GeV  ANgg =0



Loop blowup inflation with SM on D3s

Msoft K my K m3/2
Non-pert D7s

©

Dyonn LK Tyoge, =

Hidden D7s

Infl start

SM D3s
Tsv—>0

H,H
k=2 V2/3d Wonyng = 227 yoop6,
Predictions:
ns ~ 09757 r=18x10"°

[Bansal,Brunelli,MC,Hebecker,Kuespert]

Inflation N, =~ 51.5
Inflaton dom. Ny, = 1
Ty = VnlVn

Radiation dom.

Volume dom. Ny, = 10.5

V- Hqu, 9b9b

Radiation dom.

Matter dom.

Dark energy

43

1.
T =1%108GeV  ANggp = ——#0



Kination after volume inflation

. Modulus domination after inflation can be matter with w =~ 0 but also kination with w =~ 1

. Example: Volume modulus inflation around an inflection point

\%

Zoom

[Conlon,Kallosh,Linde,Quevedo] [MC,Muia,Pedro]

10 11 -
.V{q)) =W l( - hnp@rﬂg) F + Kg, € _ﬁtp + .“Cplflb) E_VTE(I) + Hme_vfa@

to have high scale inflation and low-energy SUSY since

m3/2 ~ W()Mp/v
¢
Vig) A

inflation

Moduli
domination

and reheating
\Y/

V\M / Pin
kination




Kination after brane-antibrane inflation

Can have rolling moduli after brane-antibrane inflation

C
V(¢)=Co<1—¢fi) ¢ =Tpsr

D3-antiD3 inflation without n-problem due perturbative V fixing

Wrapped D7 Brane

1 . . D3 Brane
V3 =g=1— E(MKKr)2 -7 at end of inflation
Ll 3. W\ 3EWR - .
During inflation: v ~ 53 (Hx - = ) + yp e W =W, + X Wx(r) o0 s

After inflation branes annihilate: Wy -0 L 3 V/ ( C)

3wg ot  4er9/2

[MC,Hughes,Kamal,Marino,Quevedo,Ramos,Villa]

V Potential g
during inflation
1 x‘lO'l" L
5.x10°7 after inflation
E 10" GeV =
Kination
1 x-lo-lﬁ L
PP TR | P B PR T [ R E <«<10° GeV =
] 200 400 00 800 1000 1200
- —>
volume % 10 Mot
volume

inflaton



A cosmic superstring network??

After D3-antiD3 inflation:
1) initial population of string loops
ii) rolling volume V Kination

Tension of F-strings controlled by V

Mj
p= M=t =Me §6/Mp §=+3/2
Volume increases decreasing tension

Comoving radius of cosmic strings with time-varying tension u grows if 2H + % <0

strings can percolate and form a network with emission of high freq GWs

CMB-54 [GhoshaI,ReveIIo,ViIIa]
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Growth of cosmic strings

3 regimes for growth of comoving radius:
i) F-strings during kination  [Conlon,Copeland,Hardy,Gonzales][Revello,Villa]
i) F-strings beyond kination as in scaling fixed points

[Brunelli,MC,Pedro]
iil) EFT strings from D3s or NS5s on fibration cycles

Dynamical system:
i) strings with field-dependent tension 1 = M? e~ ¢/ e
i) flat universe with fluid and modulus with potential v(¢) = Vye *?

iii) poop IS @ssumed to be negligible

FP X Y Existence Existence and Growth when |£| > \/2,"_'{

o 1 0 VA and Yw YA and Yw

K -1 0 VA and Yw ¥A and Yw

F 0 0 YA and Yw never

M 2= 1— 22 Al < V6 F <A <V6

S NEES 3-e?) A2 > 3w+ 1) 3w+ D) <A < $w+ D] with vET1> 2o




Growth of cosmic strings beyond kination

[Brunelli,MC,Pedro]
. F-strings with rolling V:
2
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Growth of cosmic strings beyond kination

[Brunelli,MC,Pedro]

EFT strings from p-branes wrapped on (p-1)-cycles %,
w=Vol (z,_,) MP**
« D3 on 2-cycle with rolling V:  p= 1%’53 = M2 e=$%/Mp §=12/3 No growth
. NS5 on 4-cycle with rolling V:  u= ;\ﬁ = M2 e=$X/Mp £<2/3 No growth
. Fix V and consider rolling fibration modulus for K3-fibred CY over P?:
V=~ t,1, = 172/36% /My t, = V1/3e_%¢/Mp
. EFT string growth for both kination and scaling: v « ;9 A=2q/V3

i) D3 on P'with volume t,: ¢ = 2/V3 i) NS5 on K3 fibre with volume t,: § = —2/V3

— i L " i 1 " it L L i L L i i 1 i i 1 L )

= Growth Condition

-2.0+

Existence Condition

-25

-3.0 Existence Condition

— Growth Condition

e w K



Cosmic strings and overshooting

If poop iS NOt Negligible, new loop tracker for F-strings  [Gonzalez,Conlon,Copeland,Hardy]

1'(::2 Prin ~ a~° plin ~ a3\ ~ a2 IXlOVI;/”J
0.8 8x 107
06| 6103 friction from radiation?
0.4 ¥ 4><10*33;
02 103 ——  Overshooting!
2 4 6 8 0 12 Do q)n;ax /M,

No overshooting of LVS minimum for NS5-strings without radiation! [Brunelli,MC,Pedro]

My QO _kin —7/2
; - Pioop ~ @ /
1.0}
207(1)1113)(
(I)min 08
15 B = f/\/g 0.6 —
F-strings 0l — qy
10r Plany ~ a3+ #-133| D3-strings ’ oop
— #=16| NS5-strings 02
57 - L T
0 5 10 15 [ 5 10 15

— Potentially large GW signal around 10° Hz for isolated F-strings (not a network)

[Conlon,Copeland,Hardy,Gonzales]



Conclusions

3 epochs need string theory to control M,-physics: inflation, kination, reheating

Type |IB Kaehler moduli L V are good inflatons ¢ due to approximate shift symmetries

V(d) determined by no-scale breaking effects (pert/non-pert.) and topology (bulk/local cycle)

several scenarios of small and large field inflation

Post-inflation with moduli domination and reheating from volume decay
Dark radiation from ultralight bulk axions

SMon D7s: AN ¢ — 0 SM on D3s: AN ¢ # 0

Negligible dark radiation from bulk hidden photons

Rolling V after volume inflation and brane-antibrane inflation

Growth of physical size of cosmic strings in kination network emitting high freq GWs
Growth for F-strings in scaling fixed points and for EFT strings on fibration cycles in kination

Energy of F-strings dominates and causes overshooting in absence of radiation

No overshooting for NS5-strings with potentially large high freq GW signal
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