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Pulsar Timing Arrays
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[Credit: T. Klein, NANOGrav; modified]
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Pulsar Timing Arrays

<: pulsar = rapidly rotating neutron star

= cosmic lighthouse

radiation

eam

& pulsar timing arrays (PTAs) fﬂgﬁ;’%

GW detection via correlations in timing
residuals — f~nHz

x operating PTAs:
collaboration Np T,  ref.

EPTA 25 25 yrs [A&A 2023]

NANOGrav 67 15yrs  (api o0

PPTA 30 18 yrs [PASA 2023]

InPTA 14 3.5 YIS [PASA 2022]

CPTA 57 3.5 YIS inprep]

IPTA 65 20 YIS [MNRAS 2019] ) [Credit: T. Klein, NANOGrav; modified]
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<+ thermal corrections typically restore
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Cosmological Phase Transitions

<+ thermal corrections typically restore GW production:
spontaneously broken symmetries at
high temperatures
—> symmetry breaking phase transition

1. vacuum bubble collisions
2. sound waves collisions

3. turbulence and vortical motion

o+ can be crossover or first-order
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Gravitational Wave Spectrum
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Coleman-Weinberg Model

= classically scale-invariant gauged U(1)

mOde| [Coleman, Weinberg (PRD '73)]
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2+ 3 parameters: g, \, M

M = @ew—%
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= classically scale-invariant gauged U(1)
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LD~ FuF™ + D¢ D o — 7 (60)
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<: for strong PhT: A< gt

(loop-induced SSB — need flat direction)
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gauge coupling g

<+ 3 parameters: g, X, M

Gravitational Wave Experiments
D Present D Future
ul ul A

[Levi, Opferkuch, Redigolo (JHEP 2023)]
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PTA fit - PhT in CW Model
‘ Yo PhT happens after onset of BBN

107° ‘
B NANOGrav 12.5yr
. IPTA DR2 T
107" F mm combined E O 8 >:| %/5. 7
* ok 2 N
= 1078 1 \z
3 [ Qr
] \ ; — 102
RS 10-9 ] Y: E 'Sl‘h/sp =10
k bl
1
1010 1 !
|
]0—] 1 s n
5 10 5

BAU: O(1) baryon asym. 0.5

required before reheating ] '

(|f % ~ 1010) -_ﬁ—lil . - , - Inol rllulcllelatlon
100 101 102



106

h2Qaw

1077w combined
1075
1079 E
10-10 k 0.7
]O—H " n
0 5 10 15
f [nHz] > |
0.6
v-rethermalization -
\
>t

T < 2NleV..J

IPTA DR2

[
0.5}

101

PTA fit - PhT in CW Model
o N AN0Grs e ‘ S PhT happens after onset of BBN
] L i i \\JOz
i i Srh /Sp — 102 i

no nucleation

102

BAU: O(1) baryon asym.
required before reheating

(if 22 ~ 10'7)

9/ 23

M [MeV]



T2
= reheating: AV — pg = requires 'y > Hy ~ ]\/_;h > 4 % 10720 MeV
pl

10 / 23



T2
= reheating: AV — pr = requires I'y 2 Hgy ~ ]\/.;h 24 x 10720 MeV
pl

o Higgs portal: LD X\, |¢|2|H —  mixing

° )\, ~107* = Ami ~ A\pv¥ ~ GeV?

10 / 23



T2
= reheating: AV — pr = requires I'y 2 Hgy ~ ]\/.;h >4 x 107 MeV
pl

o+ Higgs portal: LD A —  mixing
° )\, ~107* = Ami ~ A\pv¥ ~ GeV?

® violates scale invariance

10 / 23



T
= reheating: AV — pr = requires I'y 2 Hgy ~ ]\/.;h >4 x 107 MeV
pl

..... + Higgs portal: LD A —  mixing
° )\, ~107* = Ami ~ A\pv¥ ~ GeV?

® violates scale invariance

!¢| l¢*

A EwF™

: direct couplingtoe,v: L Dc LHe + c,

® does not violate scale invariance

® ¢ — ete™, vy searches e.g. at MESA
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Domain Walls

2+ from spontaneously broken discrete symmetry +
(e.g. Z,) after inflation +

<: DWs stretched to horizon size if friction negligible

— scaling regime: ~ 1 DW/Hubble
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Domain Walls

2+ from spontaneously broken discrete symmetry +
(e.g. Z,) after inflation =4

<: DWs stretched to horizon size if friction negligible
— scaling regime: ~ 1 DW/Hubble

oR? <
Ppw X " oH ¢ ~
L PDwW o o
o DW d t - Q0 = ~ - T om ™~
Y VE Y E VA ‘ My
2+ need to decay = add bias V,
TeV? V,

—>  DWs annihilate when V;, ~ & = T, ~ 20MeV

o MeVv*
2+ GWSs dominantly produced in DW collisions around T},
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Gravitational Wave Spectrum

GW production at T,

2+ peak frequency:
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Gravitational Wave Spectrum

GW production at T,

1n—10
< peak frequency: §10
a 1 Tiann e
~ — — ~ 1nH
o™ R 10 Mev 0y

< peak amplitude:

(2 B2 (T}
ap/  peM TeV 10 MeV

4
F1E) 2 +3(F/f)

[Ferre\'ra et al. (JCAP 2023)
Hitamatsu et al. (JCAP 2014)
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PTA Fit — ALP DWs
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PTA Fit — ALP DWs
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Primordial Black Hole Production
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Bosonic Instabilities

4. Bosonic Instabilities
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Misaligment Mechanism
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= ¢+ 3Hdp+m2p=0

o 1. H > my: axion pinned by Hubble friction.
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Sekiguchi, Takahashi (PLB 2019)
1. H > my: axion pinned by Hubble friction.
2. H ~ m,: axion starts to roll
3. H <« m,: axion oscillates

= dark photon production during phase 2 (and 3)
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\@/ —>  dark photon production during phase 2 (and 3)

—  gravitational wave emission from dark photons
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Dark photon production
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[Machado, Ratzinger, Schwaller, Stefanek (JHEP 2019)]

¢+ tachyonic band closes when |w(k)| < am, dark photon spectrum:

— ~ energy transfer stops o peaked around k & agscimg(afl/2)%/3

< first tachyonic helicity dominates
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Gravitational Wave Spectrum

GWs generated at t, around the time when the tachyonic band closes:

<+ peak frequency:

]{7 af m 2
ek ~ 2% ~ AnH a
Joeaic v 20~ 4n Z(mo) (1015eV>

1=

20 / 23


https://doi.org/10.21468/SciPostPhys.11.1.001

Gravitational Wave Spectrum

GWs generated at t, around the time when the tachyonic band closes:

<+ peak frequency:

k. af m
ek ~ 2% ~ AnH a
Joeaic v 20~ 4n Z(mo) (1015eV>

¢ peak amplitude:

* * 2 4
TGN 0 (L >4<100 &)
GW pe M3 ag M, !

D=

20 / 23


https://doi.org/10.21468/SciPostPhys.11.1.001

Gravitational Wave Spectrum

GWs generated at t, around the time when the tachyonic band closes:

<+ peak frequency:

=1, a =100
mg = 0.01eV _
7 1 =101 Ge 27
2k H ol me \2 1078 -(J;/a_ iﬁw 2
fpeak ~ - 4 nHz 100 10715 V N 2
Qo e

dQqw/dInk

&3 peak amplitude: 107

4 \

fa ) < 92>3 \‘\

100 - . . A
(Mpl @ o 10! 10%

E/(aoscma)

QMk(@%&wf<wfw

Pe M§| ag

SpeCtra| Shape from Iatt'ce [Ratzinger, Schwaller, Stefanek (SciPost Phys. 2022)]

—4.96—-0.73

Qaw = Q2 S(f/ Foeak): &@=mmﬂ§0+fﬁ} N

20 / 23


https://doi.org/10.21468/SciPostPhys.11.1.001

PTA Fit — Audible Axions

1076

B NANOGrayv 12.5yr Bl combined

107k IPTA DR2 — best-fit

f [nHz]

fa [Ge\‘/']




PTA Fit — Audible Axions

1076

B NANOGrayv 12.5yr Bl combined
IPTA DR2 — best-fit

1077 E

1018 B i

fa [Ge\‘/']

0\
ANy ~ 9.1 5
" <Mpl> ’

(also: Q4 > Qpwm)




Conclusions

5. Conclusions



Fits to NANOGrav 15-year dataset

W

x

}LQQ(

IGW — SIGW-DELTA

LISA
DECIGO
BBO 4
ET 1
CE
HLVK
HLV (03) A

— PT-BUBBLE PT-SOUND -

—18 STABLE-N —— SUPER —— DW-SM DW-DR —
10
PRI AT T YT N T AWV SRV AW T BN YT WA AR VT MAARTTT WS AT WU TITIY MRTIT) MAATTIY EWRTTIY EWETIT e rin
10-10 1078 1076 10~ 1072 1 102 104 108
f [Hz| [NANOGrav (APJL 2023)]

22 /23


https://doi.org/10.3847/2041-8213/acdc91

Conclusion

Cosmological sources of a SGWB in PTA data:

¢+ phase transition:  Coleman-Weinberg model v (at least for 12.5-year dataset)

23 / 23



Conclusion

Cosmological sources of a SGWB in PTA data:

<+ phase transition:  Coleman-Weinberg model v (at least for 12.5-year dataset)

3 domain walls: ALP or aligned axion X (PBH overproduction)

23 / 23



Conclusion

Cosmological sources of a SGWB in PTA data:

<+ phase transition:  Coleman-Weinberg model v (at least for 12.5-year dataset)
<+ domain walls: ALP or aligned axion X (PBH overproduction)
<+ bosonic inst.: audible axion X (AN, except for tiny region)

23 / 23



Conclusion

Cosmological sources of a SGWB in PTA data:

<+ phase transition:  Coleman-Weinberg model v (at least for 12.5-year dataset)
3 domain walls: ALP or aligned axion X (PBH overproduction)

o+ bosonic inst.: audible axion X (AN, except for tiny region)
<3 cosmic strings: global ALP strings X (ANe)

¢ scalar-induced:  single-field w/ inflection point X (CMB)

23 / 23



Conclusion

Cosmological sources of a SGWB in PTA data:

<+ phase transition:
<+ domain walls:

<+ bosonic inst.:

{x cosmic strings:

i+ scalar-induced:

Coleman-Weinberg model v (at least for 12.5-year dataset)
ALP or aligned axion X (PBH overproduction)

audible axion X (AN, except for tiny region)
global ALP strings X (ANe)

single-field w/ inflection point X (CMB)

Thank you for your attention!
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PTA Fit — Scalar-Induced GWs
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Single-field Inflation with Inflection Point
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NANOGrav 15-year dataset: Bayesian Evidence
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