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Pulsar Timing LISA

[David Champion/NASA/JPL] wiki/Laser_Interferometer_Space_Antenna

Einstein Telescope
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Power-law integrated sensiti
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Sensitivity to binary
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Foreground from LIGO-Virgo binaries
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@ Dashed gray line: total foreground from LIGO-Virgo binaries

@ Thick lines: foreground without individually observable binaries

ML, Ville Vaskonen arXiv:2111.05847



@ assuming power-law signal as in PI sensitivity

faw(r) =0 (7

)O‘ + A(QsBu(f)) + QBwWD(f) + Qinstr (f)




Improved sensitivities from Fisher analysis

@ assuming power-law signal as in PI sensitivity

Qew(f) = © (%)a + AQssn(f)) + Qwn () + Linser ()
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Early Universe Sources
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Birth of Primordial Cosmic Microwave Background
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First Order Phase Transition

@ Simple high temperature expansion
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First Order Phase Transition

@ Strength of the transition
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@ Characteristic scale



Gravitational waves from a PT
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@ Signals are produced by three main mechanisms:

2
.. 2
e collisions of bubble walls Qeol X (Kcola{—j_l) (HR.)
Kamionkowski ‘93, Huber ‘08, Hindmarsh ‘18 ‘20 Lewicki ‘19 ‘20,

2
e sound waves Qg X (stﬁ) (HR,) (HTsw)

Hindmarsh 13 ‘15 ‘17 ‘19 ‘21, Ellis ‘18 ‘19 ‘20, Jinno ’20
2

o turbulence Qpurh X (nswﬁ) (HR.) (1 — Hrsy)

Caprini ‘06 ‘09 ‘20, Brandenburg ‘10 ‘12 ‘17, Roper-Pol ‘17 ‘19 ‘21, Ellis ‘19 ‘20



Reach of upcoming experiments

@ Position of the peak

[0}

2
Qpeak X <a " 1) (HR*)Q 7 foeak o< T (HR*)—l

@ Detectibility assuming plasma related sources
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Plasma related GW sources

e Standard Model supplemented with a non-renormalisable
operator

1
V(H) = —m?|H* + N H|" + 5 |H|°
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o Connection with baryogenesis

ML, Marco Merchand, Mateusz Zych arXiv:: 2111.02393



Wall Velocity
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Wall Velocity
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bubble wall analytic results

SV for SV <wvj(a)
Ve = pPr Pr 0.7{ — thick-wall
<ees SMEFT
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@ Only the form of the potential
is important



Gravitational wave signals
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Neutral Scalar
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Cosmic Strings

@ Charged complex scalar field

2 2
V=X <I>T<I>—%

@ Horizon size at early time (high temperature) dgy oc M,,/T?

Christophe Ringeval (Adv.Astron. 2010) Vilenkin and Shellard *94



Cosmic String network evolution

e Static string network would red-shift as

Poc X a2

@ strings intercommute on collision

RO

e overall energy density of the network scales with total energy

density
2




Stochastic GW background from Cosmic Strings
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Stochastic GW background from Cosmic Strings
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Cosmic String fit to NANOGrav data
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o results within the 68% CL
Gu € (4 x 1071,10719)
@ results within the 95% CL

Gue (2x10713x 10719
John Ellis, ML arXiv: 2009.06555



Cosmic Archaeology
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Cosmic Archaeology

A DifferentView of the Gap

inflation

10'5 GeV(?)
Inflation

102 GeV
Set the stage for
Big Bang nucleosynthesis

B
%
2
[




Cosmic Strings GW signal and expansion history

o We add Ag, new degrees of freedom at Ta

9+(Tp) for T <Ta
9+(T) =
9«(To) + Ag. for T >Tx

@ An example with Ag, = 100
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Cosmic Strings GW signal and expansion history
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Detection capabilities
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Thank you for your attention!

Conclusions:

o Gravitational wave foreground from astrophysical objects will
have a significant impact on searches for primordial signals.

@ The next generation of experiments will allow us to probe phase
transitions in a wide range of temperatures provided only they
are strong enough.

o Cosmic strings are a viable explanation for recent observations of
pulsar timing experiments. If this posibility is realised probing
the evolution of the Universe via GW signals from cosmic strings
would allow to masure the expansion rate up to temperatures 107
larger than the currently available data.



AEDGE noise sources
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@ Thin lines: instantaneous sensitivity of operation modes

@ Thick lines: Power-Law integrated sensitivities



@ Energy of the bubble

£ =4rR%cy — 4?ﬂ-R‘Q’p,

V=
v1-—R2

@ Vacuum pressure on the wall
Coleman ’73

pQIAV



Energy of the bubble

£ =4rR%cy — 4?ﬂ-RB’p,

V=
v1-—R2

Vacuum pressure on the wall
Coleman ’73

poIAV

Leading order plasma contribution
Bodeker 09 Caprini 09
Am>T?
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Energy of the bubble

£ =4rR%cy — 4?ﬂ-RB’p,

V=
v1-—R2

Vacuum pressure on the wall
Coleman ’73

poIAV

Leading order plasma contribution
Bodeker 09 Caprini 09

Am?2T?
p=AV - APo~ AV - 201
24
Next-To-Leading order plasma contribution
Bodeker ’17
Am2T2 2 3
p=AV — APLo — YAP~xLo = AV — 1 —~vg AmyT".

Next-To-Leading order plasma contribution with resummation
Hoche 20

P=AV — P, —*Pin & AV — 0.04Am>T? — 0.005¢>~>T* .



@ terminal velocity v factor and the value in absence of friction

N _\/WN AV — 0.04Am2T?2 o
Yea = Pion 0.005¢274 > "=

R*
Ry’

Wl



@ terminal velocity v factor and the value in absence of friction

, _\/WN AV — 0.04Am27? L
Yea = Pion 0.005¢274 > "=

@ Amount of energy stored in the wall
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ArR: (R /
Egan = TFT/ dR [AV — P — “/Q(R )Pisn,
0
@ Finally the efficiency factors read

1 2 P
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U(1)p-r Example
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thermal transition: no T'= 0 p tial barrier

@ Simple polynomial potential
V(9) = m*¢® —a¢’ + 1o
@ Has a semi-analytical solution

S3 _a 873 (,315 + 5252 + ,3353) b 5= 8Am?
T T TN 81(2 — 0)2 ) WHAIe 0= T
Adams ’93




thermal transition: no 7' = 0 potential barrier

@ Simple polynomial potential
V() =m*¢” —ae® + Ap"
@ Has a semi-analytical solution

S3 _a 873 (,315 + 5252 + ,3353) b 5= 8Am?
T T TN? 81(2—0)? ) WHAIe 0= T

Adams 93

@ Useful for high temperature expansion

V(g T) = Im2 (72— 12) ¢* - %T& A6, TE>0
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Classically scale-invariant CW-like potential

o Generic classically scale-invariant potential

V(6,T) = g°T2¢* + - 2¢4 <log ((;52) 1 g2T2>
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Bubble Collisions

e Envelope

Logop
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Bubble Collisions

e Envelope

Logop
2
|
h 0
-20 =k
-2
—40
-3
60 40 20 0 20 40 60
e Simulation
40 —
’;‘ Logjop
; S ,
|
b 0
-20 il
-2
—40
-3

-60 -40 -20 0 20 40 60



Vacuum Trapping
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Vacuum Trapping

100 100
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@ can also be verified analytically:
R. Jinno, T. Konstandin and M. Takimoto: 1906.02588



Computation of the GW spectrum

e Bulk Flow model: E < R™2
R. Jinno and M. Takimoto 1707.03111, T. Konstandin 1712.06869

o We follow a similar approach using scaling from lattice
simulations
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Abelian Higgs Model: Energy Scaling

£=10, Ap=n/2
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o Global Symmetry breaking:
T,, R2
o Gauge Symmetry breaking:

T.ox R3



Bubble Collision Spectrum

0.1 T T T
@ Global Symmetry breaking:
0.01 Ty, x R72
3 1073 @ Gauge Symmetry breaking:
A
T., x R3
1074
@ Resulting spectrum:
107 S (a+b)°
S(w): w 7a/(c )w b/c] ¢
0.01 . [b(2)7" +a(2)"]
1005 w/B a b c

T.. xR 2 31401 0.64+0.01 1.00£0.01 261+0.06 1.5+0.1
T.,. x R73 3240.1 0.71+£0.01 2.25+0.02 2944002 35+£0.1
T.. x R~* 33+£0.1 0.80+0.01 2.78£0.02 291+0.02 3.940.1
env. 3.3+0.1 1.38£0.03 3.01+0.01 0.94+0.03 1.5+0.1




Strings diluted by inflation
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@ When loop production is inefficient energy density network scales as
Poo X a2
@ How many efolds of dilution ?

1 _
AN > 2.7+%ln(|91—1|)+§ln [OA(1+2) 2 4+ Q1 +2) + 2.1+ 5)7]



Strings diluted by inflation

scaling  J
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@ Initial overdensity has a similar effect

1

Ly= o,

4>pooo<<2

@ How many efolds of dilution or initial overdensity ?

AN +In¢ > 2741 5 n(l2-1)+ 1n[m(1+z)*2+Qm(1+z)+ﬂr(1+z)2]



Strings diluted by inflation

@ Stochastic background as sum of

bursts

Qaw(f) =

A2 £3 max 2

7”; / dz/ “ann2 SR
3HZ dzdh

Pmin

@ With individually observable bursts
excluded
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= d dh h,
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Strings diluted by inflation parameter space
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