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This talk

Within standard Einsten gravity (no modified gravity!)

Non-standard physics comes from particle physics, not from the gravity side



— Generalities about primordial gravitational wave (GW) backgrounds
Review of the best-motivated sources: short versus long-lived sources

o First-order phase transitions

= |nflation
= Cosmic strings (local and global/axionic strings)

— Effect of new particles beyond the Standard Model on
primordial GW backgrounds

o from new heavy particles coupling to the Standard Model
o from new particles completely decoupled from the Standard Model

— GW backgrounds from axion early-universe dynamics:
3 distinct sources (beyond the ones above from axionic strings):

o GWs from the Peccei-Quinn phase transition
o GW signatures from kination induced by rotating axions

o GWs from axion fragmentation



Two types of gravitational-wave (GW) signals
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Note: Astrophysical signals can lead to a stochastic background if they cannot be resolved.



cosmic evolution

superposition of GW generated by an enormous number of causally independent sources,
arriving at random times and from random directions.

Individual waves are not detectable, sources can not be resolved but instead we can only
observe a Stochastic GW Background. For most of the cosmological sources, it is
homogeneous, isotropic, gaussian and unpolarized and appears as a noise in the detector.
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Probing high-energy physics with

gravitational waves

Interaction
rate of GW

~~Taw(T) G*T° [ TY° 1
H(T) T2/Mp1 B

Expansion
rate /

GW produced below the Planck scale are decoupled: They
propagate freely in the universe until today.

They do not loose memory of conditions when produced.

They retain spectral shape, typical frequency and intensity
characteristic of production mechanism, encoding information
about particle physics at high-energy scales that cannot be probed
by colliders.



High energies Low energies

unconstrained - __, well-tested
Big-bang nucleosynthesis (BBN)

Electromagnetic-
wave probes
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of GW background: Ptoday — Pprod (today expanding.

" its production mechanism = particle physics beyond the Standard Model (BSM)

= BSM of cosmology



What can we learn on particle
physics and cosmological

history from primordial
gravitational waves?
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History
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Cosmological History

Intermediate kination era?

Structure
Formation
present
0.1 TeV 0.1 MeV 0.1eV energy density
1.0 T |
o 0
% log(T / GeV) radiation @
i =
? matter klnatlon 4 dark energy (68%)
2 =
(D)
(-
o
S NN
9
£ log(t/sec) dark matter (27%)
£ -30 -20 -10 0 10
0.0 | | | ! | - TIoIIiiis baryons (5%)

3 min 380 kyr 13.8 Gyr

Big Bang Cosmic Microwave
Nucleosynthesis Background

14



Cosmological History
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Cosmological History
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Cosmological History
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Probing the cosmological history with

Gravitational Waves

Primordial | Cosmological dark ages:
Inflation | Reheating, Phase transitions,

N | Baryogenesis, Dark Matter...

h |
X | — — — K——K—
Mp; <1016GevV 10°GeV  EW  QCD MeV eV

| ]

CMB LIGO LISA EPTA CMB
VIRGO NANOGrav
ET SKA
CE

Current and future GW experiments constitute a new avenue of

investigation In particle physics and cosmology.
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The landscape of current & future GW experiments
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Primordial GW

Tensor perturbations of Friedmann-Robertson-Walker metric:

ds® = —dt® + a*(t)[(6i5 + hij)dz'da’]

Wave equation:

hij + 3H hj + k* h;;

(167G1L,." )

Source:
Tensor anisotropic stress

=Transverse Traceless component )
of the energy-momentum tensor of the source = (77, — 5P Pim)Tim
Py = 85 — ik

20



Well-known cosmological sources

-> Cosmological Phase Transitions
-> Cosmic Strings
-> Inflation

-> Reheating of the universe

see
-review 1801.04268
-1912.02569 (cosmic strings)
-PhD thesis P. Simakachorn
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Beyond-the-Standard Model sources

Preheating, first-order phase transitions, cosmic strings
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Upper theoretical bound

fmax df

GW as extra radiation: / = Qaw(f) £0.230a4.0ANeg where ANPPNOMB <9
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Characteristic Frequencies for causal

(and short-lasting) sources

1, temperature of the universe at time of emission
f.  frequency at time of emission

observed T,

frequency: f ~ f_N(f)( )?O ]\i
>|< * Pl

H- = Hubble rate at T+

7. x10° 10" GeV

If 1.~ 100 GeV: (Electroweak scale)

f 10739 GeV ~ 10730 x 10% Hz_ )
T {TsA |

10
If 1, ~ 10 GeV: (Peccei-Quinn scale)
f~ 103 Hz 24



Frequencies limits

The lowest frequency of GW is that of those GW produced today with
the largest possible source size, i.e., the Hubble horizon today:

fGW,lowest = Hgy ~ 10~ 18 Hz.

The highest frequency of primordial GW arises from the highest energy
scale H,... =M,

13
fGW,highest ~ 10" Hz.
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Largest possible amplitude

Early produced GW act as an effective number of neutrino relics which
is strongly constrained by CMB measurement and by BBN predictions

fmax df 6
—Qaw(f) <5.6 x 100°AN,
!

BBN,CMB f

AN, <0.2

2

log™" [maX(ﬁ?Tfmin)} for flat spectrum,  2cw = Qaw « for fuin < f < fmax

Qaw .« < 5.6 x 107°AN,, - 4

~1
B [1 — (%)B] for peak, Qaw(f) = Qaw(f/ fpeak)”
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Low-freq. lim
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Reading the history of the universe
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Low-freq. lim

min ., ry—1
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Reading the history of the universe
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GW spectra are sensitive to the cosmological history

Fraction of energy density in GW today: Qgwh?
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What if the universe is not radiation-dominated at high energies?

[Simakachorn]

Standard
Model

radiation era

at high
energies

29



Standard Model sources of primordial GW

Primordial inflation & Standard Model thermal plasma
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Irreducible GW background from amplification of initial
quantum fluctuations of the gravitational field during inflationso



Quantum fluctuations of some comoving scale k during inflation classicalize upon
horizon exit (k > aH) and stay frozen afterwards.

After the end of the inflation phase, the increasing comoving horizon catches up
with these modes and they re-enter (k < aH) the horizon.

Tensor perturbations of comoving wave number k = akHk lead to the

the stochastic GW today

inf kQ@% inf
2AH?

. 2 ([ Hie\° [ k\™
Qljgf ~ t —
w2 \ M, kp
Pivot scale kp/ap =~ 0.002 Mpc~? ~ constant

ny =~ —2€
fp=3.1X 107" Hz Taking for simplicity 7t = 0
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GWs from inflation

O ~ (ka)2 N (aQH)2 N CL4,0 N a4a—3(1+w) -~ al—Sw

o 0l ~ap2a 082 s 204

w: equation of state of the universe

65 (1-3w)
—» O~ a1_3°" ~ f 2(1+3w)

w=1/3, radiation era —> scale-invariant spectrum

w=0, matter era —> Q~ f —2

w=1, kination —> () ~ f

The GW spectrum from inflation encodes the full cosmological evolution
of the equation of state of the universe! 32



GWs from the SM plasma

1,  temperature of the universe at time of emission
f«  frequency at time of emission

observed T "
frequency: f ~ f*fo ~ QL

BN

Instead f< ~ T« _.> cancellation 1010

f ~To/27 ~5.10 Hz

hard—modes L

J. Ghiglieri and M. Laine, 1504.02569

[Simakachorn]

103 10° 107 10° 10

A Ringwald, J.Schiitte-Engel and C.Tamarit, 2011.04731
. 8 frequency of GW fow [Hz]

A Ringwald and C.Tamarit, 2203.00621
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Characteristic Frequencies for causal

(and short-lasting) sources

1, temperature of the universe at time of emission
f.  frequency at time of emission

observed T,

frequency: f ~ f_N(f)( )?O ]\i
>|< * Pl

H- = Hubble rate at T+

7. x10° 10" GeV

If 1.~ 100 GeV: (Electroweak scale)

f 10739 GeV ~ 10730 x 10% Hz_ )
T {TsA |

10
If 1, ~ 10 GeV: (Peccei-Quinn scale)
f~10 Hz 34



Gravitational Waves from a 1st-order

phase transition

hij + 2Hhij + k*hi; = 8nGa*Ty 1 (k, 1)

va(X)Up(X) K\S Source of GW:
1 — v2(x) anisotropic stress

Top(x) = (p +p)

| Generated mainly from fluid velocities
¢ in the vicinity of colliding bubble walls

Bubble Bubble
nucleation percolation

()

“True” vacuum
<®>20
Q)
.

Falee vacuum : Turbulence

<®>=0
violent process if vy ~O(1) 35



Sources of GWs during a 1st-order

phase transition

hij + 3H hyj + k% hy; = 167G 1L"

Fluid (sound waves and turbulence)

[ij ~ ~*(p +p) viv;
Electromagnetic field (primordial magnetic fields MHD turbulence)
O
2 2\ Y1)
I1;; ~ (E* 4+ B*) z B, E; — B;B,;

Scalar field (collision of bubble walls)

IL;; ~ 0;9 0;¢

In principle entirely determined by the Higgs effective potential.
36



GWs from a 1st-order phase transition

Electroweak Phase Transition
-> milli-Hertz —s L|SA'!

10° 10% 0.001 0.010 0.100 1
f [Hz]

Konstandin’l8

® [LISA Cosmology Working group, 1512.06239]
+ update 1910.131325

LISA: a new window
on the Weak Scale

hep-ph/0607107 complementary to collider informations -



Two Characteristic quantities

e ( : Inverse duration of the phase transition

set by the tunneling probability P ¢’ =€

dS

ﬁEE

B HTdS

typically =~ 0(10% - 10%)

*

corresponds to the characteristic inverse size of bubbles at time of
collisions p —, /3
sets the characteristic frequency  f x ﬁ
Vw
V(,T=T n)

1 g T, Gx \1/6 Ix10
vy H. 100GeV \100 755 1(f
IXIO

5100 1
25%10° |

o and B : entirely determined by the effective PRV N o 2501 !
scalar potential at high temperature -25x10° |

Qy
Jo=—/.=20
ag

e o : vacuum energy/radiation energy density

S5x10°
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Estimate of the GW energy density at

the emission time

* G 1 H * ? Hsource ?
QGW,* — Faw, ~ _Qniource X ™~ ( ) ( )
Ptot,* 5 Ptot,* ﬁ Ptot,x

Hsou’rce ~ KPyac

Rep = Pe Ky — P Kt = € Ry

Pvac Pvac

fractions of vacuum energy that goes into either gradient energy in bubble
kinetic energy in the fluid o into turbulent motion.

Hsource ? /432042
( ptot,* > (1—|—C¥)2
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GWs from a 1st-order phase transition;

— — — = 2 “, .'," ,’,
10—9 _ =08 a/ 10 O;" LIG(?
..‘,\... a = ; ': ¥
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< * -
Xp /
10—11 ““\'7 , -\‘\\ _
R 17 B >
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z % 2
10_15 /" 6) ‘\ o
/i Nt 'g
/! /5, .
10—17 J T BT BT A . : e . 3
10 10* 1072 1 102 10* 4

frequency [Hz]

For reviews see e.g.
1512.06239, 1910.13125, 2204.05434
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https://arxiv.org/abs/2204.05434

Gravitational Waves from

cosmic strings

recent reviews: [1909.00819, 1912.02569]

Network of cosmic strings
[Allen & Shellard, 1990]
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Gravitational Waves from

cosmic strings

m(G/H) #id

physical space

Cosmic string: Line-like topological defect arising
after spontaneous U(1) symmetry breaking at some
energy scale n.

The broken symmetry can be either local or global;
—> local or global (axionic) cosmic strings.

string tension: ,u ~ 772
» <‘1, local
HTT T \immg/H), global

Axionic strings: n=f,

42



Loop formation & scaling regime

After the network formation, the string network keeps producing loops.

String intercommutation: loop formation depletes energy from the network.

/’ﬁ GW emission
> S (particle production
= - ’\f\,’ for global strings)

Cosmic strings do not overclose the universe.

The energy density of the network tracks the total energy density of the Universe

Scaling regime:  pue(t) ~ p/t* =~ Gupiot(t)

a3 for matter
Poo X t™% o< { a=? for radiation

a O for kination
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GW from cosmic strings

Cosmic strings: Long-lasting source of GW

The produced loops decay into particles and GW.

Local-string loops decay dominantly into GW while global-string loops decay
dominantly into Goldstone radiation.
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GW from local cosmic strings

Superposition of many loop populations producing GW at time t and of many oscillation kth-modes,

Qcow (fow)

~ 15
t ~
a(to)

# of loops produced along cosmic history
(from production time until today)

tform

GW from a loop

‘.' <. P. Simakachorn PhD The5|s

LIGO 051/ -
N Gu =107"

o T
S1<9|S
p— - i
(=)) £~ N
i g/tut fi// |
L1l IIII L1l IIII L1l IIII 1 IIIIIIII L1 =

O
_ ' ONG
10 18 s
LL/ ]
S o 1O
g3 107
Q

10-10 106 102 102 105 10 104
frequency of GW fow [Hz]
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GW from cosmic strings

Cosmic strings: Long-lasting source of GW

GW spectrum = GW emission from a loop X loop-number density

12k ((0.)TR G2 /to A (M a(f) «@
pe T lala+ 16y, (0 Nelt)] La@))

s’s nature Ioopnmbr Kreif

t; = loop production, ¢ = loop emission

Qg (f) =

—4 . —
GW: a ~,loop size: a L

a = initial loop size as a fraction of Hubble horizon

I' = GW radiation efficiency

km X t ~ 5
1 & 2k ° ~ | a(t) .
(2 = —_ F(k)G 2 X / Nloo t |: :| dt?
cw(few) ; > o p . p (1)
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cosmic string (local)

loop production @ ¢, loop emission @ z

t ~t;/G
) #

Relation between observed frequency & Hubble radius at emission

a; 1 1/2

| A G—u

J
( the delayed emission happens at a/a; = (t/t;))"?>= 1/ (Gp))
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Relation between observed frequency &

Hubble radius at emission

The broad band GW spectrum is the result of the superposition of GW generated
by many populations of loops produced at different temperatures.
Each emits GW at frequency it ~ 2k /1

k : GW mode number of loop oscillation

I: loop’s size

The GW contribution at higher frequencies comes from smaller
loops produced at higher energy scales.

Time of GW emission for local strings: t~ o /(2T G )t
In contrast, global strings ~
quickly emit GW after Ioop t 2 tz ti : time of loop formation

production:

For a loop population created at temperature T, the GW spectrum is sourced maximally at

a GW frequency today that is higher for local strings compared to global strings. 48



Gravitational Waves from Cosmic strings

Gu = 107", r =50, a = 0.1

& evolution of the universe

107 , ,
> g - Total ‘spectrum
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1010 TN cut-off formation |
%; ‘. /'\ . R \ cut-off
N B s B ‘ N
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&8 o 8 TNR B\ E
[E sk L B B4 B\
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|2 1dyrs ' ' m Wit o\ ww
o y ¥ \ o m: O 2% 5 O s>
—=20yrs > 1. O ™ o‘-““ >\ v
10°° 102 10* 10° 10" 10"
f (Hz)
[1912.03569] singular structures on loop

(beyond NG approx.)

cusp

kink
lead to particle emission

(long-lasting sources)
Q GWs
A-- >N

p—
string tension G

Higher f < Earlier emission

= 1 <t9 ’\
N—

smaller loop < higher oscillation f

@ earlier t;

more GW from more loops
but more red-shift

= Flat during radiation
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Short-lasting vs long-lasting primordial sources
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Gravitational Waves from cosmic strings
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Gravitational Waves from cosmic strings
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Fraction of energy density in GW today: Qgw h?
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LOCAL STRINGS

VS
GLOBAL STRINGS

See comparison in Appendix F of [1912.02569] .

Loops from global strings : short-lived
Loops from local strings : long-lived.

—> different GW spectra in both frequency and amplitude.

55



LOCAL STRINGS vs GLOBAL STRINGS

Global strings: no gauge field, instead massless Goldstone mode, with
logarithmically-divergent gradient energy.

Loops quickly decay into axion particles.
GW are mainly produced at the time of the loop production.

local n
QGW — QI’ )
M
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LOCAL STRINGS versus GLOBAL STRINGS (ma=0)
107,

—
LIGO 05 L

n = 104 GeVé

10-16!

10-16!

101 10 106 104 102 1 102 10° 1010 10 10° 10% 102 1 102 10°
frequency of GW fow [Hz] frequency of GW fow [Hz]
spectral shape global loops
changes with n decay fast.
local loops live longer To reach the same amplitude as the

before decaying local strings, global strings need a
(& lifetime depends on n) larger n since GW production is not

the leading energy loss.
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Part 2:
GW signatures of BSM

degrees of freedom



Energy density in gravitational waves

4
a
PGW.O0 — PGW,e | —
I I CLO
at the time massless
today of GW —> redshifts as
emission radiation

GWs from cosmic strings and from inflation track the
total energy density of the universe.

affected by BSM
physics



Effect of new BSM particles on primordial GW

backgrounds

Let us assume GWs are emitted in a radiation-dominated era

PGW,0 =
Independent of the particle Encodes
content for inflation & information on the

cosmic strings sources particle content
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Effect of BSM physics on primordial GW

backgrounds

The total radiation energy density is modified by the
existence of additional degrees of freedom

) 2 - <’ g2M(T) + g25™M(T)] Thermalised BSM
rad — S~ I 4 .
300 7| [¢2M(T) +gBM(T) 72| Non-thermalised BSM
To : Temperature of secluded sector
1 1 _
Using entropy conservation [’ ~ %— and assuming Jx = Gxs
Gxs

S—— . VER—— . ; I

| a4
Prad ™~ Prad,0 ( ) X <
‘ a

) !
g 1 [QEM(T) + ngM(TD)%} increases wrt SMif g # () |

= SO IRMAL T :
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Effect of new particles on primordial
inflationary GW background

| SM + lSecIucliedl BSM If)l(l)lFs

£ s (light + heavy)

=

wn

C ]
< (Schematic,
50 not to scale)
c
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@

i}

2 cosmic evolution

scale factor: a/ag
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5 DR SM + Seclyded BSM DOFs

< SM (pMoca™®) e {ight theavy)_ | _ 3

= = -

SY

i

= @ :

C&}D -~ cosmic evolution

frequency: fow
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Effect of new particles coupled to the SM

on primordial GW backgrounds

Effect of extra thermalized DOFs 1 = 1 TeV and Agt? = 103

M Local strings Temperature of the Universe in GeV
H Global strings | | | | | | | | | |
B Inflation 103 102 107! 1 10 102 10° 10* 10°  10°

| | | | |
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] | ] ] ] ] ] ] 1 | 1 1 |
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----- with extra thermalized DOFs

—
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Fraction of GW energy density today: Qgwh?
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Effect of new particles secluded from the SM

on primordial GW backgrounds

(Maximal) Effect of extra secluded DOFs (saturating the ANesst bound)

no extra secluded DOFs ----- with extra secluded DOFs
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Effect of new particles coupled to the SM

on the primordial inflationary GW background

h2.QGW

slop

10716 ——rrr—rrm—reemm

Particle spectroscopy with the GWB from minimal primordial inflation (n; = 0)

m=10TeV ---- m=1 PeV
LFpev

- o ~-.
. _\€\~

LF1o TeV standard cosmology

Agth= 103:

tensor—to—scalar ratio: r

1r>0036

| 1016.01

Inflation scale: Ei ¢ [GeV]

B HF ILF
Ag'=10° .-.- Ag,=10"

1015.76

106 107 108 10°

new physics mass scale: m [GeV]
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& Qgw

slope: B

Effect of new particles coupled to the SM

on the primordial GW background from

local cosmic strings

GWB from stable and metastable local strings
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Effect of new particles coupled to the SM

on the HIGH-FREQUENCY primordial GW
background from local cosmic strings

Metastable local strings in the UHF regime

loops - - - - long—str. seg. == loop seg.

Gu = 2x107°, « = 30

107 ¢
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Effect of new particles coupled to the SM

on the primordial GW background from
global cosmic strings

GWB from global cosmic strings
(with mg < 10722 eV)
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Effect of new particles secluded from the SM

% GWB enhancement

on primordial GW backgrounds

Including the possibility that particles from the secluded
sector are in thermal equilibrium within the dark sector
and decay into the light secluded particles
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Local cosmic strings

Effect of new particles N T
secluded from the SM

on primordial GW %

backgrounds

1071 1 10 102 103 10*
fow [Hz]
Global cosmic strings
—1L.65f * with dark sector mp=1TeV |
L ’|' h ]
-11.70; BoBEM=2 ... gDheaw_jq
C:j: - 1175 ‘ ..... g*D,heavy= 102 '
§ ~11.80- RN gDheavy_ 193
= _11.85: 7
a0 : 2 s
2 -11.90 KOS %
: %
_11.95- NG
_1200b i LISA BBOYSS)
107 103 102 107!
fow [Hz]
Inflation (n;=0)
_16.10 i AL BNLILRLLLL BEURRLLL IR | "'f"“l """“I: LAALLL BRALL 4 LU BRALLL BRERLLLL BRELLLL BRELLL BRLBLLL
- with dark sector mp=10TeV
~16.15. ---- =10
(\r‘;‘ . o | g*D,heavy= 102
= (@) D,heavy 3
S -16.20 g & =107
= - o
% [
= -16.25] g2=0
16,30 bttt et it ottt SEANGaTd, COSTIOTORY ]

1077 10 103 10! 10 10® 10°
[Servant+Simakachorn to appear] fow [Hz]



Reaches of future GW observatories

Reach of future GW observatories to extra (thermalized) degrees of freedom with primordial GWBs

pAres

e S r— A\EDGE Global Strings
BBO

Metastable
Local Strings

BBO
CE
ET
Stable
CE Local Strings
ET
""""" Collider bound m > Tehmmmmmamene Wt nos |nflation
e === BBO (n,; = 0)
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L | IIIIIII| | IIIIIII| | IIIIIII| Ll
1 102 10* 10° 108 1010

mass scale of extra degrees of freedom: m [GeV]

B Low-frequency turning point

For the completely dark DOFs of mass m, one can replace mby em (e =T /T)
on the horizontal axis and remove the collider bound.

[Servant+Simakachorn to appear]
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Part 3:

GW signatures of axion
cosmology




Among the most hunted particles.
Ubiquitous in many extensions of the Standard Model

Axion could arise either as a higher dimensional gauge field, or as a
Pseudo- Nambu Goldstone boson (PNGB) from spontaneous breaking
of global symmetry which is not exact but broken weakly.

| will assume the second possibility as a simple benchmark. Important
for cosmology: Axion is accompanied by its partner, the radial mode of
a complex scalar field.

Axion mass is proportional to this breaking.

Very general context.

Historically: QCD axion. Strong dynamics from QCD provides breaking
of symmetry.

Axion-like-particles (ALPs): other axions whose mass is not affected by
QCD. They get their mass from other sources.
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Axion-Like-Particles (ALPs)

Consider complex scalar field
CI) — (Pezﬁ

charged under anomalous U(1) global symmmetry (Peccei-Quinn symmetry)

2\ 2
Spontaneously broken at scalefa V' (p) = A (|gp|2 - «%)

<§0> — fozl/\/§

Axion as Goldstone boson

B — B + const.
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Non-perturbative effects at energy A\v << fa break the
shift symmetry and generate a potential/mass for the axion

V -m3(T)f [1 — cos (0)]

My = Azb/fa

QCD axion Generic ALP

mafa = (76 MeV)* ma and f. - free parameters
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The hunt for axions

Mainly through Axion-photon coupling

EFWFW
fa

"W\./"Y
In a background magnetic field: 7
. . == 1Y
axion<->photon conversion "

If long-lived: Dark Matter candidate

Lifetime depends on axion-photon coupling.
However, relic abundance only depends on f_a
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Pre- and post-inflationary scenarios

Post-inflationary scenario

e Different initial angle in each Hubble patch.

e Inhomogeneous including topological defects.

N A

GLOBAL (axionic)
COSMIC STRINGS

ot

primordial GW bgd

Pre-inflationary scenario

e Random initial angle in the observable
universe.

e Initially homogeneous w/o topological defects.
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Gravitational-wave constraints

on axion parameter space from
axionic strings




GW from axion-related defects

Some references

GW from GLOBAL Cosmic Strings:

Chang & Cui, [1910.04781], [2106.09746].
Gouttenoire et al,[1912.02569].

Gorghetto, Hardy & Nicolaescu, [2101.11007].
Ramberg & Visinelli, [1904.05707], [2012.06882].

GW from Domain Walls:

T. Hiramatsu, M. Kawasaki and K. Saikawa, On the estimation of gravitational wave spectrum from cosmic domain walls, JCAP 02 (2014) 031 [1309.5001].

R. Zambujal Ferreira, A. Notari, O. Pujolas & F. Rompineve, High Quality QCD Axion at Gravitational Wave Observatories, Phys. Rev. Lett. 128 (2022) 141101 [2107.07542].
K. Saikawa, Gravitational waves from cosmic domain walls: a mini-review, J. Phys. Conf. Ser. 1586 (2020) 012039.

R. Z. Ferreira, A. Notari, O. Pujolas and F. Rompineve, Gravitational waves from domain walls in Pulsar Timing Array datasets, JCAP 02 (2023) 001 [2204.04228].

E. Madge, E. Morgante, C. P. Iba'n"ez, N. Ramberg and S. Schenk, Primordial gravitational waves in the nano-Hertz regime and PTA data — towards solving the GW inverse
problem, 2306.14856.
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Temperature-frequency relation

A loop population produced at temperature T quickly decays into GW of frequency

s oy (T \[g(D]F
Gw(T) ~ 63 niiz (0.1) <1OMeV) [10.75] ’

a: typical loop
size in units of
Hubble horizon
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IR cutoff of GW spectrum fixed by axion mass

Network decays when H ~ m,
Corresponding IR cutoff frequency:

s N o Mg, 3
Gw (1ma) = 9.4 nHlz (ﬂ) (10—15eV) '
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GW signal strength: Qgwh?
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Constraining post-inflationary axions with Pulsar

Timing Arrays

[Servant, Simakachorn, 8307.03121]
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Bayes Factor (BF)
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New—physics vs. SMBHB interpretations of NANOGrav 15-year data
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Ultra-high frequency primordial GWs

characteristic GW strain: h,
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Ultra-high frequency GWs

from local versus global cosmic strings
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AXion

cosmology & its GW
signatures




Usual story

(Most axion cosmology literature is about the rather late cosmology

from moment axion gets a mass)
A

Energy
density

SM radiation a4

Axion frozen by
Hubble expansion
and waiting at bottom

of PQ potential T

H~m

Oscillations
start

Axion dark matter a3

Scale factor of universe a
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Axions from the misalignment mechanism

Axion late cosmology

Neglecting fluctuations, the homogeneous zero-mode satisfies
® +3HO 4 m2(T) sin(®) = 0,

dr?

2 1002
1—14:7“2—'_?“(:1Q

ds? = dt? — a®(t) {
With initial conditions: @(ti) = Q;, ;:@(ti) — ‘:n standard assumption
V(6)
> mg < 3H < p, x a’ (Frozen)

> mg > 3H < p, x a2 (Oscillating)

mg < 3H

mq > 3H

—> standard misalighment mechanism

a ’ T() ;
o For @z ~ 1 PDM ™~ Posc ( OSC> ~ m?lfs ( )

ao Tosc

-JT 0 T
Tosc ~ Mg M Pl

pom grows with fa —> Axion Dark Matter overabundance for too large fa
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Axion decay constant f,* [GeV ']

107

Conventional misalignhement

makes too little DM for low f;

Constant axion mass

Limits and projections from Ciaran O'Hare

1 0‘7 Eroncel, Sato, Servant, Sarensen 2206.14259, 2408.08355
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(KSVZ-like coupling)

8o~ = (®em/2m)(1.92/f)
A way out: switch on initial velocity for the axion
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Standard versus kinetic Misalignment

Two ways to delay the onset of oscillations

Initial field value tuned to top of potential:

Large initial velocity

Zhang,Chiueh 1705.01439; Arvanitaki et al. 1909.11665

O.

>
Frozen w ~ —1 i Oscillating w & 0
Py
G o a’ i
o 5:
o0 I
= |
2 s
() |
|
S| —— ©;=7—107%
< l
— 0, =087 |
1
Time

Co et al. 1910.14152
Chang-Cui, 1911.11885

Eroncel et al, 2206.14259

©;,#£0

ALP energy density

Rolling w =~ 1 Oscillating w ~ 0

= Ppot

m > 3H/ Pkin

-
3
®
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A third way to delay the onset of oscillations:

a non-periodic potential

1906.06352, 2305.03756

V() = mff [(1+92)p - 1], p<1.

p=1/2
p=—1/2

> 0
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Common property of all these cases: onset of oscillations is delayed

which boosts the dark matter abundance, and extends the ALP

dark matter parameter space to lower decay constants.

ALP energy density

i

Standard misalignment
Large misalignment
Non-periodic p = 1/2
Non-periodic p = —1/2
Kinetic misalignment

Usual
story

Time [my/H]
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ALP DM parameter space

Constant axion mass

107°
Limits and projections from Ciaran O'Hare
10”7 o
Eroncel, Sato, Servant, Sgrensen 2206.14259, 2408.08355 .
J RAD
10—8 - - ‘3’\Bab AXO A
r— . v [%)
‘_I|> : IA)/O\ ézo
3 10_9 E AXO+/ , \ 5. =
g [ & ’ Q E
= . I g 5 m
W© 10—10 * ) !: Q & Q/X
'E torage rings E — '\‘
S - i a A
@ 10711 _© i\ =
o P40 £ \T _ 10
> 112 0 g T
S g e A L g\
_S 10" 13[8 < L S \ /. X—Q
_14 e o
10 \ %(\m DY
WEG k %
d
10°%° “da(
S 3
10_16 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 2 4
10 10 10 10 10 10 10 10 10 10 1 10 10
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8o~ = (Qem/2m)(1.92/f)
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Kinetic misalignment

Add kinetic energy to delay onset of oscillations

circle of

b=t

w > Delay oscillations

R 2 £2[1 — cos(®)] = less redshift
0 7 2 3 4z = more DM
= lower f,

-> ALP can be DM for low f,

Co, Hall, Harigaya et al ’19’20
Chang, Cui’l9
Eroéncel et al, ’22, ‘24
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Axion cosmology

™>> 1,
“Common” story:
Starts at <¢>=0 T=fa
Studies axion
cosmology ignoring \
the radial mode

Alternative:

Starts at <¢>>>f,

(field can be driven naturally to
these large field values during
inflation due to a negative
Hubble-induced mass term)

Radial mode /axion
interplay
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How did the axion acquire a kick

If PQ symmetry is broken explicitly at high energies
—> mexican hat potential is tilted

V(¢)

Figure by P. Simakachorn

cosmological evolution

If radial mode of PQ field starts at large VEV, the angular mode gets a large
kick in the ea_rly_qniyer_s_e

'é 1 . ~~‘ =
With initial conditions:  © -©? > 2mi(T) Dcavedaxion
‘e 2 R oscillations !

h. -
--------

-> kinetic misalighment mechanism
[Co, Harigaya, Hall’19] 1910.14152

2004.00629
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Initial conditions

Similar to Affleck-Dine 85 scenario

At early times, ¢ is driven away from ¢ =0,
towards <¢> >> f;,
by negative Hubble-induced mass term H >> my

VD, H) D — cH*|® |

Dine, Randall, Thomas ‘95

+ explicit U(1) breaking term transfers radial
mode motion into kick for the axion
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Usual story

A

Energy
density

SM radiation a4

Axion frozen by
Hubble expansion
and waiting at bottom

of PQ potential T

H~m

Oscillations
start

Axion dark matter a3

Scale factor of universe a
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A

Energy
density

SM radiation a4

Axion frozen by
Hubble expansion
and waiting at top of
PQ potential T

AXxion reaches
bottom
of PQ potential

l

Axion'starts
rotating while moving
down PQ potential

T

Axion trapped
Oscillations
start

This part is similar
to the usual story,
but delayed.

Axion
dark matter a3

Scale factor of universe a
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A

Energy
density

SM radiation a4

Axion frozen by
Hubble expansion
and waiting at top of
PQ potential T

Axion reaches
bottom @ x g~ °
of PQ potential

l

Axion'starts

rotating while moving
down PQ potential

This part is similar
to the usual story,
but delayed.

b=,

Axion trapped
Oscillations
start

Scale factor of universe a ‘

Axion
dark matter a3




ALP DM parameter space

10°°
Limits and projections from Ciaran O’Hare
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ALP DM parameter space

1076

Limits and projections from Ciaran O’Hare

Eroncel, Sato, Servant, Sgrensen 2206.14259, 2408.08355
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Model implementations of a rotating axion

Complex scalar field “Affleck-Dine Baryogenesis' (Affleck, Dine, 1985)
“Axiogenesis” (Co, Hall, Harigaya, et. al., '19)

“Kination cosmology” (Gouttenoire et al, *21)

“Axion DM from kinetic misalignment” Eroncel, Sato, Servant, Serensen ,2408.08355

® ~ ¢e'? with U(1)-symmetry

Radial mode ¢ oscillates in potential
with mass 4/ V"(D).

Angular mode @ "axion” spins,
with large kinetic energy.

Requirements

1. U(1)- ' ' ial

| U(1)-symmetric (quadratlc)_poter?tl_a 2. Large initial scalar VEV

with spontaneous symmetry-breaking minimum
3. Explicit U(1)-breaking term

. . 4. Damping of radial motion
(wiggle for angular velocity)
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Ingredients 1 & 2 : scalar potential

i n ) 2n—2
. Lk o D
V(@) = m; | @[ | log -1+ | A .+ h.c| +
f2 M’n,—S M2n—6
L ] L Pl | Pl

|. U(1)-conserving potential x cos(/0) stabilization

(quadratic) . explicit breaking term  i.e., at large | D|
with a minimum f, (e.g. U(1) is not exact

_ _ at high scales.)
(motivated by supersymmetric setups)

1/(n-2)

Ingredient 3 : large initial VEV ¢

ni
By adding a negative Hubble mass
Vy(®,H) D — cH?*|® |

¢ is driven away from ¢ = 0 at early times (H > m,)
(e.g. Dine, Randall, Thomas, 1995, Fujita & Harigaya 1607.07058)
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Take-home message

ALPs can be the DM everywhere in the [ma,fa] plane.

Kinetic Misalignment Mechanism:
A well-motivated alternative production mechanism for ALP Dark Matter

Moves the ALP Dark Matter window into testable territory.
->All axion experiments are in principle sensitive to axion dark matter
(even helioscopes and light-shining-through-the-wall experiments)

QCD axion Dark Matter inside MADMAX and laxo sensitivities
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GW backgrounds from

axion early-universe dynamics

4 distinct sources:

= GWSs from axionic (global) cosmic strings

= GWSs from the Peccei-Quinn phase transition (if first-order)

o GW signatures from kination induced by rotating axions

o [GWSs from axion fragmentation: not treated in this talk, see Sec.9 of 2206.14259]
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GW from a first-order
Peccei-Quinn phase transition

f =101 GeVv

Delle Rose et al,1912.06139
Von Harling et al, 1912.07587

LIGO-05

m, [eV]




Effect of non-standard cosmology

on primordial GW spectra



Total energy density

of the Universe p, = E*

>

inflation

Standard cosmological history

———> BBN ~ MeV

cosmological evolution scale factor a
ﬁ

today
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Early matter+kination era
ptot

inflation

scalar ©

kination era

Total energy density
of the Universe

oscillation

cosmic evolution scale factor a
#

GW from cosmic strings and from inflation track the total
energy density of the universe.

—> Significantly enhanced by a matter + kination era
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Impact of the cosmological history on

Gravitational Waves

[1912.02569] [2111.01150]

cosmological evolution .
A Z 5 > A _ _ E. Intermediate
cosmological evolution ] .

= kination

O
X S
> X
= o
Q o
S =
g 2
> o .
bo S SGWB assuming %, I

m .
2 radiation era C. Intermediate *, SuPPression
L] = % )

LD Matter “CIIIIIIII
>
rescaled scale factor a/a frequency f [Hz]
. ] 4 4
Fraction of energy densnty pGW,prod aprod pGW,prod ptot,prod aprod

. Q =
in GW toda GW.0
y P tot,0 Ay P tot,prod P tot,0 Ay
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https://arxiv.org/abs/1912.02569

Amplification of inflationary GW from

axion-induced kination era

_ < cosmic evolution
10 9 . .

= Einr = 1.6 x 10" GeV

fa~1010GeV
Nkp =5

standard cosmology

10~ 1 10
Frequency f [Hz]

[Gouttenoire et al 2108.10328 & 2111.01150]
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Amplification of GW from local cosmic strings due
to an axion-induced kination era

f standard cosmology E
; | §_ E
! O | ET ;

(! 5 G 8

1 O = ! 1
1071208 ¢ < /o FWy

: :U') : a4 ""1 l'

RS oy 34/ CE

103 100
Frequency f [Hz]

10° 10° 10°°

f—t

[2111.01150]
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Amplification of GW from global cosmic strings
due to an axion-induced kination era

10-° 1079 1'3 1 103 100
Frequency f [Hz]

[2111.01150]
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Gravitational Waves from inflation & local cosmic strings

in non-standard cosmology induced by rotating axions

Exp =1TeV,Gu =107

BBO &
DECIGO -

Combined

— — Inflation

[2111.01150]

116



Gravitational Waves from inflation & global cosmic strings
in non-standard cosmology induced by rotating axions

' U g iz
i 5 SKA LISA
- : combined

““- lobal—strin ':
g g . M

— + inflation A

[2111.01150]
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GWs

from axion fragmentation




GWs from axion fragmentation

The transfer of energy in the early universe from the
homogeneous axion field into axion quantum
fluctuations, inevitably produces a stochastic
background of gravitational waves of primordial origin
with a peak frequency controlled by the axion mass.

. . Ah;; 167
hi; + 3Hh;; | e
’ Tooa? M2V

T (1,2) = 5 |06, 2)050(1,7) — 5045 (0461, £)Ok(t, 7))

a2
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Machado et al,
1811.01950 o
‘Audible axions’ g
(Excite dark photon) e

_
=)
el
—
=
4

Chatrchyan, Jaeckel
2004.07844

Energy fraction: Log;,[h*Qaw o]

Frequency: Log;o[vaw/Hz]
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However

The signal 1s generally suppressed when imposing the upper bounds
from either the axion dark matter abundance or the axion dark radiation.

Schwaller et al, 2012.11584 (from coupling to dark photon)

Eroncel et al, 2206.14259
Geller et al, 2307.03724

—>Dilution of ALP energy density needed, not easy
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Achieved dilution factor of ALP energy density

100 -

10_1g

Po | Pp,a=0

1072 3

0 25 50 75 100 125 150 175 200
a

Ratzinger, Schwaller, Stefanek, 2012.11584
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Gravitational waves from ALP DM fragmentation

position of the peak of the GW spectrum

l
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Peak GW Frequency vpeak [HZ]

2206.14259
Z = needed dilution factor of ALP energy density

(Can arise from non-linear effects after the fragmentation.) 123



Conclusion

Very rich spectrum of GW signatures as tests of
the early cosmological history

Gravitational waves: complementary probes of

- Cosmological phase transitions

- Early equation of state of the universe

- Scalar field dynamics (before/during/after inflation)

- Scalar Dark Matter production mechanism (from misalignment or
from decay of defects)
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Extra material




Consider the cosmological perturbation theory on the isotropic-homogeneous
expanding Universe, described by the Friedmann-Robertson-Walker metric,

ds? = —dt* + a*(t)(6;; + hyj)dx'da?,

GW: tensor perturbation satisfying the
transverse traceless condition

The equation-of-motion follows from the linearized Einstein equation,

. \V&:

hz'j (X, t) + 3thj (X, t) — hz'j (X, t) — 167TGH;-T]-T (X, t),

transverse-traceless part of the

a?
anisotropic stress tensor defined by
a’Ilij = Tyj—pa®(dij+hij)
Fourier decomposition:

. : L2
hij(k,t) + 3Hhg(k,t) + Ehij(k, t) = 167 GIL;; " (k, ),
2 limits:

oscillatory behavior redshifted
by expansion

{Ak(k) etk 4 ix((Tl;)e—ikT’ for k> aH (sub-horizon),

T _dr’ .
A (k) + B\ (k) f aZ(r) for k < aH (super-horizon), stays frozen and later re-enters the
horizon and starts oscillating

dt = dt/a is the conformal time



Early-universe production process operates within a causal patch ( AGW = H-1),
much smaller than the horizon size today,

1
)\GW,O < Hprod CLO] N Q_1/2 T()] 2.10" 13 [100 GGV]
gt~ oHSY lap] Y (T, T, ’

Primordial GW sources from many uncorrelated patches randomize the
amplitude of hijj (x, t) observed today and contribute to the stochastic GW

background.

For an isotropic, homogeneous, unpolarized, stationary, and gaussian
background, the correlation function reads ;.. (x 7)h,(x, 7)) = 2 / d(log k) hg (k, T)

dimensionless

: : characteristic
<hij(Xa t)hij(x, t)> <h;’j (x, T)h;;j (x, 7’)> strain
PGW = 327G N 327w Ga? '
21,2 -—
— / log k) k“he(k, 1) _ /d(logk) dpGW) Due to h2¢ ~ a=2 for

167 Ga () dlog k sub-horizon mode, the

GW energy density of

k*h2(k,70) _ paw (f) [ @proa )" some mode k red-shifts
Qewolf) = 167Gal Ptot.0 ( ag ) ! as radiation a=4.

he ~ 1.26 x 107 (Hz/ faw) vV Qawh?.



he ~ 1.26 x 107 (Hz/ faw) vV Qawh?.
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With respect to local strings, the GW spectrum from global strings in
standard radiation cosmology is:

suppressed by the shorter Hubble time 7, at the time of GW emission: factor "tf/}()bal/ i"ll\?lcal X
2
G Uiocal X (n/Mpl) ,

suppressed by the larger GW redshift factor since emission occurs earlier: factor

4
~global
()|
a(’ill\?[cal

(n/Mpl)4’

enhanced by the lower loop redshift factor since GW emission occurs right after loop produc-
. ~local ~global 3 -3
tion: factor (a (50) /a (tM )) o (n/Mp)

increased by the logarithmically-enhanced GW power emission rate: factor log* (nt;),

increased by the logarithmically-enhanced loop lifetime: factor log (7 ;).
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Slide by Marco Gorghetto

ALPs: Targets for haloscopes
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The case Npw> 1

Slide by Marco Gorghetto
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ALPs: Targets for haloscopes
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Equation of motion of complex scalar field

in expanding universe

d — a°V?D +3HD ov =0

0T

¢ —a2V2p+3Hp+ V'(¢) = ¢0% — a 2¢(V)?,

with & = ¢e® . , ..
d0 — a 2pV?0 + 3HPO = —2¢0 + 26>V V.

For homogeneous field, these are Kepler problem:

coriolis force

centrifugal force »
o .
b+ 3HG+V'(h) = $pb? )+ 3HO = 229
conservation of charge (angular momentum):
i(a3¢29) =0

dt



Ingredient 4 for kination: Damping of radial mode energy

Kination P
Late damping A
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Axion decay constant f~! [GeV~1]
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Contours of trapping temperature in GeV
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Gravitational Waves from cosmic strings

Fraction of energy density in GW today: Qgwh?

in non-standard cosmology (kination after inflation)
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Gravitational Waves from cosmic strings

In non-standard cosmology induced by rotating axions

Fraction of energy density in GW today: Qgwh?
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Gravitational Waves from cosmic strings

In non-standard cosmology
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Gravitational Waves from cosmic strings

In non-standard cosmology
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Axion kinetic misalignment

\ 4

Axion fragmentation

\ 4

Compact axion halos




Axion fragmentation

V()

4y

Chatrchyan et al, 1903.03116, 2004.07844

Fonseca, Morgante, Sato, Servant,
1911.084%72, 1911.084'73

Morgante et al, 2109.13823

Eroncel et al’23, 2206.14259

0 T 27T

~ | L~ 9

141


https://arxiv.org/abs/1903.03116

Not considered in usual axion phenomenology with oscillations
around one minimum: Fragmentation suppressed unless the field
starts very close to the top of the potential (“large misalignment
mechanism”) or for specific potentials with more than one cosine ->
parametric resonance.

Greene, Kofman, Starobinsky, hep-ph/980847'7

Chatrchyan et al, 1903.03116, 2004.07844
Arvanitaki et al, 1909.11665

However, becomes very relevant when field crosses many wiggles,
with interesting implications, e.g. for the relaxion mechanism, but
also as a new axion Dark Matter production mechanism.

Chatrchyan et al, 1903.03116, 2004.07844

Fonseca,Morgante,Sato, Servant’19
Morgante et al, 2109.13823

Generalization Eronceletal, 2206.14259
(fragmentation before and after trapping + detailed application to DM)


https://arxiv.org/abs/1903.03116
https://arxiv.org/abs/1903.03116

ALP fluctuations

- Even in pre-inflationary scenario, ALP field has some fluctuations on
top of the homogeneous background, which can be described by the
mode functions in the Fourier space.

6(t,x) = O(t) + / Ik Ore™* + h.c

X) = .C.

’ (27)3 -

- Even though the fluctuations are small initially, they can be enhanced
exponentially later via parametric resonance yielding to fragmentation.

- In the case of efficient fragmentation, all the energy of the

homogeneous mode can be transferred to the fluctuations. [Fonseca et al.
1911.08472; Morgante et al. 2109.13823]
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Fragmentation regions in ALP

parameter space

onstant axion mass
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Fragmentation regions in ALP

parameter space

Constant axion mass
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ALP fluctuations

3 oY ==
Bt x) = B(t) + / ((;W;(pke'kuh.c.

EoM for the unavoidable adiabatic perturbations :

2 .
% + VN(¢)|_} Pk = 2Py V/(¢)‘_ — 40,0
¢ ¢

\ 4

VO VO
eff. frequency source term

bk + 3Hopi +

unstable when the effective frequency
- becomes negative = tachyonic instability

- Is oscillating = parametric resonance

Growth rate of the perturbations depend exponentiallyon ¢

H OSC

Dense and compact ALP mini-clusters can also be formed
in the pre-inflationary scenario!



Scale density ps [Mg pc3]
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Observational tests: compact axion halos

kinetic misalignment—>axion fragmentation-> structure formation enhancement

Scale density of axion compact structures

Post-inf
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Scale mass Mg [Ms]

fragmentation
post-inflationary

standard misalignment
large misalignment

was studied in the context of large misalignment scenario in[Arvanitaki et al’19]
Different in the context of axion kinetic fragmentation: Eroncel et al, 2207.10111
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Eroncel et al’ 2207.10111



https://arxiv.org/abs/2207.10111
https://arxiv.org/abs/2207.10111

Parameter space where parametric resonance

can create compact halos
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Parameter space where parametric resonance

can create compact halos (with FERIZTS )
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The dense halo regions from # production mechanisms mostly overlap.

Difficult to infer the producion mechanism from observations.

However, observations of dense structure gives information about f,

even when ALP does not couple to the SM! 149



Observability of compact halos from kinetic
misalignment
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