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AX10NS IN THE UNIVERSE

¢ Axions are a common product of string theory

¢ Their presence could affect the cosmological history

¢ We want to draw statistical features by studying the largest known ensemble of EFTs
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¢ We want to draw statistical features by studying the largest known ensemble of EFTs

‘ — ————— S —— — e e == = — ‘
1 . . . . . |
'The string axiverse can be realised in our universe and detected,

!

! but at a price
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THE SEARCH FOR AXIONS

1) Great experimental effort = great opportunity

Chandra,
NuSTAR, Fermi,
Planck,
INTEGRAL
XMM-Newton
eROSITA
(Space)
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[O’Hare Website AxionLimits]
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THE SEARCH FOR AXIONS

2) Axions arise naturally in string theory

10d superstring theory

4d EFT
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THE SEARCH FOR AXIONS

2) Axions arise naturally in string theory

10d superstring theory Stop 2 [ dC, A xdC,
Mo,

“i

[ C, = 0(x)
2

D

4d EFT Serr D — J d*x f? (00(x))
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THE SEARCH FOR AXIONS

2) Axions arise naturally in string theory

10d superstring theory Siop 2 [ dC, A xdC, C,— C,+2x Z n a);;
Mo, [

| u

[ C, = 0(x) J W, = 27:5]?
s, =
ot ’ 2
4d EFT Sepr D — | d'x ) (d@(x)) O(x) — O(x) + 2zn
'4%3J

= string axions are pre-inflationary
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THE SEARCH FOR AXIONS

3) Axion physics is sensible to UV input

Q(i)CDei

1 o
Lepr D — —K:.0 6'0"0/ 4
S T 3272

GAG+ ) Ak(1=cos(270i6))
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THE SEARCH FOR AXIONS

3) Axion physics is sensible to UV input

Q(i)CDei

1 o
Lrpr D — —=K..0 6'0"0/ 4
A 4 3272

GAG+ ) Ak(1=cos(270i6))

Kij = metric on moduli space = eig(K) ~ fl.2
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THE SEARCH FOR AXIONS

3) Axion physics is sensible to UV input

QéCDei
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Kij = metric on moduli space = eig(K) ~ fi2

O, = instanton charges

4/17



THE SEARCH FOR AXIONS

3) Axion physics is sensible to UV input

QéCDei

1 ] ' 4 i
Lorr D = K0,0'00' 4 GAG+ Y/ AL (1 - cos(220i6))

3272

Kij = metric on moduli space = eig(K) ~ fl.2

O, = instanton charges geometric quantities

can be computed in
Ai ~ e_VOI(Z“) — instanton scales (a subset of) the landscape
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THE STRING AXTON LANDSCAPE

The subset we focus on:

[Kreuzer, Skarke "00] [Demirtas, Rios-Tascon, McAllister '22]

-4

lllll

which means: o work with a stringy axion from C, potentials
o scanover < 10%?® Calabi-Yau manifolds

o work with concrete geometric data

o use optimization methods

We leave behind: axions from other 10D elements, full SM implementation, positive A, etc...

— see Margherita Putti’s parallel this afternoon — 5/17



STRING AXTONS AS DARK MATTER

Let us test the string axiverse:
Can we accomodate Fuzzy Dark Matter in string theory?

Ptot loglo p

[Sheridan, Carta, Gendler, Jain, Marsh, McAllister, NR, Rogers, Schachner "24]
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STRING AXIONS AS DARK MATTER

Generate EFTs such that

o Jfruzzy 2 101°GeV
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STRING AXIONS AS DARK MATTER

Generate EFTs such that

* Jruzzy 2 10'°GeV = focus on 2 < axions < 7

mean f decreases with the number of axions

| | | | ! ! | I ! I

3 4 5 6 7 8 9 10 12 15
Hodge Number h''! = n. of axions
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STRING AXTONS AS DARK MATTER

Generate EFTs such that

* Jruzzy 2 10'°GeV = focus on 2 < axions < 7

¢ all volumes > 7

10

m— Perturbative Control
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STRING AXTIONS AS DARK MATTER

Generate EFTs such that

10

* Jruzzy 2 10'°GeV = focus on 2 < axions < 7

¢ all volumes > 7

¢ one QCD axion

[0 QCD Gauge Coupling

m— Perturbative Control

10
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STRING AXTIONS AS DARK MATTER

Generate EFTs such that

10
7 Fuzzy Axion

 Jruzzy 2 101°*GeV = focus on 2 < axions < 7 W QCD Gauge Coupling

3- m— Perturbative Control

¢ all volumes > 7

® Example Model

¢ one QCD axion

« atleast one axion with mg, ., ~ 10717 ev =

10
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STRING AXTIONS AS DARK MATTER

Generate EFTs such that

* Jruzzy 2 10'°GeV = focus on 2 < axions < 7

¢ all volumes > 7

one QCD axion

« atleast one axion with mg, ., ~ 10717 ev

mocp ~ 107 eV focp ~ 10° GeV

Mpyzry ~ 10720 €V Sfiuzey ~ 101°GeV

Qocp Qrzzy

~ 0.5

$pm L2pm

~ 0.5

10

7 Fuzzy Axion
0 QCD Gauge Coupling

m— Perturbative Control

® Example Model

10
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STRING AXTONS AS DARK MATTER

Generate EFTs such that

* Jruzzy R 10'°GeV = focus on 2 < axions < 7

¢ all volumes > 7

¢ one QCD axion

e atleast one axion with mg, ., ~ 107 ev

mocp ~ 107 eV focp ~ 10° GeV
Mpyzry ~ 10720 €V Jruzzy ~ 10'°GeV
QQCD ~ 0.5 quzzy ~05

$pm L2pm

10

7 Fuzzy Axion
0 QCD Gauge Coupling

m— Perturbative Control

® Example Model

in general, things are not that clean!
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STRING AXIONS AND RELICS

Relic 1: AXIONS Qh* ~ f20:,/m,
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STRING AXIONS AND RELICS

Relic 1: AXIONS Qh* ~ f20:,/m,

+ ) QR?| + ) Qi

m r

Q, otah® = Qoeph® + ), Qh? < Quyh? ~ 0.12

- 100

typical distributions:
— masses log flat

= decay constants clustered - 50

hl.l

10 16 18

10g 10 fpcrt (GﬁV)

WARNING
OVERCLOSURE

[Mehta, Demirtas, Long, Marsh, McAllister, Stott "21]
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STRING AXIONS AND RELICS

‘. 2 2 N2
Relic 1: AXIONS Qh% ~ f202 /m;
Qo> = Qocph>+ ) Qh*| + ) Qh*| H ) Qh?*| 1< Qpyh* ~0.12
a,total QCD i 'j k — =<DM"* ~ Y-
m r W
- Dilution
log(Q ) Reheating phase
A wgr = 1 (kination)
®0’
. ’ \ 1/3>wr >0
matter phase: radiation phase gl arvE (stasis)
! ~ m(l
l:l WR = 0
' ~ my (matter domination)
%) : . .
D {@ 5 the relics are diluted away
e - i\ ~ o2/ for appropriate (low) Tp
Wy = 0
5 wr =—1+¢€
~ M (inflation) m
)
Mg < 3Heq 3Heq <ma <3Hg 0 3Hpr <mq 3Hp
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STRING AXIONS AND RELICS

Relic 1: AXIONS Qh* ~ f20:,/m,
Q,oah® = Qocph® + ) Qh? | + ) QR + ) Qh?| < Qpyh? ~0.12
- Initial misalignment \|%

+) Q@) < Quh? ~0.12

m J r

an,totalh2 — QQCD@hZ + Z Qig(_)a)hz

+ ) QUO)R?
k L=

Wg

104 1070 10~ 102
Initial Misalignment Tuning 6 =[], 6.
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STRING AXIONS AND RELICS

Relic 1: AXIONS Qh* ~ f20:,/m,

+ ) QR?| + ) Qi

Q, otah® = Qoeph® + ), Qh? < Quyh? ~ 0.12

Wg

- Small decay constants: fg, .., > f,

thers

vvvvvvvvvvvvvvvvvvvvv

nnnnnnnnnnnnnnnnnnnnn
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STRING AXIONS AND RELICS

Relic 1: AXIONS Qh* ~ f20:,/m,

+ ) QR?| + ) Qi

Q, otah® = Qocph® + ) Qh? < Quyh? ~ 0.12

Wg

- Small decay constants: fg, .., > f,

thers

vvvvvvvvvvvvvvvvvvvvv

1o} not generic!
0.8
< ) 7
ng ! Jruzzy ~ 10 Jocp
5 04f ]
o | \
0.2f 1 14
: | det(K) ~ 107" det(K)
0.0 ~———m——"————>V/7/"" """ ) fuzzy QCD
0.0 0.2 0.4 0.6 0.8 1.0

K metric on moduli space
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STRING AXIONS AND RELICS

Relic 2: Moduli

4D /' =1 chiral multiplet: T, = VOl(ZQ) + 10, = atleast as many moduli as axions!
must be stabilised at the right scale
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STRING AXIONS AND RELICS

Relic 2: Moduli

4D /' =1 chiral multiplet: T, = VOl(ZQ) + 10, = atleast as many moduli as axions!
must be stabilised at the right scale

1) Implement moduli stabilisation properly (cicoli, Guidett, Ng, Westphat 21]

ensure (moduli), then compute axions EFT

10Y ;

quzzy = QDM !
10715

10_23

Qpm

10_3€

10_4'5 /:
107°

10—34 IOI—31 1OI—28 1()'—25 10._22 10._19 10|—16 10|—13
mrpmleV]
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STRING AXIONS AND RELICS

Relic 2: Moduli

4D /' =1 chiral multiplet: T, = VOl(EQ) + 10, = atleast as many moduli as axions!
must be stabilised at the right scale

2) ASS ume mOdUIl are Stabilised pr Oper ly [Sheridan, Carta, Gendler, Jain, Marsh, McAllister, NR, Rogers, Schachner "24]

M, i > Nerr

m

—1
Uy

= vol (Z?CD>

cutoff
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STRING AXIONS AND RELICS

Relic 2: Moduli

4D /' =1 chiral multiplet: T, = VOl(ZZ) + 10, = atleast as many moduli as axions!

2) Assume moduli are stabilised properly

[Sheridan, Carta, Gendler, Jain, Marsh, McAllister, NR, Rogers, Schachner "24]

must be stabilised at the right scale

100_

Fo—
— iy,
el e e e

= =
a Forecast T~ i
Cj —4 - et @90 G800 == =,
10 " 2 - » ) .8 © & !4@;:@5«’7‘5' @ue
\B o tﬁ.‘a A ST e (3'::&:‘35."5?’3 P ® SBEE
1076_
10—8_

Constraint

Max Abundance (6, = 1)
Best 1000 models

Representative sample

1OL30 1OL28 1OL26

1OL24
mg (eV)

1OL22

1OL20

10—18

12/17



STRING AXIONS AND RELICS

Relic 3: Dark U(1) gauge fields

using [Moritz "23]

h2! # 0 in ~ 95 % of orientifolds - —

H
—
J O Ot =~ W o

Cy =00, HVIA a,

20 A0 60 80 100 120 140
2!
_|_

O_
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HEAVY STRING AXIONS FORM INFLATION

String axions are naturally light: mg ~ e_V01(24)
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HEAVY STRING AXIONS FORM INFLATION

String axions are naturally light: m? ~ e~ VolZy Q |
Al v o] |
| N TN
N4 Inﬂgii{on : (\s\
A dynamical process can change this: parametric resonance (N
) N
inﬂaton: ¢ ~ <¢> —I— A¢ t_l COS(m¢t) I (\’\‘ Reheating

PARAM. RESONANCE

axion:  (¢,X) ~ (0) + 0,(t,X)

. 0K+ \ k> 0°V
f?k + :S]ﬂr‘— T é%k'+' + 62k — ()
IKEFT' 612 ()6%?
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HEAVY STRING AXIONS FORM INFLATION

String axions are naturally light: m? ~ e~ VolZy f |
e |
‘ X \ :
A4 Inﬂggon : f\\\\
A dynamical process can Change this: parametric resonance : t\\~
) WU
inflaton: ¢ ~ (¢) + At~} cos(myt) ! ( Reheating

PARAM. RESONANCE

axion:  (¢,X) ~ (0) + 0,(t,X)
y 0K\ . k2 9%V
9k+ 3H— TT)Qk‘l‘ + )QkZO
KTT Cl2 ()9,% y

) 0K\ . k? _Ab om
b, + <3H— K”) 0, + (—2 + m2 e ¢”> 6, =0
o T,

T

[Leedom, Putti, NR, Westphal "24]
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ReLics FROM HEAVY AXIONS

. 0K\ . k? D om
0, + <3H— TT> 0, + (— +m2 e ¢”> 0, =0
Kr7 a* ’

\/\N

2
m 0.eft

o ZLin >V = production of axions, my ¢ S 107%eV = contribution to ANy S 107°

During radiation domination

¢ Z4in <V = production of axions, my ¢ ~ m; =
’ redshift slower than radiation,

might lead to overclosure

U

must decay efficiently

[Leedom, Putti, NR, Westphal "24]
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ReLics FROM HEAVY AXIONS

g
/ (
, U x
/ \
/
/
/ ~
Py, - --€---1 9 - - - - Y
\
\
\
\
\
\
9, v €T

If axion is heavy (my ~ H,), it can decay into
1. Massless gauge bosons

2. Gravitons

3. SM — MSSM Higgs doublet

4. Lighter axions

5. Condensing gauge group
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CONCLUSIONS

The string axiverse can be realised in our universe and detected, but at a price:
¢ Presence of a number of relics: moduli, dark photons, decay products...

¢ Introduction of non-standard cosmology: low T

¢ Tuning of the geometry

String theory p.o.v. is different form pure EFT, e.g. high quality and couplings

Axion detection could inform us about our place in the landscape.
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CONCLUSIONS

The string axiverse can be realised in our universe and detected, but at a price:
¢ Presence of a number of relics: moduli, dark photons, decay products...

¢ Introduction of non-standard cosmology: low T

¢ Tuning of the geometry

String theory p.o.v. is different form pure EFT, e.g. high quality and couplings

Axion detection could inform us about our place in the landscape.

Thant you
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Backur: PQ) QuaLiTy

Ad . -
4 4 4 PQ ~10 lightest axion _5
APQ < Alightest axion =< Afuzzy = A4 S 10 < < 10
QCD MqQcD
L0 0=0=0"0~0mg=0=0"0=0m0~0=0=0=0m0-0=0~g-0=0=0=0~0
\.
0.8 o,

o~ =O=@=0=0y
'*o-...,...a’ o-o.._.-.—q\'~
°

=
>
|

Fraction Solving PQ Quality

=
NG
|

0.0 I I I I I I I I I I I
10750 107%  107%  107% 10 107 10720 1071 10710 107° 109 10° 101
TN lightest (e\/j



Backur: How TO APPROACH THE LLANDSCAPE

[Kreuzer, Skarke "00] [Demirtas, Rios-Tascon, McAllister "22]

Choose a point in the Kahler Use the now fully-specified data
. Break the supersymmetry to N=1 . . .. .
Choose a Fine, Regular, and Star . ] . moduli space at which the of the Kdhler potential and
. . by involuting the Calabi-Yau . . .
triangulation of the polytope . . Standard Model gauge couplings superpotential to compute axion
manifold and the string spectrum .
match IR expectations masses and decay constants
Triangulate the ~ Choosean Fix the Calabi-Yau Compute axion
polytope orientifold projection moduli Lagrangian
Cglc')c;s;e: Construct a Choose a QCD Set superpotential
polytop Calabi-Yau divisor Perp
_ threefold
A 4d reflexive . Fix the scale of supersymmetry
e o e cmicd | Rkafourcyetotostato veron
reuzer-skarke Vst . b of QCD via a stack of D7-branes o sl EucI|d§on -D‘IS-brones-on
database defined by the triangulation every holomorphic divisor contribute




