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® Mechanism to look for string axions that do not couple
directly to the Standard Model

® lllustrate the limitations of this mechanism in theories of
quantum gravity

® How signals will tell us about the underlying structure of our
universe
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Introduction

Axions

o Well-motivated from particle physics & cosmology:

W

JML String Axions in the Cosmos



Introduction

Axions

o Well-motivated from particle physics & cosmology:

@ From the stringy perspective:
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The String Axiverse

o Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

C4 C2 Bz CO
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The String Axiverse

o Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

C4 C2 B2 CO
@ Model Building: Compactify on a 6d manifold X
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The String Axiverse

o Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

C4 C2 Bz CO
@ Model Building: Compactify on a 6d manifold X
o Give rise to axions during compactification:

C4 - pa&.’)a + MR .066{1727...7171’1}
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The String Axiverse

o Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

C4 C2 Bz CO

@ Model Building: Compactify on a 6d manifold X

o Give rise to axions during compactification:
C4 - pa&.’)a + MR .066{1727...7171’1}
Naxions = O(10° — 10%)
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The String Axiverse

o Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

Cq Co B2 Co
@ Model Building: Compactify on a 6d manifold Xs sl rusa

[Cicoli,Goodsell,Ringwald]
.

o Give rise to axions during compactification: String Axiverse
C4 - pa&.’)a + MR .066{1727...7171’1}
Naxions = O(10° — 10?)

JML String Axions in the Cosmos



The String Axiverse

o Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

Cq Co B2 Co
@ Model Building: Compactify on a 6d manifold Xs sl rusa

[Cicoli,Goodsell,Ringwald]
.

o Give rise to axions during compactification: String Axiverse
C4 - pa&.’)a + MR .066{172,...7171’1}
Naxions = O(10° — 10?)

e Many interesting features/uses:

o Gauge symmetry protects shift symmetry
o Models of inflation/quintessence
o Probe number-theoretic properties of dualities
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The String Axiverse
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Detecting the Axiverse

o If axions couple to Standard Model:

Lerr o %aFWI-:’“’ Lerr 2 gn(0,a) Q775 Q

JML String Axions in the Cosmos



Detecting the Axiverse

o If axions couple to Standard Model:
g ~ -
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Detecting the Axiverse

@ Many of the above searches rely on

o Axion constituting (some portion of) dark matter
e Axion coupling to the SM
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Detecting the Axiverse

@ Many of the above searches rely on

o Axion constituting (some portion of) dark matter
e Axion coupling to the SM

o However, a string axion:

o Might not be dark matter
o May not even couple the Standard Model
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Detecting the Axiverse

@ Many of the above searches rely on

o Axion constituting (some portion of) dark matter
e Axion coupling to the SM

o However, a string axion:

o Might not be dark matter
o May not even couple the Standard Model

o Naively:

One QCD axion

Axion(s) as inflaton (may couple to SM for reheating)
One for quintessence?

Maybe a few couple to SM from mixing

e 6 6 o
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The Spectator Mechanism

1 1 1 A ~
»CEFT = _7((750)2 - Vinf(@) + _7Fa;wF$w - 7((}X)2 - Vspec(X) - 7XFap,VF£V
2 4 2 4f,
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The Spectator Mechanism

1 1 1 A ~
Lerr 2 —5(09)% = Ving(9) + = 7 Faur FE” = 5(0x)% — Vapec(X) — 77 XFa FL”
2 4 2 4f,

Inflaton Sector
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The Spectator Mechanism

[Dimas
[Obata,Soda]

A -
XFauuny

1 1 1
Lert 2 —5(580)2 = Vini(9) + = Faw F3" — 5(5902 — Vepec(X) — ar,

-

Inflaton Sector Spectator Sector
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The Spectator Mechanism

1 1 A
LerT D —*((780)2 - Vinf(@) + _*FauuF;ﬁW - (aX) - SPGC(X) - 7XF3MVFa
> 4 af,
Inflaton Sector Spectator Sector
Vinf(‘:o) Vspec(X) = A4 COS(X/fx)

\ /. DN
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The Spectator Mechanism

1 1 A
LerT D —*((780)2 - Vinf(@) + _*FauuF;ﬁW - (aX) - SPGC(X) - 7XF3MVFa
2 4 afy
Inflaton Sector Spectator Sector
Vinf(‘:o) Vspec(X) = A4 COS(X/fx)
\ / y o \_/\ 5 X
ox — 0A+ JA
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The Spectator Mechanism

1 1 1 A
LerT D —*(580)2 - Vinf(@) + _*FauuF;ﬁW - *(aX)z - VSPGC(X) - 7XF3MVFa
2 4 2 afy
Inflaton Sector Spectator Sector
Vinf(‘:o) Vspec(X) = A4 COS(X/fx)
\ / y o \_/\ 5 X
ox — 0A+ JA
0A+ 6A — dh

JML String Axions in the Cosmos



The Spectator Mechanism
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The Spectator Mechanism

1 1 1 A ~
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The Spectator Mechanism
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The (Multiple) Spectator Mechanism
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A Gravitational Wave Forest

Axion properties determine signal features:
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The (Multiple) Spectator Mechanism

Axion properties determine signal features:

\ N
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1 1 1
Lerr 2 —=5(09)* = Vint(10) + =7 Fur F" = 5(0%)% = Vapee(X)

Inflaton Sector

~
Spectator Sector
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The (Multiple) Spectator Mechanism

Axion properties determine signal features:
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Chern-Simons Coupling in QFT

@ Chern-Simons coupling:

L A ~
EFT —xFu F*

v—g  4f

a
)\:qZ o= —
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Chern-Simons Coupling in QFT

@ Chern-Simons coupling:
Lerr _ A

X F FH
J—g  af
2
@ _g
A=dps i
o q is typically an integer: v
X --- q = Tr[Qpo Q2]
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Chern-Simons Coupling in QFT

@ Chern-Simons coupling:

Lerr A ~
> —xFuF"
v—g  4f
2
@ _g
A= q% e 47
o q is typically an integer: v
X --- q = Tr[Qpo Q2]
. -Py . .
e ... and typically O(1). Many strategies exist to (try to) evade this:
e Large Charges e Discrete Symmetry . o e
o Clockworking o Kinetic Mixing
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Chern-Simons Coupling in QFT

@ Chern-Simons coupling:

L A ~
EFT _ A Fu F
v—g  4f
2
a g
~ q— a==>
>\ q27‘r ° 4
o q is typically an integer: v
2
X === q =~ Tr[QpqQEm]
. -Py . .
e ... and typically O(1). Many strategies exist to (try to) evade this:
e Large Charges e Discrete Symmetry . o e
o Clockworking o Kinetic Mixing
. . [Agrawal,Fan,Reece] [Ibanez,Montero]
o But these are usually restricted: [Bagherian, Reece, Xu] [Dror, JML]
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Chern-Simons Coupling in QFT

@ Chern-Simons coupling:

Lerr A ~
XFu F
J—g  af
2
@ _g
Ao T
o q is typically an integer: v
X --- q = Tr[QpoQFw]

Y
e ... and typically O(1). Many strategies exist to (try to) evade this:

e Discrete Symmetry

o Clockworking o Kinetic Mixing e
. . [Agrawal,Fan,Reece] [Ibanez,Montero]
o But these are usually restricted: [Bagherian, Reece, Xu] [Dror, JML]
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Chern-Simons Coupling in QFT

@ Chern-Simons coupling:

Lerr A ~
X Fu P
V=g AR
2
« 8
Ao T

N 2
Y '\/\/\Q«\N Y oC 7fofaEM
4
|

Large charges/number of fermions brings down Landau pole
e ... and typically O(1). Many strategies exist to (try to) evade this:

e Discrete Symmetry

o Clockworking o Kinetic Mixing e
. . [Agrawal,Fan,Reece] [Ibanez,Montero]
o But these are usually restricted: [Bagherian, Reece, Xu] [Dror, JML]
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inflation

® Axions coupled to hidden gauge sectors produce GWs during

® Non-Abelian spectators produce a flat spectrum

® Abelian spectators produce peaked spectrum

o

e & @

Signal strength depends on Chern-Simons Coupling

Peak frequency depends on axion initial displacement
Peak width depends on axion mass

® Multiple Abelian Spectator Axions (MASA) — GW Forest

«O» «F>» «E» «=>» QA
JML | String Axions in the Cosmos



 Spectator Summary

inflation

® Axions coupled to hidden gauge sectors produce GWs during

® Non-Abelian spectators produce a flat spectrum
® Abelian spectators produce peaked spectrum

o

& & a

Signal strength depends on Chern-Simons Coupling
Peak frequency depends on axion initial displacement
Peak width depends on axion mass

® Multiple Abelian Spectator Axions (MASA) — GW Forest
® To relate this to the String Axiverse:

What viable spectator candidates exist in string theory?

Can the Chern-Simons coupling be made large enough?

«O» «F>» «E» «=>» QA
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Spectators in String Theory: Axionic States

@ What viable spectator candidates exist in string theory?
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Spectators in String Theory: Axionic States

@ What viable spectator candidates exist in string theory?
p-form axions
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Spectators in String Theory: Axionic States

@ What viable spectator candidates exist in string theory?
p-form axions

o Consider Type IIB compactified on a 6d orientifold

M10—>M4><)~<3 '>~<3:X3/Q
L] X3 =CY 3—f0|d
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Spectators in String Theory: Axionic States

@ What viable spectator candidates exist in string theory?
p-form axions

o Consider Type IIB compactified on a 6d orientifold

M10—>M4><)~<3 ')~<3:X3/Q
L] X3 =CY 3—f0|d
o p-form Decomposition
Cp = pa@® + - G = Pw, By = bPw,

eae{l,2,..,h,}
eae{l,2,.. h}
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Spectators in String Theory: Axionic States

@ What viable spectator candidates exist in string theory?
p-form axions

o Consider Type IIB compactified on a 6d orientifold

M10—>M4><)~<3 ')~<3:X3/§2
° X3 = CY 3-fold
o p-form Decomposition
Cp = pa@® + - G = cPw, By = b%w,
@ Result is a 4d theory with A" = 1 supersymmetry cae{l,2,...h,}
eae{l,2,.. h}
5=+ e ?
G* = c*— Sb?

To=Ta+ipa+-
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Spectators in String Theory: Gauge States

e D7-branes wrapping submanifold (divisor) D of )~(3
o Gives N/ = 1 SUSY gauge theory sector to the 4d EFT

o Gauge kinetic function determines coupling:

1 1 ~
Lgrt D —ZRe [F5]Fa FA — Zlm [F5]Fa FA
P g3
gﬁ = <Re [f'ﬁ]> s aﬁ = 747r
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Spectators in String Theory: Gauge States

e D7-branes wrapping submanifold (divisor) D of )~(3
o Gives N/ = 1 SUSY gauge theory sector to the 4d EFT

o Gauge kinetic function determines coupling:

1 A FA 1 =
Lerr = —Re [F5]F/a FA — 2m [F5]Fa FA

g2

-2 _5p

g5 = Relfp) — ap= 32

o Without worldvolume flux:
Wa
fﬁ - o Ta o w® = wraplz)ing
o number
_ ;(mmw...)

JML String Axions in the Cosmos



Spectators in String Theory: Gauge States

D7-branes wrapping submanifold (divisor) D of )~(3
Gives N = 1 SUSY gauge theory sector to the 4d EFT
Gauge kinetic function determines coupling:

1 A FA 1 =
Lerr = —Re [F5]F/a FA — 2m [F5]Fa FA
g2
g5 =(Rel[fz]) = ap= .
1
° (odd) worldvolume flux: —F; = m®w, + + m"™w,
T
N Wa . b ° W :J ~q
f~—2ﬂ_{Ta+mach +} w D+w

le%

w we
=2ﬂ_{ra+~~~}+/2ﬂ<pa+mabccb( bc)+~~>

JML String Axions in the Cosmos



Spectators in String Theory: Stiickelberg Mechanism

@ Above provides spectator axions & gauge fields
o This is not sufficient: must avoid the Stiickelberg Mechanism

1
Fuw F* Massive U(1)

1
Lup = 5(0ux — qA)* — 7

2
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Spectators in String Theory: Stiickelberg Mechanism

@ Above provides spectator axions & gauge fields
o This is not sufficient: must avoid the Stiickelberg Mechanism

1
Fuw F* Massive U(1)

1
Lup = Z(0ux — 9A)* — —5

2

@ (4 and G, axion shift symmetries can be gauged
o Geometric Stiickelberg

a __ a__ ,a . Np7 .
Vyuc? = 0,7 = q°A, cq =W
o Flux Stiickelberg
N
V,upoz = aupa - quAu ® go = *%Nabcmbw
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Spectators in String Theory: Stiickelberg Mechanism

@ Above provides spectator axions & gauge fields
o This is not sufficient: must avoid the Stiickelberg Mechanism

1
Fuw F* Massive U(1)

1
Lup = Z(0ux — 9A)* — —5

2

@ (4 and G, axion shift symmetries can be gauged
o Geometric Stiickelberg

a __ a__ ,a . Np7 .
Vyuc? = 0,7 = q°A, cq =W
o Flux Stiickelberg
N
V,upoz = aupoc - qozAu ® go = *%Nabcmbw
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Spectators in String Theory: Stiickelberg Mechanism

o Class I: [D] = [D']

o Divisors in X3 are homologous

o Odd wrapping numbers vanish

o Both Stiickelbergs inactive

o Massless U(1) & axions present in EFT
o Class II: [D] # [D]

o U(N) = SU(N) x U(1) gauge theory

o Geometric Stiickelberg active

o Must break gauge group to obtain U(1)

@ Class lll: D = D’ pointwise
o Sp(N) or SO(N) gauge theory
o Odd wrapping numbers vanish
o Must break gauge group to obtain U(1)
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Spectators in String Theory: Model Parameters

@ Now that we have spectator states, need model parameters

@ Axion Decay Constants: Kinetic Terms

SEFT O ng (Kaﬂ Oppad”pp + Kab 5ucaaﬂcb> V=g d'x

fo = Mp 2 Ao = fapa

@ Axion Masses
Euclidean D3-branes

Euclidean D1-branes V(a) = A4 cos(a/f,)
ED1s dissolved in an ED3

Gaugino Condensation

© 6 o o

1
o Gauge theory coupling: g2 = 2—<W0‘Ta>
v
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Spectators in String Theory: C4 CS Coupling

@ How far can we push the CS Coupling in string theory?

o (C-axion spectators: difficult in controlled theories

w w
frx=—T=—
D o 2

Naively: increasing wrapping number boosts coupling of p to gauge sector

(T+ip+--)
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Spectators in String Theory: C4 CS Coupling

@ How far can we push the CS Coupling in string theory?

o (C-axion spectators: difficult in controlled theories

w w
frx=—T=—
D o 2

Naively: increasing wrapping number boosts coupling of p to gauge sector

(T+ip+--)

However
1 1

2 —
S WE L T

e Independent of w
e large CS possible only with large worldvolume gauge coupling
e May run into trouble with Distance/Emergent String Conjecture
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Spectators in String Theory: C, CS Coupling

@ How far can we push the CS Coupling in string theory?

o (,-axion spectators: better prospects
Ap c .d Uy
LerT D W KacdM c®F F

>\C2 o w® Racd m*
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Spectators in String Theory: C, CS Coupling

@ How far can we push the CS Coupling in string theory?

o (Cr-axion spectators: better prospects
Ap c .d Uy
LerT D W KacdM c®F F
>\C2 oC Waliacdmc

Wrapping w®
e Combined Boosting: < Intersection Numbers xqcq
Magnetization m®

e This strategy was used for non-Abelian spectators [McDonough, Alexander]

[Holland,Zavala, Tasinato]

e comes at a cost: Induced D3-tadpole
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

dxF = *(Q}J)
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

[ [0
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

Jou *F2
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

0 =fM*(Qj)
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

o:fM*(Qj)
= QR =0
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

o:fM*(Qj)
= QR =0

@ There must be positive and negative charges present for
consistency

o Applies also to the extended Dp-branes of string theory
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Spectators in String Theory: Tadpole Constraints

@ Tadpole < total charge must vanish on a compact manifold

0 - +(@J)
= QR =0

@ There must be positive and negative charges present for
consistency

Applies also to the extended Dp-branes of string theory

D7-branes with flux contribute “effective" D3-brane charge

2
Qp3 =~ wki——m"Np7

This must be canceled by other charges, e.g. orientifold planes
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Spectators in String Theory: Tadpole Constraints

@ If we consider lifting Type 1B to F-theory, the tadpole
constraint is related to the topology of a CY 4-fold:
Np3 + Gy A Gy = X(Y4)
Ya 24
o If there was a bound on the Euler characteristic y, we could
bound the allowed G, CS coupling.
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Spectators in String Theory: Tadpole Constraints

@ If we consider lifting Type 1B to F-theory, the tadpole
constraint is related to the topology of a CY 4-fold:

x(Ya)
N =
D3 + . Gy A Gy 4

o If there was a bound on the Euler characteristic y, we could
bound the allowed G, CS coupling.

@ This does not yet exist, but we can get some idea
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Spectators in String Theory: Tadpole Constraints

@ If we consider lifting Type 1B to F-theory, the tadpole
constraint is related to the topology of a CY 4-fold:

x(Ya)
N =
D3 + V. Gy A Gy oa

o If there was a bound on the Euler characteristic y, we could
bound the allowed G, CS coupling.

@ This does not yet exist, but we can get some idea
X(Y4) = 75852 ~ 105 [Candelas, Perevalov, Rajesh]
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Spectators in String Theory: Tadpole Constraints

If we consider lifting Type IIB to F-theory, the tadpole
constraint is related to the topology of a CY 4-fold:
Np3 + Gy A Gy = X(Y4)
Ya 24
If there was a bound on the Euler characteristic x, we could
bound the allowed G, CS coupling.

@ This does not yet exist, but we can get some idea
X(Y4) = 75852 ~ 105 [Candelas, Perevalov, Rajesh]

Compare to results of [Holland,Zavala, Tasinato], which need

Kahler Inflation: Qp3 ~ O(10*° — 10™)
Fibre Inflation: Qp3 ~ O(10° — 107)
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Spectators in String Theory: Tadpole Constraints

If we consider lifting Type IIB to F-theory, the tadpole
constraint is related to the topology of a CY 4-fold:
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If there was a bound on the Euler characteristic x, we could
bound the allowed G, CS coupling.

@ This does not yet exist, but we can get some idea
X(Y4) = 75852 ~ 105 [Candelas, Perevalov, Rajesh]

Compare to results of [Holland,Zavala, Tasinato], which need

Kahler Inflation: Qp3 ~ O(10*° — 10™)
Fibre Inflation: Qp3 ~ O(10° — 107)
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Spectators in String Theory: General Constraints

@ Problem with Non-Abelian Spectators: need small gauge
coupling and X\ ~ 0(10?)
o Not the case for Abelian models: only need A ~ O(10)
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Spectators in String Theory: General Constraints

o Problem with Non-Abelian Spectators: need small gauge
coupling and X\ ~ 0(10?)

o Not the case for Abelian models: only need A ~ O(10)
@ Rough Tadpole Bound
w(rky__)m*Np7 < (0.1) x 10°
@ Gauge Theory Perturbativity
L <1 =
or ~ * T 2w
o Control of Non-Perturbative Corrections (ED1s)
72 1 5
2rvz O0(l) = — >1 o= ShpyV
Ryt W 2
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Conclusions

(]

Axions are an invaluable tool to connect string theory to experiments

Spectator mechanism is an excellent complement to other searches
o Observation of Abelian spectator peaks — gravitational spectroscopy
@ Such models come with a cost - CS coupling constrained

o (4-axion spectators are difficult to realize
o Non-Abelian spectators require huge tadpoles
o Abelian spectators are less restricted

Observable signal has implications for the underlying geometry

o (y-axion spectators are best candidates — probe the
o Multiple signals — topologically non-trivial corner of the landscape
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Axions are an invaluable tool to connect string theory to experiments

Spectator mechanism is an excellent complement to other searches
o Observation of Abelian spectator peaks — gravitational spectroscopy
@ Such models come with a cost - CS coupling constrained

o (4-axion spectators are difficult to realize
o Non-Abelian spectators require huge tadpoles
o Abelian spectators are less restricted

Observable signal has implications for the underlying geometry

o (y-axion spectators are best candidates — probe the
o Multiple signals — topologically non-trivial corner of the landscape

o Towards the future:
o Heterotic Axiverse & Spectators
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