The Scale of Inflation in the Landscape
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[Linde ’82]
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[picture from lecture notes: Linde ’07]



a speculative recipe ...

Let us start by making a set of assumptions about the
landscape ...

these assumptions are not taken as proven to be true
for the whole of the landscape

yet they have certain support/evidence from some
corners of the landscape

given the set of assumptions, we can try to figure out
the consequences - valid for a landscape conforming to
these assumptions



prewises / assumptions ...

® large-field inflation needs shift symmetry to
control UV corrections:

¢2
Mg

Og ~ V() = mg~H*, g1

= (i) shift symmetries only from p-form gauge fields
of string theory

®scalar fields with shift symmetry in string
compactifications:

= (ii) axions - field range is limited to < Mp



prewises / assuwmptions ...
® population of the many vacua:

= (iii) only known mechanism:
CdL or HM tunneling, combined with eternal inflation

® basic structure of the landscape of vacua
= (iv- 1) exponentially many vacua in high-dimensional moduli space

= (iv-2) neighbouring vacua typically have large differences in
vacuum energy:
- small-c.c. vacua have neighbours with large c.c.
- & need population from high-c.c. for anthropics to work

= (iv-3) eternal inflation



prewises / assuwmptions ...

® cternal inflation

=there is global-local duality for:
- causal patch measure
- scale factor time measure

- light-cone time cutoff measure

progenitor: longest-lived dS vacuum
seeds all other vacua
Vinf << Vprogen. << 1 , still very high !

[Bousso, Freivogel & Yang '06]
[Freivogel, Sekino, Susskind & Yeh '06]

[de Simone, Guth, Linde,
Noorbala, Salem & Vilenkin '08]

[Bousso '09]
[Bousso & Yang '09]
[Bousso, Freivogel, Leichenauer

& Rosenhaus ’| 0]



consequences of (i) & (ii) - axion monodromy
e EM Stueckelberg gauge symmetry:
Sem = /d% —g {FunF"" = p*(Ay + 0 C)* + ...}
Ay — A+ Oy = (O —C - Ay

* string theory contains analogous gauge symmetries for
NSNS and RR axions - e.g. llA:

H:dB, 5B:dA17
}?O:QO7 é 501:_F0A17
[y = dC, + FyB, 0C3 = —FyAMy N B

. 1
F4:d03—|—01/\H3—|—§FOB/\B

e type lIB similar



axion monodromy

p-form axions get non-periodic potentials from
coupling to branes or fluxes/field-strengths

produces periodically spaces set of multiple branches
of large-field potentials:

Vg, x) = u* 7 PoP + A*(x) COS( f) + Unod. (X)

NN

instanton moduli
corrections potential

XIS




large-field string inflation ...

* Fibre inflation (r < 0.01) Cicoli, Burgess & Quevedo

r~0.001
 Single-Axion inflation with f > Mp Grimm; Blumenhagen & Plauschinn;
» 2-Axion inflation Kim, Nilles & Peloso; Berg, Pajer & Sjors; Kappl, Krippendorf & Nilles; Long,
McAllister & McGuirk;Tye & Wong; Ben-Dayan, Pedro & AW, Gao, Li & Shukla ...
* N-flation Dimopoulos, Kachru, McGreevy, Wacker; Easther & McAllister; Grimm; Cicoli, Dutta &
Maharana; Choi, Kim & Yun; Bachlechner, Dias, Frazer & McAllister
r~0.l

e axion monodromy Silverstein & AW; McAllister, Silverstein & AW; Flauger, McAllister, Pajer, AW &
Xu; Dong, Horn, Silverstein & AW,
Shlaer; Palti & Weigand; Marchesano, Shiu &
Uranga; Blumenhagen & Plauschinn; Hebecker, Kraus & Witkowski; Ibanez &
Valenzuela; Kaloper, Lawrence & Sorbo; McAllister, Silverstein, AW & Wrase; Franco,
Galloni, Retolaza & Uranga; Blumenhagen, Herschmann & Plauschinn;



consequences of (i), (ii), liv-2) & (vi-3)
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local measures: longest-lived dS - still generically of very high-
scale c.c. - is progenitor to all small-c.c. dS vacua




=population of
sufficiently many small-
C.C. vacua must go via an
intermediate very large
C.C vacuum

I

because down tunneling
is much more efficient

= maintained by all
measures free of
obvious paradoxa



consequences of (iii) tunneling ...

= up tunneling very expensive & undemocratic

\/ A
I A S
FV+ ~ € (V‘ V"')
V.
/. O
= ratio of up tunneling rates into 2 different higher dS vacua
Fvl 1 ,
T~ V

_I_



consequences of (iii) tunneling ...

= down tunneling less expensive & democratic

V' 4




consequences of (iii) tunneling ...

= down tunneling less expensive & democratic

S5 () ~ / 16a%(€)V (6)
50 [140()

- independent from small V-

- can average over barrier height

w averaged ratio of down tunneling rates into 2 lower dS vacua

av.

V'
Fa'v. ~ 1 ?
V_

Ves Vv V!



® (iii) Tunneling feeds the landscape:

=broceeds via CDL '

Instanton
[Coleman, De Luccia '80]

f

1

= nucleates bubbles of
negative spatial
curvature

= drops field into slow- [Dvali Kachru 03]

roll GIWGyS ’ 'Dutta,Vaudrevange, AWV 'l [ ] ‘

Freivogel et al.’05]




consequences of (i), (ii), (iii) & (iv) AW °12]

w successful anthropic explanation of present-day small c.c.
requires efficient population of a very large # of small-c.c. vacua

= |arge-c.c. vacuum is effective progenitor of most inflationary
valleys with exit into small c.c. vacua - because down tunneling is
efficient

= down tunneling populates small-c.c. vacua & valleys
democratically

= negative curvature inside CDL bubbles removes initial
condition problem for subsequent slow-roll

w a3 universal bias seems to appear: no bias ... small-field and large-
field regimes appear to be seeded democratically (on the level of
exponential bias)




consequences of (i), (ii), (iii) & (iv) AW °12]
= consequence:

if the measure choice decouples & tunneling treats small-field
and large-field regimes approximately neutral ...

distribution of field-range is fully determined by number
frequency of inflationary solutions

w ‘valley’ statistics determines r,as vacuum statistics
(anthropically) determines late-time c.c.! This is in principle a
string theory question ...

w accessible via random matrix theory ...

[Susskind '04; Douglas '04; Denef & Douglas '04; Aazami & Easther ’05; Marsh,
McAllister &Worase ’| |; Chen, Shiu, Sumitomo & Tye 'l |; Bachlechner, Marsh,
McAllister & Wrase ’|2; Marsh, McAllister, Pajer & Wrase ’| 3; Bachlechner ’13; ...]

[Battefeld, Battefeld & Schulz ’|2]




valley statisties ... AW *12)

* The landscape ‘Drake equations’ of tensor modes

11\
Nag>Mp Opiiso - (A ﬁvi>1016(}ev
Nag < mp Btlat saddle - (1 —

1
V4 >1016GeV
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[AW ' 2]

w we know:

Briico <1 motall CYs support the topology for axion monodromy

hht < O(100) at least if # of CYs finite

o

vd < 1016Gey likely to be non-exponential in V'

w we need:

5fla,t saddle



randow supergravity ...

[Marsh, McAllister & Wrase ’| 1]
[Chen, Shiu, Sumitomo & Tye 'l |]

w approximate dS landscape from CY flux compactifications (e.g.
KKLT, LVS, Kahler uplifting ...) by a random supergravity:

= random K and W generate scalar potential:
V =e" (F,F*—3|W|°)

w Hessian of critical points approximated by sum of random
matrices:

H ="Hsusy, + Hie + Hpure + H@ +Hsnift.
—_— Y—
Waishart+Waishart Wigner



randow supergravity ...

w if we draw from random distribution:

KaE y b KaEcJ? Wa ; Wab

abe

w Hessian approximated by sum of random matrices:

H="Hsvusy + Hr®) +Hpure + Hpca) +Hshire-
— SY—
Wishart+Waishart Waigner

w universality at large number of fields ensures independence from
distribution choice



randow supergravity ...

- eigenvalue spectra
Wigner ensemble Wishart ensemble

= inflationary saddle points controlled by Wigner ensemble!!

= dS minima:
large eigenvalue fluctuation to positivity - exponentially suppressed

(physics: | D particles in attractive potential with mutual repulsion -
squeezing all to one side strongly disfavored)

—2—1012 1 2 3 4‘



[Pedro & AW ’13]

swmall field inflation in the landscape ...

w inflation: at least one eigenvalue negative - less eigenvalue
repulsion, so small-field inflation should be more likely than minima

= can compute probability for n eigenvalues to be above a given

value 7:
H N,

1 2 2
dP(A1,...; AN;) = exp —PZ)\Z- H()\z’_)‘j)

1=1 1<J
Ny ©¢
PO > —0) = [ [ dhdPOu.n,)
1=1

—n

al N,! noo4o N %

_ /

=% N =) H /dAZ H /d)\]dP
n=0 1=1 1>n

w Dean & Majumdar’s result on exponential suppression of large
eigenvalue fluctuation:

P(VA > £) = e 22©ON;



swall field inflation in the landscape ... 9> "

= can compute the ratio of flat inflationary saddle points vs minima
from joint PDF of Wigner ensemble for Nr fields using Dean &
Majumdar’s result:

P(an) _ (62AcNJ% o 1)62&]\[?

o »2n®"(0)N7 O (r>
P(min) - ()

inflationary saddle points are defined by Nrfields having mass
eigenvalues between [-77,7] where 7 < 0.1 in terms of the typical
mass scale of an F-term supergravity scalar potential (m3/2)?

1015,

1012

109?

= Dflat saddle > 1

P(inf)/P(min)

10°,

1000.




small field inflation in the landseape ... =702 )

= however !! --- valley statistics alone is insufficient:

- We need a graceful exit into a dS minimum

1,1
114 (h27) - B 1 A¢p>Mp
Nr>o0.01 Brrrso 270 Bt ey P it
N ~ * A<My
r < 0.01 : _ .
ﬁflat saddle (1 6‘/% >1016Ge\/> extt



[Pedro & AWV '’ 4]

small field inflation in the landseape ... |0 .2

w |arge-field models: minimum built-in !

pezMe
”:” €L

= but for small-field models: close-by vacua usually AdS
=» AN = x| changes of flux cause O(l) changes in vacuum energy

... vViable dS minima are distant

= need to compute: P(distant minimum | flat crit. point) :
the probability to get a positive Hessian far away from a flat saddle
point ...



swmall field inflation in the landscape ...

[Dyson '62]
= use Dyson Brownian Motion

eigenvalue relaxation ...

0S
A

(Aab — Hab)

Hab — Hab |
correlation length in

field space

random, symmetric,

zero-mean perturbation

[Marsh, McAllister, Pajer & Wrase ’| 3]

w e g start with a 50 x 50 Wishart matrix

all eigenvalues positive

4\

A

2\

eigenvalues relax in 1
corr. length toward

Wigner distro

fluctuating toward a
minimum extremely

suppressed




[Pedro & AWV '’ 4]

small field inflation in the landseape ... |0 .2

= use Dyson Brownian Motion:
... described in continuum limit by Fokker-Planck equation

=¥ time-dependent probability distribution for Hessian
[Uhlenbeck & Ornstein ’30]

— - Tr Hmin.—q Hing. 2 —o0s/A 2
Pegit ~ € o2 ( ! ) , (=€ / ; A:Uf

w from eigenvalue distributions p(4) of random matrix ensembles:
Tr(A4%) = 3T(0) = Ny 08) = N [ dxp(n) ¥

and: o° ~ —



small field inflation in the landseape ... L7020 2

= so we get:

Ap< Mp — L Tr(Hmin. —qHings.)”
Peazit ™ € o

—_c N? —0s/A

~ e NP g=e%

A¢p>Mp
Nr>0.01 < e Ni Pexit £
N ~ AP<Mp 0100
, |
~ el Csp )N} 0.010
0.005
0.001
5x107*

= can undo |
saddle point count! 1107,




where do we go frowm here ...

w small-field models = |arge-field models

accidental small-field axion
saddle points (e.g. monodromy
complex structure
oduli)

less-accidental small-
field saddle points
(e.g. Kahler moduli)

unwinding inflation
... others/unknown ??

covered here ...

exit also often built- P
in...P=72? maybe
Plarge / Psman = non-exp.

??



