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- “Wishlist” from Mark’s talk

Can we make GWs as good as the CMB?

4000

* More simulation work needed:

3000

— Convergence at peak wavenumbers (longer runs)
— More (v, @) - is 5, = 0.017 for both runs a fluke?

— More realistic equations of state

2000
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1000 10°°

500

* e.g. constant ¢, model v Tkl AN W
— Temperature-dependent nucleation & friction (deflagrationsm) — s “
~ Strongly supercooled transitions _ _ Levick, :
‘r— Hubble-sized bubbles: gravitational effects _] S — s

— 09-

* Models to incorporate simulation developments

1012

— Reheating effects in deflagrations 400F  (a) Monopole (2.728 K)
. . 300 ;- (Errors magnified by x200) ;
— Kinetic energy decay 200f
— Large bubble regime fong
o;_ .....................................................................
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Need tor large bubble SGWB templates!

« GW production in FOPT
microscopic: quantum tunneling of a “Higgs” field ¢4 various realization in BSM J
— "pbubble” nucleation in real space.

V[¢] high T

low T 4 » ‘\
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Need for large bubble SGWB templates!

« GW production in FOPT
microscopic: quantum tunneling of a “Higgs” field ¢

various realization in BSIM J

— "bubble” nucleation in real space.

macroscopic: bubbles stir plasma

— Bubble & fluid dynamics source SGWB! 4 I
~ _ ™) i
a: strength of PT 1y,- wall velocity bubbAIeRS|ze
f: =~ (PT duration)™! T,: nucleation temperature "

_J /
collision of walls, sound waves, turbulence \ “// AR, fTuid sh

— extensively investigated both analytically & numerically

ell

J
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« SGWB from sound waves

3D hydrodynamic simulations — extracting SGWB spectrum
(Hindmarsh+ 2013, 2015, 2017, 2019, Jinno+ 2022, 2023, Caprini+ 2024, ...)

(Jinno+ 2022)
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vy = 0.4, L = 20v,,/B
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q/8

- vs analytic models?
e.g. sound shell model (Hindmarsh 2016)

- parametric dependence?

— SGWB templates
e.g. CosmoGW (Roper-Pol & Stomberg)

- strong transition, non-linearity, ...
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« SGWB from sound waves

3D hydrodynamic simulations — extracting SGWB spectrum
(Hindmarsh+ 2013, 2015, 2017, 2019, Jinno+ 2022, 2023, Caprini+ 2024, ...)

(Jinno+ 2022)
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vy = 0.4, L = 20v,,/B

10° 10" 102
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{ X fast transition

- vs analytic models?
e.g. sound shell model (Hindmarsh 2016)

- parametric dependence?

— SGWB templates
e.g. CosmoGW (Roper-Pol & Stomberg)

- strong transition, non-linearity, ...

< flat background J - Is this enough...?
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Testable by near-future observation (NANOGrav collaboration 2022)
— bubbles of Hubble size

() = DOT(r) (1250 ) (HR)S(F/£)

At S O(H™)

expansion a(t)

I PT-BUBBLE + SMBHB I rT-SOUND + SMBHB
I PT-BUBBLE I PT-SOUND

self-gravitation ®7?

- - SOH™)

-2 -1

\_ 10810 xR

S 1 0 R E— o1 1 0
logyo T /GeV log g 0 \_ log,q H«Rx y logqo Tx/GeV logyg ax
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Testable by near-future observation (NANOGrav collaboration 2022)

] 2
— bubbles of Hubble size 0(f) = DOT(r) (ﬁo: ) (H.R.)S(f/f,)
At < O(H_l) *

expansion a(t)

.......................
I PT-SOUND + SMBHB

I PT-BUBBLE + SMBHB
Il PT-SOUND

I rT-BUBBLE

self-gravitation ®7?

- - SOH™)

logm Qlx

General Relativistic treatment!

- Cai & Wang 2022

+ Giombi & Hindmarsh 2023, Giombi+ 2025 <
S
- Jinno & Kume 2024 § + :
— fluid profile around a bubble R B R @ I e S R
logyo T /GeV log g 0 \_ log,q H« R y logyo T /GeV log g o kloglo HyR. y

Jun’ya Kume (UNIPD)
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Higgs-less scheme in Minkowski background

« How do we simulate the system?

scalar ¢ + hydrodynamics

v,uqub“/ — oY [ — particle scale —)

A

v TLLV - 57/ ¢inassive massless
K=" fuid ~

5 = nutd, 60" ¢

V(p,T) & n < wall velocity v,
(Hindmarsh+ 2013, 2014, ...)

computationally demanding... z
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Higgs-less scheme in Minkowski background

« How do we simulate the system?
From a macroscopic point of view:

e =0 e >0 )

scalar ¢ + hydrodynamics

V Nqu; Y = §Y ( — particle scale —)
Qv v 1 ¢i1nssive massless true > false
V,UJTvﬂuid = —9 » Dy
o= o
_ = released at r;
0" = nur0,90" ¢ e © > ) € w (t) )

V(p,T) & n < wall velocity v,
(Hindmarsh+ 2013, 2014, ...)

VuTE o =0 with pyac = €O(r — 1y (1))

— Hydrodynamics w/ propagating boundary

m ionall manding...
computationally demanding E (Jinno+ 2020, 2022, Talks by Henrique & Isak!)
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 Fluid dynamics around a single bubble / spherical symmetry — (t,7) \
Bag EoS: p(t, 1) = aT4(t,r) + €O(r — 1y (1)) W _ N Bubble wall
p(t,r) = (a/3)TH(t,r) — e O(r — ry(t)) « @ » v, = const.
a =¢e/aTs
EoM: V, T/ =0 _ S
T = wulu” + pg"’ w = p—+p \ Minkowski background j
@ ut = y(1,0v") y=1/V1—-v2 ¥Xc=1
e 5 ~N X discontinuity in a,. part
w
o (w72 — Z) + 0, (wy*v — vye O(r — 1y (1)) + ;(’LWQU) =0, — shock capturing by
w 9 Kurganov-Tadmor scheme
Oy (wy?v) + 0, (wv2v2 + — —€O(r —ry (t))) + Z(wy*v?) = 0. L
\ 4 r y (see Henrique's slides!)

|::> Evaluate v(t,r) & w(t, ) = (4/3)aT*(¢,r) for the input (v, a).

(See e.g. Espinosa+ 2010 for analytical understanding)
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Ar =107% At = 0.5Ar,n, = 10* RK4 solvesTt =w((@?2—-1) & T = wy?v — (w,v)
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— self-similar evolution, consistent with the analytic prediction
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— self-similar evolution, consistent with the analytic prediction
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Ar =107% At = 0.5Ar,n, = 10* RK4 solvesTt =w((@?2—-1) & T = wy?v — (w,v)

W/ We, (v, @) = (0.4,0.1) (v, @) = (0.6,0.1) (v, @) = (0.8,0.1)
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— self-similar evolution, consistent with the analytic prediction
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Ar =107% At = 0.5Ar,n, = 10* RK4 solvesTt =w((@?2—-1) & T = wy?v — (w,v)

W/ We, (v, @) = (0.4,0.1) (v, @) = (0.6,0.1) (v, @) = (0.8,0.1)
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— self-similar evolution, consistent with the analytic prediction
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Ar =107% At = 0.5Ar,n, = 10* RK4 solvesTt =w((@?2—-1) & T = wy?v — (w,v)

v, a) = (04,0.1 v, a) = (0.6,0.1 . ]
W/Vf?_. , (. w ) ( T .) S P ([V“’ .), |( ,,,,,, ) B if gravitate...”
12} \\ \\\Q i g - scale: Hubble H
L1} \\ 1 L6 * T, @ — expansion?
1.0F \ . S L4 j-s\
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Accommodating gravity: “cosmological hydrodynamics”

« Peculiar fluid motion around FLRW spacetime (Noh+ 2018)

Gy = 87GT,, | ds*=—(1+2®)dt* — 2x;dtdz’ + (1 — 2W)a(t)?é;;da’ da’
vV, " =0 " = (wp + dw)uu” + (py + op)g"”  w"* = ~(1,7/a)

v, 8p, 6p bg. equations:

ANYANY ' 3MZHZ =p), pp+3Hw, =0
|
|
\

v VUV U T
V2H? K1, P K 1,¥ « 1

— EoMs for perturbations

- zero spatial shear & uniform expansion (k = 0) — no gauge redundancy

- up to linear order in metric pert. — self-gravitation described by ®

“Gravitational effects on sound waves: Large bubbles in cosmological FOPTs” Jun’ya Kume (UNIPD)



- fluid quantities N - gauge invariant quantities (e.g. vg; = v + C k)
v, p=pp+op, D=Dpp+op, defined in the frame where the expansion is uniform
. VWb + 6w = (pp +pp) + (6p + 8p) ) X vgy is same for zero-shear gauge (y = 0)

- Einstein equations ¥ p, (1), p,(t) = a(t)

A 1 1 A 1 1
—Pp = 2 2 = 2 2
> NI (6p + 3dp) + QMF%Iw’y v - 2M1:2,15p+ ZMI%IUW v
(3constraint equation for y & d,x/a K v — y2I2H? K 1)
- Conservation equations
2 1 2 2 2 2 2 1
O(wy” —p) + — | O + — | (wy™) + (3 +v7) Hwy” + wy™v 0,2 =0, For FOPT? J

1 2 1
B (wy*v) + . Or (wy*v* + p) + ;(wfyQO)} + 4Hwy?v + w7256r<1> =0,
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 Application to cosmological FOPT (inno & JK 2024)

_____ i) How to decompose the system?
symmetric pp(t) = (3/H)wy(t) + € 6p = (3/8)8w — € (7, (1) — 1)
broken | . background a(t) | pp(t) = (L/Dwy(D) —€ [ 6p = (1/4)6w + € 001, (1) — 1)
wp(t) = wpo a”*(t) Solving (v, Sw, ®) around b.g.

Xbroken phase as b.g. — similar results

i) Effect of b.g. expansion?

—4
1 ﬁ n (7))
14+ ag (CLo) 1+ o

H?=H;

a(t) 1 | Qo Qo
E> a0 o 4\/s1nh (2H0t 1+ o + arctanh ( 1 +a0))
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 Application to cosmological FOPT (inno & JK 2024)

symmetric

— background a(t)

Xbroken phase as b.g. — similar results

i) Effect of b.g. expansion?
1 a4 Qa
— ] +
14+ ap \ag 1+ o

- a(t) = 4€/3w,(t) = ag(a/ag)*

H?=H;

dr,
- wall position a(t)—w = v, C>

- inputs in our system: (v, a,)

“Gravitational effects on sound waves: Large bubbles in cosmological FOPTs”

i) How to decompose the system?

pu(t) = (3/Dwp(t) + € 5p = (3/4)8w — € 01, (1) — 1)
po(t) = (1/Dwyp(O) —€ | 8p = (1/8)dw + € 01, (1) — 1)

wp(t) = wpo a”*(t) Solving (v, w, ®) around b.g.

a(t) -1/, &0 20
E> a_o = o 4\/smh (2H0t 1T an -I—arctanh( 1+a0))

: increases as radiation dilutes away

/ dt vy Jalt) = / dn v,

X Hy, or wy, o/M5, defines the box-size/time scale

Jun’ya Kume (UNIPD)



- Higgs-less scheme + cosmological hydro.

- 1 T 2 3 0 T : Code variables:
0T + — (& + —) (wy“v) — O (—a(t)vw(t)@(r — rw(t))) + W7 v0®| =0, |, -
a(t) ’ T 4 d I j:vt — 'lD 2 . E
: 3 i ! =Ty
BT + % (aT + %) (dv20?) + B, (% _3aenr - 'rw(t))> F0r20,8| =0, |} T = i
! — i I
i L (T T (T T
8 (b_ wb(t) a’2(t) dr/ ,',,/2 §<’IIJ—1>—|—'II} 2 2_§ I . : ~( ) ( )
PO = —5"— YT = a®)O0 = () =D ) gy
\ Mg, r? Jg 4 Vs 4 ~_ j l b
/ ~
fluid gravitation broken phase w.r.t background

- Regime of validity?

d K 1?7 — “Hole” inside the bubble grows over time

— smaller v, or ay to simulate longer
y2l2H? <K 1 earlier time: I, ~ (fluid shell) « H~!

late time: @ induces large scale profile & a(t).” — y(v).”
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- Higgs-less scheme + cosmological hydro.

- 1 T 2 3 0 T : Code variables:
0T + — (& + —) (wy“v) — O (—a(t)vw(t)@(r — 'rw(t))) + W7 v0®| =0, |, -
a’(t) L r 4 - | Tt — 'lb 2 _ E
_ ) _ T TP Ty
BT + a(l—t) (ar + %) (dv20?) + B, (% _3aenr - 'rw(t))) F0r20,8| =0, |} T = i
! — i |
i L (T T (T T
a (b_ wb(t) a’2(t) dr/ ,',,/2 §<’IIJ—1>—|—'II} 2 2_§ I . : ~( ) ( )
PP = —t— v a®)O0 —ruw(t) =D ) 1 g xny
\ Mg, r? Jg 4 Vs 4 ~_ / l b
/ ~
fluid gravitation broken phase w.r.t background
- Regime of validity?
( )

7 N ” - H . . ) .
b K1 Hole” inside the bubble grows over time — i)Safer prediction for ¢ < Hy*

— smaller v, or ay to simulate longer

Effects mostly come from a(t)
y2l2H? <K 1 earlier time: I, ~ (fluid shell) « H~! . v,

late time: @ induces large scale profile & a(t).” — y(v).” ii)Late time solution until ® ~ 0(0.1)
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» Early time solution (0 < t < H;1)

v, = const. & weak PT: (ap = 1072)

A
grid: Ar = At = 5x 107%H;, np =n, =2x10* + " \\Q\Q&
i N\ AN
Tmax = Ho T (horizon at initial) 1'01_.:l\

0.9 &/F/—4| 1
b.g. quantities evolve as b :

0.05( T
H(t=Hy") ~3Hy" ;
a(t=Hy')~18 — a(t= Hy') ~ 0.1 010%
) 05"
Effect of evolving a(t): 005;
— velocity tail inside the bubble "ol
(flow into emptier region) R ——
\_ ) 0.0 0.2 0.4 0.6 0.8 1.0
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2.0

W/ Weo

1.0°

030
025
020
. 015
010
0.05
0.00

1.8+
1.6
14"

1.2+

(Wi, @) = (0.6,1072)

|||||||||||||||||||||||

|||||||||||||||||||||||

|||||||||||||||||||||||

W/ Weo

1.6

(v, @) = (0.8,1072)

1.4+

1.0

|||||||||||||||||||||

faster wall
— |larger “hole” — &/

||||||||||||||||||||

0.20
0.15 -
0.10 -

0.05

|||||||||||||||||||

dragging by§d>(<< 1)

0.00 +
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(Wi, @) = (0.6,1072)

o <l _
s )

a should increase

Linear gravity ® « 1 —

- Anything else? y ——
=7 T

W/ Weo

1.6

(v, @) = (0.8,1072)

1.4+

1.0

|||||||||||||||||||||

faster wall |
— larger “ho

||||||||||||||||||||

0.20
0.15 -
0.10 -

0.05

|||||||||||||||||||

0.00

le” — &/

D(«L 1)
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(W, @) = (0.4,1072%)

- Deviation from Minkowski b.g. solutions..!! 0.15 ]
0<t<H,
flat: self-similarity in r/t — r/n for cosmo? 0.10
- compare with the flat case at the same «a . a ~ 1071
0.057
Thinning of fluid shell (both v & w) a =102

% analytic study in Cai & Wang 2022 o

0.0 O.I2 0:4 0:6 0:8 1.0

— similar behavior late time limit of fluid profile /
r/m

0.25

- Implication to SGWB spectrum? (W, @) = (0'8’10_2)<}:'>

0.20

- smaller AR, — shift characteristic frequency 0151 a~ 101
~ 010/
- decrease in kinetic energy fraction
0.05 a =102
k(t) = [ dr r>wv?y? — reduces amplitude 0.00

€ 1y (1)
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z AN O A AN—DN\

- Deviation from Minkowski b.g. solutions..!! / from Hindmarsh+ 2020

flat: self-similarity in r/t — r/n for cosmo?

- compare with the flat case at the same «

Thinning of fluid shell (both v & w)
X analytic study in Cai & Wang 2022

— similar behavior late time limit of fluid profile

(v, ap) = (0.8,10‘2)<:::>

- Implication to SGWB spectrum?
- smaller AR, — shift characteristic frequency 0151 a~ 101
~ 010/
- decrease in kinetic energy fraction
0.05 a =102
k(t) = dr r*wv?y? — reduces amplitude
(t) erv?,(t)f wvTy u plitu 0.00 —

“Gravitational effects on sound waves: Large bubbles in cosmological FOPTs” Jun’ya Kume (UNIPD)



« Kinetic energy fraction (X reduction of the same order for g = 1071)

ao == 10_2

0.500 - e S 0.500
V e > Aa =10~
__,q-é—f’f \_

0.100 - 0.100 -
0.050 0.050
¢ s ! \1\~_ %
s -\ - —> ~ -

0.010- -0 = 1077 Cf/(t) \1\0 t~Hom 0.010 -
0.005 - f 0.005 -
0.001 -0 =1073 : 0.001"

SxqgAt——— ] 5x 104" | | |

0.2 0.4 0.6 0.8 1.0
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« Kinetic energy fraction (X reduction of the same order for g = 1071)

0.500

0.100 -

0.050

0.010

0.005

0.001

0= 1072
= 1073
|

a(t)

\ /
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 (Potentially interesting) dynamical behavior
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Phase diagram from Espinosa+ 2010

1
| | I I I I I |
0.6 - |
i . id! | I
0.4f detonatjon hybrid! |
= [ ] 0.8
0.21
0.0
i 06— )
0.0 . | hybrids
WL .
> 2
r !
------------- : 04— :
0.3f vW(t) X (Z(t) ] 03 |
substructure! " I : /
”/ | / /.
0.2 - - oo 10 02 0.1 ; \
3 A need rgalistic v, (T)... CHI— i y
- . 7 \0.03
5 0.03 y
0.1] . | & \0.01
¥ 4
k k 0 1 I/l | |
0.0 0 02 0.4 0.6 0.8
R . S g,
0.0 0.2 04 0.6 0.8 1.0

“Gravitational effects on sound waves: Large bubbles in cosmological FOPTs”

Jun’ya Kume (UNIPD)




Outline
>Need for large bubble SGWB templates!
»Higgsless scheme for Minkowski background

»Accommodating gravity: “cosmological hydrodynamics”

>»Summary & Outlook
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Summary and Outlook

« SGWB templates for large bubbles — GR effects?
— hydrodynamics + weak gravity in expanding spacetime.

» Fluid profile around a bubble modified by a(t) « a*(t)
— thinning of fluid shell would affect SGWB amplitude/spectrum

 Improvements we need!
— full GR implementation for larger v, & ay?
— modeling v, (T)?
— colliding bubbles, 3D results...?
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-a perturbative approach for large bubbles in cosmological FOP Ts-

Numerical Simulations of Early Universe sources of GWs @ NORDITA
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Fluid profile around large bubbles

015 | | | | I see R.Jinno & J. Kume arXiv:2408.10770 for more details.
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https://arxiv.org/abs/2408.10770

Difference between gauge inv. quantities
Pzsc = P+ x, Uzsq =V + Hy, dwzsg = dw — 4aHwy (’Uo + %)

vo(t,r) (satisfying v(¢,r) = Orvo(t,r)) — identicall

Suppression we expect

[
x~ Hy < Hl.v, aHwy ('vo+§) ~ aHwy (%v+§) ~ Hl wyv,

— 1. ~ (shell thickness) « H™!
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Full equations
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Comparison between different background choices:
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