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Landscape of Primordial Gravitational-Wave Background (GWB)
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Landscape of Primordial Gravitational-Wave Background (GWB)
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Landscape of Primordial Gravitational-Wave Background (GWB)
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Cosmic histories beyond the standard (ACDM) picture.
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Charting cosmic history with primordial GWB

Non-standard cosmic history affects 4

GW aw [ Aprod

ptoday — pprod
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For long-lasting sources,
e.g., cosmic strings and inflation.



S | " e UV completions for non-standard cosmic histories
everal Works... i : . : :
e how to probe with GWB from local & global cosmic strings, inflation, etc.
Matter/Stiff Intermediate Kination Intermediate Matter
: : : “ - . e.g., oscillating moduli, dark photons,
e.g., reheating after inflation e.g., “Rotating Axion _ ,
, primordial black holes,
= Suppressed/enhanced = “Peak” Signature ,
Servant, Gouttenoire, PS 1912.03245

Co, Dunsky, Fernandez, et al. 2108.09299 Blasi, Brdar, Schmitz, 2004.02889
Servant, Gouttenoire, PS 2108.10328, 2111.01150 Ghoshal, Gouttenoire, Heurtier, PS, 2504.047935

(Using cosmic-string GWB)
Cui, Lewicki, Wells,
1711.03104, 1808.08968 Gini > [ & Extra relativistic DOFs

Cui, Lewicki, Wells, 1808.08968,
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Other directions

10—24

Ultra-high frequency (> kHz) GWB:  Servant, PS

the case of cosmic strings 2312.09281
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including scalar-induced GWB
with non-Gaussianity.

Figueroaq, Pieroni, Ricciardone, PS
2307.02399

characteristic GW strain: h.

Constraints on postinflationary axion
(from strings/domain-wall GWB)

Servant, PS 23507.03121 e e e -
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The signal from metastable local strings

can be as high as AN_¢ bound,
allowing the scalar potential reconstruction.

Signals from global (axionic) strings
are suppressed by heavy axions.

We really need UHF experiments
that probe below AN« bound.
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A Shameless Advertisement O peerasima / cosmic-strings-GWB

Templates’ Catalogue for cosmic-string GWB

Publicly available soon with Simulation-based reconstruction of cosmic-string GWB

Ongoing work [Figueroa, Dimitriou, PS, Zaldivar] Faster inference!
Larger parameter-space

o o
Extensive lists of models exploration!

and non-standard scenarios.

Conventional Non-conventional

Semi-analytic (VOS) Non-standard GW emission (a, g),
Numerical (BOS & LRS)  Extrarela. DOFs., UV cutoffs, Non-ST cosmo
Metastable strings, Current-carrying strings

---- no current (standard VOS)
metastable

- --- stable

current—carrying (Tof =100 MeV, Yj,i=1)

Gu = 10710
10°5 10 103 102 10! 1
fow [Hz]




SUMMARY

A new era for exploiting primordial GW as unique tools

for charting the early-Universe cosmology and high-energy particle physics.

(l.e., matter era, extra DOFs = suppression, kination era = enhancement)
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Physics beyond the SM induces non-standard cosmological histories (beyond the radiation era)

Smoking-gun spectral distortions of primordial GW exist, detectable by future GW experiments.

And we need UHF experiments to probe primordial GWs.
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MORE STUFFS...
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Cosmic Strings & their GW

Reviews e.g., [LISA Cosmo, 1909.00819] and [Servant, Gouttenoire, PS, 1912.02569]

String loop red-shifts as @~

S

~

= LS = | \\\\ ~S

A topological defect from
spontaneous symmetry breaking
at the energy scale 7@

[Kibble,'76]
String tension: G = | -~ Loop lifetime  Decay to GW
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G—Mtprod
. (Local string)
Inflation In ACDM universe
g ig Radiatio Cosmic
S o Prad & d evolution
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Local strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

e fo <[ a()]” .
Q Qe 2/ Toon (F [a’( ] di.
GW(fGW Peo l; fGW H .. 1 P( ) a(t())

# of loops produced along cosmic history

GW from a loop i
(from production time until today)
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'Local strings!| and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

5
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]iLOCal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

kmax to . _Z_') 5) ~
0 TR G2 / » af
aw(faw) = kE 1 wa Gu Noop (t) [a(to) dt,

pC 0 tform

# of loops produced along cosmic history
(from production time until today)
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|]L0Cal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

kmax to . _E) 5 ~
F(k) 2/ 00 a(
Qaw (fow) = kE 1 wa Gu Noop (t) [a(to) dt,

pC 0 tform

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

107 . -
< Lz,:) lido o P. Simakachorn PhD ‘:Ihe5|s§
 / ~ Gu=101; 3 .
10-10 N Not so large UHF signals due to
< 1077 %3 observations @ low-frequency.
N 5 10-14 i\
S -12 S ]
§ 10 1015 ; £ LVK (LIGO-VIRGO-KAGRA) @ ~10 Hz
10-14 § Qawh® $107° = Gu S 1077
10-16 QGW]IZ < 1071 = Gu < 1019

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

These low-frequency constraints do not apply

if strings shut down the GW production at later times.
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|]L0Cal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

max t ~ 5
0 = | a(t) -
Qw (o Ly 22 pwgy? / noop (7 [ ] a7,
wfaw) Pco Pt fGW torm () a(to)

# of loops produced along cosmic history
(from production time until today)
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10-14 "o
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10-10 106 102 102 105 10 104
frequency of GW fow [Hz]

String network

These low-frequency constraints do not apply

if strings shut down the GW production at later times. decays!
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GW from cosmic strings

generated from spontaneous symmetry breaking at an energy scale #

Local cosmic strings

Global cosmic strings

LIGO O5 ]
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[PS, Thesis] : 5
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1
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the Universe
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The scale-invariant local-string GWB during radiation-domination
(simple argument)

Fraction of energy density O B PGW prod Aprod ’ _ PGW prod Ptot,prod
in GW today oW Ptot,0 a - Ptot,prod Ptot,0
constant
Long-lasting Inflationary GW Cosmic-string GW:
(scale-invariant) tensor perturbation: A% ~ (H/Mp,)* PGW & Pstring—network & Prot
(PGw! Pro)prod = CONStant in the so-called “scaling regime”
A Gouttenoire, Servant, Simakachorn, 2111.01150
« cosmological evolution
radiation

flat spectrum

GW amplitude: QGW

GW frequency fow
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Intermediate early matter-domination era (eMD)

dominates at temp. 7., later decays and reheats the radiation to 7.

Ghoshal, Gouttenoire, Heurtier, PS [2304.04793

Prot st -' L
A Duration: # of e-folds 1" step . (n';'e"") local string
. 1/3 B & - 2" step '
Inflation e Pdom 10710 1 o -
| eXP(NMD) = = : ftu_) - . §t-ar|£]§rg-l\-quf0 :
dom Pdec 1 _ N -3
inati < ] Mvp =1 ]
Domlr\rJlat4|on : —
Pdom = Tdom N 10_11 :‘ : NMD =2 7
Decay < = 7 S m Mup = 3 1
Pdec = S F ~ ! :::
10—12 B [ T ]
e -:% |
1075, Gu = 107! -:
scale factor a = : {0 Tgee = 0.1 GeV
10° 10° 10 1 10® 10° 10°

Previously eMD associated to a step feature,

Servant, Gouttenoire, PS 1912.03245 Blasi, Brdar, Schmitz 2004.02889 frequency of GW few [Hz]
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Intermediate early matter-domination era (eMD)

dominates at temp. 7., later decays and reheats the radiation to 7.

,0 tot
A

Inflation
]

Domination
o T4
Pdom = Tdom

Duration: # of e-folds

Aec

exp(Nup) =

_ Pdom
Pdec

> 173

Previously eMD associated to a step feature,
Servant, Gouttenoire, PS 1912.03245 Blasi, Brdar, Schmitz 2004.02889

scale factor a

S
=
o

G

1% step - (New) local string
B - 2" step 7
10—10 B . S el 4
: ] WUhELE S standard N,,,=0:
g SN T ves2,
< i Nup =1 ]
z : —~
10 3 l\ f : Nvp =2 -
P T N i
2 |;° g MD =3 |
B N =
10—12 : 3 a
i )
E B ¥
Z '
1078 & Gu = 107! .
(oj : : : Tdec = 01 GeV
10° 10°% 103 1 103 10° 10°

Ghoshal, Gouttenoire, Heurtier, PS [2304.04793

frequency of GW fow [Hz]

Recently, eMD = “double-step” with a “knee”
associated with loop populations “produced before” and “decay after” eMD.

l.e., Ploop & a~> and Proop! Pror does not dilute during eMD, unlike loops decaying before eMD.

Ghoshal, Gouttenoire, Heurtier, PS 2304.04793
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Local strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23
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'Local strings!| and their GWB
Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

5
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QO TM@g / ["’( ] di.
owlfew) = o,;fcrw 1. (to)

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

GW from a loop

' LID P. Simakachorn PhD Thesis

Cosmic Evolution
10—16 v L R j
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frequency of GW fow [Hz]
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]iLOCal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

kmax to . _Z_') 5) ~
0 TR G2 / » af
aw(faw) = kE 1 wa Gu Noop (t) [a(to) dt,

pC 0 tform

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

1078 . y
< < ~ P. Simakachorn PhD Thesis 3
b % LIGO 05\ W L
_ Gu = 1010 N | HF si Is d
10-10 ~J ot so large UHF signals due to
107 1 observations @ low-fre
§ & quency.
e 5 10714 12
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|]L0Cal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

kmax to . _E) 5 ~
F(k) 2/ 00 a(
Qaw (fow) = kE 1 wa Gu Noop (t) [a(to) dt,

pC 0 tform

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

107 . -
< Lz,:) lido o P. Simakachorn PhD ‘:Ihe5|s§
 / ~ Gu=101; 3 .
10-10 N Not so large UHF signals due to
< 1077 %3 observations @ low-frequency.
N 5 10-14 i\
S -12 S ]
§ 10 1015 ; £ LVK (LIGO-VIRGO-KAGRA) @ ~10 Hz
10-14 § Qawh® $107° = Gu S 1077
10-16 QGW]IZ < 1071 = Gu < 1019

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

These low-frequency constraints do not apply

if strings shut down the GW production at later times.
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|]L0Cal strings!| and their GWB

Recent reviews, e.g., LISA cosmo [1909.00819], Gouttenoire, Servant, Simakachorn [1912.02569], Sousa 23

max t ~ 5
0 = | a(t) -
Qw (o Ly 22 pwgy? / noop (7 [ ] a7,
wfaw) Pco Pt fGW torm () a(to)

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

107 . .:
< Lz,:) lido o P. Simakachorn PhD ‘:Ihe5|s§
e LU —l Gl,l — 10—10 é _§ .
10-10 N Not so large UHF signals due to
< 1077 %3 observations @ low-frequency.
N (%) 10—14 E-I—l _f
S -12 S ]
§ 10 10-16 E\ LVK (LIGO-VIRGO-KAGRA) @ ~10 Hz
£ Qewh?> <1078 = Gu <1077
10-14 "o
10-16 QGW]IZ < 1071 = Gu < 1019

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

String network

These low-frequency constraints do not apply

if strings shut down the GW production at later times. decays!
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Reconstruction of the scalar potential via GW
Servant, Simakachorn [2312.09281]

UV cutoff in the GW spectrum

e.g., from cusp, 107 Mﬁ Gu= 107>
. e o = o .--"" S T
moves with the string’s fatness & | ;e R ~ o
wemg'~(pt E O - —a

. - @) ’4' ~ e
§.0 10_9 :_055 'o' * ~ - :
3/4 £ I N
G P 3 :
cus 1/8 % n ’ -
aw =~ GHz A / < — 5 10710, ¢ Gu= 107!
].O ) g 'l ET:\';---MTT:\,—.T\:
* § 10111 T, S o N
©) . OET = =~ ~ Thermal 4

2 22 ] .; ~ (Pplasma
V @ ~ A @ _ 10_ T AT BN, A7 T T RN AR R TTIT BT BRI B YT RN
( ) (’ ‘ 77 ) 10 103 105 107 109 1011
How to extract the UV cutoff if GWB is detected. GW frequency: few [Hz]

e Detect directly the cutoff (need some luck)

e Several detectors at different frequencies.
Detect the flat part and the UV slope, = UV cutoff at the intersection (more generic)
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Axionic (or global) strings >tring-domain wal

OQaw X 774 or f;l with f : Peccei-Quinn symmetry-breaking scale

Strings attache to domain walls and collapse: 1Tgec ~ 10” GeV\/fma/GeV

Light axion (m, < 10722 eV)
= ~stable strings
Small UHF signal

e AN_Goldstone bound
fa SO(1—3) x 10" GeV

Y

Cui, Chang ’21, Hardy, Nicoleuscu, Gorghetto ‘21

e Pulsar-timing arrays

f, <2.8x 10" GeV

Servant, Simakachorn [2307.03121]

Pollica 2024 (16.09.2024) — Peera Simakachorn (IFIC, Valencia U.) 17



Axionic (or global) strings >tring-domain wal

OQaw X 774 or f;l with f : Peccei-Quinn symmetry-breaking scale

Strings attache to domain walls and collapse: Tyee ~ 107 GGV\/ma/GeV ’I\
M. Gorghetto "~ domain wall

Light axion (m, < 107 eV) Heavy axion (m, > GeV)

= ~stable strings = IR cutoff in UHF
Small UHF signal

Small signal, even for large f,.

e AN, 4Goldstone bound GWB is diluted by matter domination
from axions produced from string collapse.
fo S O(1—3) x 10'° GeV P g coflap
Servant, Simakachorn [2312.09281]
Cui, Chang ’21, Hardy, Nicoleuscu, Gorghetto ‘21 L B B B B B B L L L
10713 ;5T
=
.. S
e Pulsar-timing arrays L g6
15 =
fo S 2.8 x 107 GeV 0
£ 10719
Servant, Simakachorn [2307.03121] =
&0
(V)]
10—22
=
@)
10-25 Thermal plasma

103 10° 107 10° 1011
Pollica 2024 (16.09.2024) — Peera Simakachorn (IFIC, Valencia U.) GW frequency: fow [Hz] 17
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Servant, Simakachorn [2312.09281]

Reconstruction of scalar potential with UHF GWB

Friction cutoff

Kink cutoff

Cusp cutoff
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18

string scale: n [GeV]

1014

1016 I Iiol?

1015
string scale: n [GeV]
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Pulsar timing array constraints
on postinflationary axion

Servant, Simakachorn [2307.03121]

Using NANOGrav 15-year data

’ N
o 1 = Bl e
- DANCE g R BaBar' 2:%6 N
> 4 -
(©) o Q \

) -3 g - <P W o,

~. 10 S L ;J: ’ @4,) Q,
N g T o | _CROWS F AN

© S »w | Q 5o, "

L 5 < 5 h’\é‘ .y
= 107 solar v 5 &/Zfr@

E _ Globular clusters_ Diffuse—y

m _9 g_:u.) 6Q& ftrr1rr1r1r1r1rr 1Ll j 1 : : : j IIIIIIIIII E N1987

-'é 10 Cly Chandra Fermi Pulsargy = K/\‘@

(S

S <

&) @\,.

> 10—12 s %

8 1 Haloscopes (future) Lol ) pM string

o (L

Q=
=BT - Iy W a3 P (S R G S
g o R = Slmm e gfmm m - I---¢--6(:— —————————
. LA AN_¢ (CO)
) PTA: cosmic strings ~'=:=.. eff
10—18 u | :“""HI-.... i
107%° 10722 1071 1078 101 100 1013

Axion mass: m, [eV]
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UHF GWB from local and global (axionic) strings

(Best cases) Servant, Simakachorn [2312.09281]
10-16,
=TT T T T Ty T L 111 N 1 R A L A AT AT L L R L R A
~J -l L —
RS o O =
~~~ X I 8 Ll
asteroid Sel <
ranging .. Seo X o
10—20 ~~~~ 0 BAW E " g o
LISA ~ 3 0 <
< "9 ) & 4 - B 5
- o O @) 0
.. @@ ~, wn E 3.) @]
c uAres O, ~. 05 g
5 10—24 C@o ,'l,A’EDGE“C ~~~ (@) -
e OG Ty ~~ e § (2
2 : “ ce - 8y, - =
> Local strings ¢
@)
< <
e
)
o
Q
=
O
(QV]
-
(Qv]
-
O
10—36
1040 EL couad el o ool v ool e ool e ol et ool et ol T M Rh i
107 1071 103 107 1011 1010 10%°

GW frequency: fow [Hz]

Low-frequency slope is changed by the modified causality tail during the axion matter domination.
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Axion matter domination from axionic string decay
Servant, Simakachorn [2312.09281]

Axion string-wall system decays. = Axion-matter domination Axions decay into photons
106.75 1% / mq \ % [1012 GeV
Taec ~ 10° GeVy/mg/GeV Taom = TaecG(Tdec oy = 4. 2 —
; 0° GeVy/mqg/Ge 4 decG(Thec) Ty 42Mevlg*(Tm)] (TeV) [ - ]

2
Duration of Axion B — Gdom _ 3v/10 maga,Mpr | ° <1

snati = - 2 1/2 —
matter domination Gend 647 g*/ (Tdom)T(?om

Gay = 1.920er, /(27 f4)
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Suppressed UHF GWB from axion strings
Servant, Simakachorn [2312.09281]

10713E5T 3
= =
= .
e RD [ ¢RD g(Tend)
= 1016 Qaw (faw) :QGW[fGW(fGW)]g(Td )B-
5 10710
Tb% p G (Tona) i
‘@ 10-22 _ = RD [ end ] B%
L% ‘ f GwW g(Tdom)

10-25 7 . Thermal plasma E

10 103 10° 107 10° 101!

GW frequency: fow [Hz]

. ~ -
n o o m m mm
- . N

102 10° 108 1011 1014 107 102 10° 108 101! 104 107

Axion mass: m, [GeV] Axion mass: m, [GeV]
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Local metastable strings can explain PTA data super well?

The best-fit region is excluded by LVK bound,
and on top of that the strings with Gu > 107 are in tension with AN_~GW bound

The Bayes factor for explaining the PTA data should be smaller than NG15 analysis.

:I_'||'—I—F | ™ i 'i—|—l—l—l"
9.0F
8.5F
£

8.0F _

7.5F = -

: 5

R R TR SN TR NN TR N TN RN S S N

—10 —7 —4
loglo G/J' Modified from NANOGrav [2306.16219]
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