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The talk Is based on three works
“Primordial Anisotropies in the GGravitational \Wave Background

from Cosmological Phase Transitions”

Michael Geller, Anson Hook, Raman Sundrum, YT (2018)

“‘Non-Gaussian Stochastic Gravitational Waves from Phase Transitions”

Soubhik Kumar, Raman Sundrum, YT (2021)

“Unraveling Cosmological Anisotropies within Stochastic GW Background”

Yanou Cui, Soubhik Kumar, Raman Sundrum, YT (hopefully soon)
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Let’'s focus on the anisotropy of

stochastic gravitational wave background (GW
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Let’'s focus on the anisotropy of

stochastic gravitational wave background (GWB)
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Let’'s focus on the anisotropy of

stochastic gravitational wave background (GWB)

Stochastic signal Localized objects
(cannot identify individual sources) (like black hole mergers)
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Let’'s focus on the anisotropy of

stochastic gravitational wave background (GWB)

Stochastic signal e un-resolved astro sources
(cannot identify individual sources)| - mainly far away black hole or
neutron star mergers é
N\, » cosmological origin
/ - violate preheating / phase transition

topological defects: cosmic strmg
inflationary dynamics 3.2k 3%
primordial black holes SR Y&
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Let’'s focus on the anisotropy of

stochastic gravitational wave background (GW

|sotropic signal Anisotropic signal
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Cosmic Microwave Background

Planck Legacy Release 2018 ) . S == ] ESA and the Planck Collaboration

« an-isotropic with fluctuation AT/T ~ 1074
* fluctuation is very Gaussian (ATAT) # 0

(AT"> ) ~
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Similar to CMB, if we get to see
GWB with a cosmological origin

The signal in the whole sky will NOT look like this
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Similar to CMB, if we get to see

GWB with a

Sut wi
(with enoug

cosmological origin

| look like this

N detector sensitivity)
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If we get to see the signal,

we can learn both about the

 Mechanism of GW production
* Energy/gravity tluctuation of the universe

deep inside the primordial dark age
(e.g., when the horizon size ~ atom for the phase transition signal)
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I'm going to discuss the following questions

 How large can the an-isotropic GW signal be”

* What can we learn from the an-isotropic signal?

e Can the proposed GW experiment see it”
(with limited detector sensitivity + astrophysical foreground)
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For a concrete example, let's focus on signals from

the first order phase transition (PT)

Yuhsin Tsai ytsai3@nd.edu 14



GW from the first order PT

Bubble collisions form GW waves (need quadrupole mass for GW
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GW from the first order PT

Temperature Prob(T) N F(T) e~ S(T)

Probability density as a function
Tunneling of temperature

2 —2
From the wall collision only Pé)\?vay ~ 0.1 ’02PT (If ) p;oday
Protal PT

PPT energy density in the sector undergoing the PT

['(f) ~ T e’ B sets the time duration of PT
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GW from the first order PT

Temperature Prob(T) N F(T) e_S(T)

|

Probability density as a function

Tunneling of temperature
o ; -2
From the wall collision only poday (.1 ) < > ptoday
GW 2 H. Y
Piotal PT

naive dimensional analysis => (f/Hpp)™> ~ 107

very strong PT scenarios => (B/Hpr)™> ~ 107! is possible
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The GW energy density today (isotropic part)

today —5 —2 today __ p Ipy
IOGWy ~ 10 — 10 /0’7 COC?Way = (.03 mHz (H—PT) (TeV)

A rough sketch

GW150914

aLIGO (01)

PT (isotpfpic)

DECIGO ' A

BBO

10°

Frequency / Hz

for Tpr = O(1 — 10°) TeV phase transition & ppt & Piotal
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It Universe has “single source of quantum fluctuation”
& “single sector reheating”

all the radiation/matter perturbations come from the
same adiabatic perturbation

=> size of the GW anisotropy ~ CMB anisotropy

5.
Sow ~ 8,7~ 1075 5=

l —_

Pi

Yuhsin Tsai ytsai3@nd.edu 19



The GW energy density today (anisotropic)

today ~ 10—

Peoe 5 —1072p, Sped ~ 10710 — 1077,

A rough sketch

GW150914

aLIGO (01)

PT (isotpfpic)

DECIGO M

BBO

10°

Frequency / Hz

for Tpr = O(1 — 10°) TeV phase transition & ppt & Piotal
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Power spectrum of the GWB fluctuation

Angular resolution of LISA: fmax ~ 10
BBO:  lmax = O(100)
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It Universe comes from single reheating process

The anisotropy of GWB is totally correlated to the CMB!

Hot & cold spots of the two signals are on top of each other

GWB CMB

* not the real GWB, only for illustration
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But Universe can have multiple reheating processes!

Reheating from the O decay gives non-adiabatic perturbations

For example, we can have the following reheating process

Log scale factor (time)

In this case, the GW anisotropy can be un-correlated to CMB
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GW perturbations can even be highly non-Gaussian

»
g
U
g
g
g
g
Q
Q
Q
Q
Q
Q
Q
*
*
*
*

Conformal time

The resulting GW anisotropy can even be
non-Gaussian (NG) with non-vanishing (52, )
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Measuring non-Gaussianity (the bi-spectrum)

51@)5 o (k3)) ~ 671 x (size of NG)

) + permutations i

The primordial perturbation of the CMB
looks very Gaussian

(size of NG) < 1072

* have stripped off (2m)36(k; + ks + ks) from the correlators
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In the multiple-reheating scenarios

Reheating from the curvaton () decay can be non-Gaussian,
giving NG isocurvature perturbations (energy fraction from curvaton fgey << 1)

Se =3(Cr — ) 0Ry ~ —Co+ Sy 02~ —(s — fBSMSs

the 3-point function 3 (S2) + ...
—_) | F ~ F
(€ =0 but (S3) #0 M fBSM(«;H... .
(S2) + ...
Fow ~ F
oo & 2 oo ()
Ptotal

* see Kumar, Sundrum, YT (2021) for more details
Yuhsin Tsai ytsai3@nd.edu



In the multiple-reheating scenarios

Reheating from the curvaton () decay can be non-Gaussian,
giving NG isocurvature perturbations (energy fraction from curvaton fgey << 1)

Se =3(Cr — ) 0Ry ~ —Co+ Sy 02~ —(s — fBSMSs

the 3-point function N3 <S§> 4
(¢3) =0 but (82) £ 0 =P | FomB ~ fesm (<C£> n ) Fg_
S2) + ...
FGWN(<<C§>>:|I: )Fsa
FCMB ~ f]%SMFGW « b

* see Kumar, Sundrum, YT (2021) for more details
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Foms ~fesmFow | Alarge NG can hide in the GWB

within LISA sensitivity

(3/Hpr)? = 20
(3/Hpr)* = 100

----- = (B/Hpr)* = 5000

DECIGO/BBO can easily pick up the NG signal,
and LISA also has a small chance

Yuhsin Tsai ytsai3@nd.edu 28 Kumar, Sundrum, YT (2021)



Can we see the anisotropy in GW detectors”
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Inspiral

Astrophysical foreground ()

Astrophysical foreground in frequency band from LISA to peak ET
mainly comes from un-resolved black hole & neutron star binaries

Expected signal 5Qa3tr0 10711 x 10~(1~2 ~ 10-(12~14)
QE(I}S{{/O S s astro s pastro

Population Il
— Millennium catalogue
Analytical approximation
—— CMBQuIck + Halofit

= 1071
Frequency in Hz

e.g., Perigois, Belczynski, Bulik, Regimbau (2021) e.g., Jenkins, O"Shaughnessy,

Sakellariadou, Wysocki (2018)
Yuhsin Tsai ytsai3@nd.edu 30



Astrophysical foreground

Parametrize the anisotropy spectrum

astro : 2 f i f25
(sQi,) =a2(
] R+ 1)

2
A~ 1070y o 3 26 ~ 1

with uncertainties mainly come from BH & binary formation physics
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Using Fisher analysis to quantify the uncertainty of

(1) seeing the anisotropic signal
(2) distinguishing the cosmo signal from the astro background

Parametrize the total anisotropic spectrum as

Cosmo) N ( astro )
2 25
(s )2= A2 P —|a|az (L d
OW ‘ c+D| | ‘\fy) e+
\ J _

Will know the frequency spectrum S(f, f«) well due to the large
iIsotropic (monopole) signal
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Using Fisher analysis to quantify the uncertainty of

(1) seeing the anisotropic signal
(2) distinguishing the cosmo signal from the astro background

Obtain experimental sensitivity from the Fisher matrix

o(Qea)” a(Lal)’

2 2]
_ op oq total noise
Frg = Z > [(QK,GW + | 276w
| (o) -

p.q=1A,A, D,y,0}
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CcOSMoO
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LISA & LISA+Taiji can measure the anisotropy GWB from the strongest PT
to O(10)% level, no chance of seeing the astro foreground

. . Cui, Kumar, Sundrum, YT (soon)
Yuhsin Tsai ytsai3@nd.edu 34



—T Precision on 0jeg,, 4, at ET + CE Precision on o3 at ET + CE

_|_
cosmic explorer

10712

Aq

Precision on 01og,, 4, at ET 4+ CE Precision on o5 at ET + CE

10~

Preliminary

ET+cosmic explorer can measure the anisotropy GWB from the strongest PT
to O(10)% level, no chance of seeing the astro foreground

Cui, Kumar, Sundrum, YT (soon)
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BBO can measure the anisotropy GWB from the typical strength PT
to O(10)% level, measure the astro foreground well

. . Cui, Kumar, Sundrum, YT (soon)
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Conclusion

Stochastic GW background from early cosmology must be anisotropic

Large Non-Gaussian perturbations can still hide in the GWB
and can be visible in future experiments

Depending on the inflationary & reheating processes,
the GWB can be correlated or un-correlated to the CMB

For GW from strong phase transitions, the anisotropic signal
can be visible in future GW experiments: LISA(+Talji), BBO, ET
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Power spectrum of the CMB fluctuation

~super-horizon
physics

0+ 1)CT /2

1500 2000

e
~ ( Temperature fluctuation )A2
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In this case, opgw needs to satisfy the isocurvature constraints

No previous bounds on dark radiation isocurvature (like for GW)
We calculated it ourselves with the Planck 2018 data

perturbation needs to be less than

—1/2
ANy

<1073
pdr 0.1

Also helps to relax the HO tension!

Subhajit Ghosh, Soubhik Kumar, YT (2022)
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LISA sensitivity for different £-modes
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arXiv: 2201.08782

asETIiam
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LISA+Taiji & BBO

'LISA-Taiji
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