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Abstract: <p>We argue that theories with multiple axions generically contain a large<br>
number of vacuathat can account for the smallness of the cosmological<br>

constant. In atheory with N axions, the dominant instantons with charges Q<br>
determine the discrete symmetry of vacua. Subleading instantons break the<br>

leading periodicity and lift the vacuum degeneracy. For generic integer charges<br>

the number of distinct vacuais given by |det(Q)|~exp(N). Our construction<br>
motivates the existence of a landscape with avast number of vacuain<br>
four-dimensional effective theories.</p>
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Cosmological observations are in excellent agreement with
inflation and ACDM cosmology.

B-modes will be constrained to r<0.01 in coming years.

B-modes are immediately linked to large field inflation.
Requires shift symmetry to protect the potential.

Axions are known to give rise to super-Planckian field
ranges, a requirement for large field inflation.

The discrete shift symmetry at the same time can give rise
to a landscape complex enough to accommodate an
anthropic solution to the CC problem.
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Consider N axions 6" whose continuous shift symmetries
are broken by non-perturbative contributions to " — ' + 1

V = Z A,’l [] — COS (27?71,9":)] + Z A? [1 — COS (27?9’)]

=1 1> N+1

The potential has leading/subleading part: A} > Ay >
The stable vacua are invariant under 6" — 0" + 1/n
This symmetry is broken by subleading terms to 8" — 6* + 1

There are n'V distinct vacua.
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The Cosmological Constant problem

Landscape approaches to the CC problem

The vacuum distribution in Random Axion Theories
Susy breaking in the Flux Landscape

Axionic Bands in IIB on T° /7y x Z,

Conclusion
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ki R THE CC PROBLEM
Einstein’s equation couples curvature to energy density:
R;w _ %R.(];w + (A() + /)vn.c:)gm/ — ]T,,l;l;m}mr
We can compute the vacuum energy in effective field

theory. Consider only states below electroweak symmetry
breaking:

Prac = 1070

Hubble scale determines size of a flat universe

)
| 3
ITHOMAS BACHLECHNER AXIONIC BAND STRUCTURE OF THE CC NOVEMBER 19, 2015

Page 22/45



:HHPHvIWM“PV-JPWMf' 1111E (:(: PI{()H[,EAA

The coincidence problem:

t(_?(.ﬂ(u.:r:y ~ TA

However, to live in the "habitable-zone” we require an
extreme fine-tuning:

Myvac  0.000000000000000000000000000000000000000000000000000000000000000000385 14499 7595680642087 TH9ATIH6RAHA03901 218238752152821122
Ao 0.000000000000000000000000000000000000000000000000000000000000000000385 TA4947595680642087 THATIHGRAL303901 218238TH2152821121
A

101

Many accept an anthropic solution for fine-tuned planet

orbits because there are many planets at all orbits that

could be populated.
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THE CC PROBLEM

Three requirements for an anthropic solution to the CC
problem:

- The theory (& measure) is consistent with quantum gravity
- Many populated vacua within the “habitable-zone”

- The vacua allow for a consistent cosmology

-7

Does a generic axion theory give a solution?
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center o theareticalphysic THE CC PROBLEM
A list of approaches:
- Anthropics in the Landscape
- Modifications of Gravity
- Gravitational attractor mechanism

- Quintessence (+ some of the above)

- Other
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e o aGretical pHyE.c A BRIEF HISTORY OF THE LANDSCAPE

‘87 - Brown & Teitelboim: A
Single flux gives vacua

with a small CC.

But: Empty universe and
inconsistent with QG. =
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Certer r theorstical physle A BRIEF HISTORY OF THE LANDSCAPE

Consider the compactification of a theory with N fluxes.
Dirac quantization enforces discrete flux choices

/ F=n,
J 3

L

Tadpole cancelation constrains the allowed charges

n? < L

a

For typical values of L ~ 10, N ~ 500, there are about 1(
allowed flux configurations. The vacuum energy is given by

Z, 2 2
A — A(] —|_ n’(:.(ju,
a

there exists a small value, even though all terms are large.

499
)
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e o aGretical pHyE.c A BRIEF HISTORY OF THE LANDSCAPE

‘00 - Bousso & Polchinski

Generalize to multiple
fluxes: flux landscape

Stability?

‘91 - Banks, Dine & Seiberg: A
Singe axion with irrational
decay constant gives vacua
with a small CC.

But: Empty universe and
inconsistent with QG. ==
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RANDOM AXION THEORIES
Consider general theory with many axions.

Axions have a continuous shift symmetry that is broken by
non-perturbative effects to discrete shifts * — 6* + 1:

1 :
L= K;;00'00" - ZA‘ 1 —cos (2rQ",67)] — Vg
K;; : Metric on axion space

Q'. : Integer charge matrix

Vo : Axion-independent potential contributions

ITHOMAS BACHLECHNER

AXIONIC BAND STRUCTURE OF THE CC NOVEMBER 19, 2015
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RANDOM AXION THEORIES

We are interested in the vacuum distribution. Let’s split the
potential into leading and subleading parts

Leading:

Remaining:

ITHOMAS BACHLECHNER

Q(!.

Vo

v,

B 0 a
a=1,... (21

a=1,...

N
Z A% [1 — cos (21Q%0 + 6“)] + Vj

a=1

Z A2 1 — cos (2mQ%0 + )]

a=N+1

AXITONIC

BAND STRUCTURE OF THE CC

NOVEMBER 19, 2015
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RANDOM AXION THEORIES

])
Vo =3 Al [1 - cos (21970 +6%)] + Vo

a=1

The leading potential defines the symmetry of the vacua:
field points where all Q“0 € Z are identitfied.

Redefine fields: ¢ = Q0
Now, vacua are located at
¢’:<v.,n — qb:kv +n, nc ZN

Vacua are separated by the leading potential scale

V(ez) ~ Ag
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RANDOM AXION THEORIES

. =
Fundamental domain of o
‘ o @
subleading potential . ®
\ .
| ®
o
S ° o
Fundamental domain of .
the leading potential T °
@
@
‘ ®
N, = : ® ’ ° o
’ Vol(leading domain) ° o
® @
= | det Q] e
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e o acretical pyE.c RANDOM AXION THEORIES

How many vacua are there in a “generic” axion theory?

Consider a charge matrix @ that is sparse and has
independent, identically distributed (i.i.d.) integer entries.

When the fraction of non-vanishing entries exceeds 3/N, the
matrix approaches its universal regime governed by random
matrix theory.

The determinant of Q' Q is product-chi squared distributed,

a\ N
N2y =0'T(N +1) 2 V2N (;)
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e o acretical pyE.c RANDOM AXION THEORIES

How about the empty universe problem?

Consider tunneling from a penultimate vacuum at ¢, ,,/to
our current vacuum with small cosmological constant

The degeneracy is lifted only by the subleading potential,
say we have only one subleading term:

Vein. v ~ A2 cos (271’(2,-9(3111, + 5”)

Inside the cosine, there is a sum of O(1) terms, so even
changing just one term in the final transition, n’ — n,
changes the vacuum energy by A, > p,eheating:

A complex landscape: finding a specific CC is NP hard.
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e o acretical pyE.c RANDOM AXION THEORIES

An example: N=20 axions. This allow tuning to set potential
at the ultimate vacuum at ¢, ,, to be

1 (0 I | 1 0 (0 0 (0 0
0 () 0 | 0 0 0 | (0 0
0 () (0 0 I 0 () 0 0 |

0 0 0 l 0 | 0 0 1 0

* aAr4d. 0 0 I 1 0 I 1 0 0 0
V(¢ ) ~ ()‘()ZA-:" g I 0 0 0 1 0 10 0 0

o, n
0o 0 0 0 0 0 0 | 10
0 11 0o 0 0 1 0 0 I
10 1 0 0 0 1 0 0 0
0 Il 0 0 0 0 10 0 0

The energy difference to the penultimate vacuum at ¢, .,/ is
set by the subleading term

WVonn ~ A'!l_ cos(—1.50n 4+ 3.82ny — 1.50n3 + 3.41ns5 + 1.63ng — 0.13n7
+2.04ng + 1.50ng — 3.41n19 + 2.59n11 + 1.91n19 + 0.54n13 + 1.91n44
+1.09n15 + 2.04n16 + 3.96n17 — 2.04n18 + 4.37n19 + 3.55n9¢)

The neighboring vacuum have high energy!
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sl CONCLUSION

- Small CC vacua A concrete landscape of large

consistent with QG | complexity
Study quantum gravity in de Sitter/

eternal inflation.

- Consistent Eternal inflation & selection bias
cosmology give small CC. No empty universe.

/" Vacuum statistics | SUSY broken by small F-terms in
in string theory almost all vacua!

Implications for de Sitter vacua in
string theory?
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center or theoretical physic SUSY BREAKING IN THE LANDSCAPE

Consider the F-term potential of an A = 1 supergravity
theory with Kahler potential and superpotential
K = =2 log(V)
W=Wo+ ) Ae 1

1]

where TV = 77 +i#’ are the Kahler moduli with axions 6.

The scalar potential is given by
V=C+ Z B;cos(q’. 0° — O ) + Z Bjj, cos(q’.0" — ¢~60")

J <k
For non-trivial leading charges, we expect axion bands!
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