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AXIONS

4+ Potential solution to the Strong CP problem

1 -
OF,, F'
3272 M

|d, | ~ 10719 cm

Loy D

0 <1019



AXIONS

+ Pseudo-scalar particles with perturbative continuous shift symmetry

X > )xX+tce c €|

Broken by non-perturbative effects

V(x) ~ A1 = cos(x/f,))

To discrete shift symmetry

x—>x+2znf, ne”z

+ QFT axions arise as massless modes after SSB



Stringy Axions

10D Type lIB
Cy, G5, By, G

Unified QG theories have p-form gauge potentials

Compactification: M, = M, X X,

Givesrisetoaxions C,=p w®+.. a€ {12,..h""}

Few - 0(10%) — axiverse
AXIONS

+ Gauge symmetry protects shift symmetry Axiverse is the best prospect to

4+ Inflation models/ quintessence
*

tie string theory to experiments



Detecting the Axiverse

, 4+ Axion - photon couplin
IT axions coupletoSM —» . D P .ggay
+ Axion - nucleon coupling gy

Constraints and future projections of axion-photon coupling experiments.
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Detecting the Axiverse

, + Axion - photon couplin
IT axions coupletoSM —» . D P .ggay
+ Axion - nucleon coupling gy

However, string axions may not be: Naively:
4+ Light enough + One QCD axion
+ DM 4+ One for inflation
4+ Coupled to SM + One for quintessence

What about the rest of the axiverse?

How can we detect string axions that don’t necessarily couple to the Standard model



Goal

How can we detect string axions that don’t couple to the Standard model

Gravitational Waves Dark Radiation
Dimastrogiovanni, Fasiello, Leedom, MP, Westphal Leedom, MP, Righi, Westphal
arXiv:2312.13431 arXiv:2411.xXxxXx,




Ingredients

AXIONS

X |\
/\ \ \
/ \ N\
e
=17 INFLATION
"' I l J ’ ...... Nj‘:/
W iN !
.,\;'\\~
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Axions are spectators during inflation

+ Axions coupled to hidden gauge fields + Axionic preheating
GWs from the AXIVERSE AN, from the AXIVERSE



Axion spectators in type |lIB

*+ Type lIB compactifiedon6d CY — (Rl p%1Y Hodge numbers

*/V =] << Y6 — X6/Q —> hLl — h_ll_’l 4+ hlal , h2,1 — h_|2_’1 4 hz,l

+ Graviton, axiodilaton, h%'cs, hl!Kihler moduli + susy partners



Axion spectators in type |lIB

*+ Type lIB compactifiedon6d CY — (Rl p%1Y Hodge numbers

*/V =] << Y6 — X6/Q —> hLl — h_ll_’l 4+ hlal , h2,1 — h_IZ_,l 4 hz’l

+ Graviton, axiodilaton, h%'cs, hl!Kihler moduli + susy partners

-

———— saxion axion

stabilized by fluxes

10



Axion spectators in type |lIB

*+ Type lIB compactifiedon6d CY — {hl’l, hz’l} Hodge numbers

*/V =] << Y6 — X6/Q —> hLl — h_ll_’l 4+ hlal , h2,1 — h_|2_’1 4 hz,l

+ T =7+i0,

+ > ZLDKTOT — V(T',T') , with K = 005K

tV=e" (KifDiWD]vW— 3 W\z) , with W= W, +Ae %"

11



Axion spectators during inflation

+ Type IIB compactified on 6d orientifold — hl'! = h}r’l + hl! axions

+ Canonical renormalization: 8, = a. .0,

4 —ar, 2 A?e_aﬂi N L
VD Aje %icos(dlf;))  — my 4= I7 4
l _
1.5}
g 1.0
0.5F
000 T

x/f

12



Axion spectators during inflation

+ Type IIB compactified on 6d orientifold — hl'! = h}r’l + hl! axions

+ Canonical renormalization: 8, = a. .0,

4 —ar.
Ne 4"
f?

VD Afe ™ Ficos(9,/f) = my 4=

+ Duringinflation my . << H:no contributionto V;,

*If my S H — axionrolls down its potential during inflation

13
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Spectator Mechanism

L L 1 9
L = = —(0p) = V(g) = 5(09) = V9) = - F, F** = A——F,, "

4 " af
—
Z inf Z spectator
’ P — P(Vac) + P(SI’C) 20F—u
d#F0 —F LW T Teow T T ow §=0
1.5}
4 J = O
V) = A 1—0037 >
0.5
Enhancement of primordial perturbations. ool =0
Signal present a peak. 00 05 10 15 20 25 30

S/f
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Spectator Mechanism

| | | J -
L = ——(09)* — V(¢) — —(09)* — V(9) — —F , F'" — \—F, F"
2 T T g T gt
—
Z inf Z spectator
: P — P(vac) 4 P(Src) CF _
19 # O CaGW C,GW C,GW 0_3_ , S=03 _
:‘8_4 SO £, =52 :
4 J :_0‘5; _
V@) =A"{1-cos— A 109
f :_0—75_ _
10~°F -
Enhancement of primordial perturbations. 10} B . .
Signal present a peak. 070k My
10° 10* 10> 10° 10" 10° 10° 10"
k[Mpc_ll
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Inflationary Axiverse

A multitude of abelian spectators

n
B _ pWac) (sro)i
L = ginf + Z Espect PC,GW o Pg,GW T Z Pg,GW
=1

Peak parameters determined by:

)
A CS coupling: height &, = A—
~ ‘
i dth &= —2
Mo AXION Mass: widt —
0 6H?2

d. Initial condition: position




Inflationary Axiverse: GW

107!
1072
10~
10~

10
AXlion properties 1070

determine GW 10~

features: 108
Gravitational 10-9

DECIGO

Spectroscopy

100 10 107 102 10° 10" 10''" 10™ 10" 10" 10P°
k [Mpc™']
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UV Embedding

we motivated the GW forest via the existence of the string axiverse

Can we actually embed this in string theory?

+ How generic can the spectator mechanism be?

+ Does the landscape allow observable signals?

A2 10

19



Axion candidates

Type lIB on 6d My — M, X X3 X5 CY 3-fold
Orientifold P_forms C4, C2 X3 — X3/Q
Po 4-torm Axion candidates c® 2-form
even axion odd axion
Gauge theory from D7 branes
SD7:>J C4J F,AF, SD7DJ' FzJ CzJ Iy NIy
2 4D 2 2 4D
77 gauge fluxm ¢“
A~ (t)~h < O(1) A~wKm

20



CS coupling constraints

Parameter space for c*

with magnetized D7
brane to reach PTA
amplitudes in GW signal

+ Perturbativity control for U(1) theory
+ED1 control (axion potential)
+Induced D3 Tapole

+ Specific topology to avoid Stiickelberg
couplings (no massive U(1))
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Preheating

Parametric resonance

¢ ~ (¢P) + A¢ cos(mt)

9, X)) = (9) + 69,1, %)
PREHEATING

I
I
I
| LK 0PV, )
Inflation | O + 5 ) O, =0
SR x a 09
| ,
| ()
I
| X/ L
| Reheating -
19k(t, 7) X e'“kt
cHi 1
& ﬂ(‘ - |®kI2)——
: . 2 W, 2
Particle production
1 1 n(t, X)) o< el 5

d kn,

Py

B (2ra)* .



AXIOn - saxion

kinetic mixing
o771

. -~ /w . -~
Lrn D K7 07'07 + K- 00'00)

o /' = 1type lIBcompactification on CY;

o Atleast 1 Kihler modulus 7 + axion @

— complexified field T'= 7 + 10 axion
. vV
Saxionnj kv on VaxiOn = AN'e %" COS(aTH)
. . , , Tmeﬂ
String Inflation saxion < inflaton 9  Oa.f

—> Verysimple, but generic!

LVS, Fibre inflation, Kihler inflation, ...

24



String Axion Preheating

// AT !

resonance parameter g = 4a,—

+ Dark radiation: mg < 10_31Mpl — contribute to AN, —»

*+ Dark matter: Qg =

O, + -0, + w(k,1)> O, = 0
T

wor=t gl e
wk,t)} =— — f—H + —e™*
a? 27T 12

T ~ (1) + Az cos(m. 1)

No expansion: Whittaker Hill equation

mgng(ag)

(4

k2 A*
4

2w

my

mz

¢ —a(7) ¢ —a_ At cos(2s)> '9k — ()

Non-perturbative production of axions

p?

25

q

g 5 10—43

> 1

n

Very narrow resonance

Broad resonance



tability charts

+ Dark radiation: mg < 10_31Mpl — contribute to AN,

my
q = —2 . . 0 mgng(ao)
m; Dark matter: Q& = .

C




String Preheating - II

k2

T
wk,t)> =— — f—H

a2

Expanding background

In(n4(t))

O, + -0, + w(k,1)> O, = 0
T

X5 (1)

In(n())

2T

2000

1000

—1000 |

—2000 |

X5 (t)

In(74(t))

40000 F

20000 -

-20000 -

-40000-:

L ot T ~ (1) + Az cos(m. 1)

50 100 150




Cosmological consequences

Fate of the produced axion depends on details of the compactification.

SM on D7-branes Sequestered SM

° * M _ . o o .
+ Inflation on 4-cycle I1, SM lives on D3-branes at signularities

+my — 0 = g = 0:PRonlyviakinetic mixing.

+ SM lives on D7-branes wrapped around 11,
AN, <107

+ SM talks to inflaton and hidden sector

+ my, — 0 = g — 0:PRonlyviakinetic mixing. *Ifaxion is heavy = decay into:
AN, < 106 1. Massless gauge bosons
2. Gravitons

*ifaxion is heavy = decay into SM =reheating 3.5M

4. Light axions
5. Condensing gauge group

28



Application: Fibre inflation

2008: Cicoli, Burgess, Quevedo

A B

- g2 Crr | Wy \/§ zaflAfWO|
sz 7\/@ WAl VA

§0=71an VangS

(7% —tr cos(ady)

— T2 2
Vinf _ WO [gs %

7 oY 4 60, , ‘AfWO‘ ~ ~ Lgo —(7 e%q)
0! +2¢'0, + (m_%kz 5 +6d —r (E)(7)e e ) @, = 0
o i | P : R A R
i : 1000 | 1000} *
200 { so0 A ﬂ ) MM MM ||
2001 : ~500¢ y \ _500;_ “ “ “
: \ ~1000 U ! ~1000 “ “““H
—400+ | E | | . | | . B : i PR IR B .
2 3 2 4 6 8 10 5 10 15 20
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27 o 27
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Application: Fibre inflation

Xf o
SM on D3-branes Z D - 8a777FF
/
+ SM lives on D3-branes at signularities. 1 m?
: : r ..~ 4 T,  ~ T12pp112
+ SM sequestered from inflation X2 641 f)%f dec 7l
+If axion is heavy (m, = 8 X 107°M,)), decays: 4 V3 dee 4
AN . = 8( T\ Py 120 (11 Py a,.
1. Massless gauge bosons eff = 7 1, p, — 72\ 4 4\ a,
2. Gravitons
3.53M
4. Light axions 10}
5. Condensing gauge group . 1;0_6
= 0.2 / \
g 0.100 -0.06 /S \
0.0105-
0.001; —
| IOIO7I B IO &)SI B IO.IO9I B IO Il()I B IO Illl o
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Conclusions

+ String theory axiverse of p-forms can be used to probe string theory

*+ Most of these axions are dark — probe them through gravity

+ Axions as spectators during inflation produce various signals:

+ Axion-gauge field spectator sectors + Axions spectators of string inflation

— GW forest get produced via parametric resonance

— decay to dark sector AN

More?!

31
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Back-up: Fibre inflation

lr=1+10,, T,=1,+i0,, T,=1,+10

7 = \/?ffb — 1% \/?ffb

K=2In ('“7 + i)
"

W=Wy+Are ¥+ A e~ blr + Aje "

String loops corrections give:

2

V.. = W2 2£_ b 2CTf Wo

inf 0| 8s I Y gs%z 92
tf \V

a:| AW, |
f17770 i
D g’ - e~ 7 cos(asbty)
0°K 1 1
B 8ij = 2 N Xf — ’ ]S(b —
o101’ \/Eafff a, Ty,
|AfWO|
2 _ 2 — a1, Tsp)
p = 85p (Tep)e” Y
X S %sz%b

EX. set: L

27 _s
(7) 2 71.5, a; = R fy, = 0.06Mp — m, ~8 X107 Mp,

7
7 ~9355, (1,) = ~341.2 - m, ~0
\/ <Tf>
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