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cosmological first-order

* Sign of physics beyond the

phase transition standard model

* Generation of the baryon
asymmetry?




cosmological first-order

phase transition

* Generation of the baryon
asymmetry?

Sakharov conditions
* Violation of baryon number
» C and CP violation

¢ Qut-of-equilibrium dynamics



T-dependence of the free
energy




Bubbles nucleate...

Symmetric phase
<p>=0
SM particles massless




...expand...




...and collide




Model-independent

energy budget of
gravitational waves from a
cosmological first-order

phase transition




gravitational waves

e Collision of bubbles can lead
to observable gravitational
signal




Gravitational-wave frequency at the present time, f[Hz]
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LISA sensitivity
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LISA Cosmology Working Group 2019



Laser Interferometer Space

Planned for launch in 2034



3 sources of gravitational
waves

Scalar field contribution
Sound waves

Turbulence



Collider signatures of models
with a first order phase transition

Exotic Higgs decays
Mixing (e.g. Higgs-singlet mixing)

Modification of triple Higgs and Higgs-Z interaction



* Modification of triple Higgs and Higgs-Z interaction

Nightmare scenarios

m > TH Z, — symmetry

o tic Higgs dec
° xing (e.g. Higgs=singlet mixing)




Dark phase transition




gravitational waves

* Collision of bubbles can lead
to observable gravitational
signal

* Complementary to collider
search




Model-independent

energy budget of
gravitational waves from a
cosmological first-order

phase transition




energy budget




How to predict gravitational
wave signal in sound waves?

Q = min {1,H.t,}3FQR.H.K”
F . Redshift
H. : Hubble parameter at percolation

R: : mean bubble separation



How to predict gravitational
wave signal in sound waves?

Q. = min {1,H.7,; }3FQR.H.K"
Q : Numerical factor ~ 0.01

74, . Onset of shock formation ~ 4/ K/I"

K : Kinetic energy fraction



Kinetic energy fraction
K — pfl/ en
Determined by hydrodynamics of single expanding bubble

Depends on the phase transition strength and speed of sound in the plasma

Depends on bubble wall velocity - which is treated as external parameter



Goal

Determine K as a function
of the phase transition
strength, the speed
of sound and the wall speed,
without further
model-dependence



Goal

Determine K as a function
of the phase transition
strength, the speed
of sound and the wall speed,
without further
model-dependence

Result should be
reusable without
solving the
hydrodynamics



Common approach

Compute phase transition strength «, and use fit for bag equation of state from

1 T T T T T T T " T T 1

hybrids

deflagrations \— - -
1 1
: 2
5

ay = 001

detonations

2 1 1 L N T B B
0027 03 04 05 06 07 08 09 1
\Y%

But how to compute «,, in a different model? And where is the sound speed
dependence?



Some hydrodynamics



Hydrodynamics of a single
bubble

Pressure p=-—F
E densit = T—a —p
nergy density e =
gy y T
Enthal ——T—a =e+p
ntha w ! e
Py oT

Energy-momentum of the fluid " = utu*w + n*p



Hydrodynamics of a single
bubble

Continuity equations d, 7" = u”d (u*w) + u*wo u* — o°p = 0

Project along the flow and perpendicular to the flow and introduce
combination & = r/t +—

/

¢ : velocity of point in wave profile (,, = R/t : wall velocity)

V(&) : fluid velocity at the point &



Velocity and enthalpy
profiles
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Hydrodynamics of a single
bubble

Continuity equations d, 7" = u”d (u*w) + u*wo u* — o°p = 0

Project along the flow and perpendicular to the flow and introduce
combination & = r/t +—

/

)
2E =y*(1 —vé)|—= — 1| 0w




Hydrodynamics of a single
bubble

Matching equations in wall frame:

P+ — P— V_+ e—+p+

ViV_ =

o
e, —e_ V. eyt p_




Three types of solutions

deflagration hybrid detonation

J. Espinosa, T. Konstandin, J. No, G. Servant, 2010



Velocity and enthalpy
profiles: detonation
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Velocity and enthalpy
profiles: detonation
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Velocity and enthalpy
profiles: deflagration

deflagration deflagration
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Velocity and enthalpy
profiles: deflagration

deflagration deflagration
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Hydrodynamics of a single
bubble

3
Kinetic energy in the fluid Pp = 5—3 Jdé E2v?yw
w

Integration of 7% over large volume: P =—x Jd&fz(en —e)

Cv

Pri
K= o fraction of energy that is converted into fluid motion (0 < K < 1)
en



The bag equation of
state



Bag equation of state

1, 4

pS:§a+T — € eS:a_l_T + €
1

Dy = ga_T4 e, =a_T*

Bag constant € independent of temperature

s
4e o .
Phase transition strength a, = —— €
3w, Y
10'F
, dpldT 1
Speed of sound ¢ = =
deldT 3
K = FeKe 10,3

completely determined by a, and &,




How to use this result for
another model?

Only 7', is known

4Dp

a, = — (T DX(T,) = X(T, — X,(T))
4De
a, =
3wy(T,)

Do
On =
0 3wy(T,)

0d=e—3p



How to use this result for
another model?

Only 7', is known

4D
@, = ———" DX(T,) = X(T,) — X,(T.)
3wy(T,)
4De
a, =
3wy(T,)
D6
Ay = 0=e—3p
3wy(T,)

The speed of sound never enters (% &
\\ {/



Model-independent
hydrodynamics



Model-dependent parts

Hydrodynamic equations

ot oW 1
2= =21 —vd) |~ 1] o, o= +1 )2
S W
Boundary conditions
w(T),) =
Vg
— = vV, V_ =



Capture the model dependence
In small number of parameters

Assume: csz(T) ~ csz(Tn)

Solve for w/w, instead of w -> obtain pg/w,



Velocity matching

Ve _ e +p(T) _ I =p(T) _ Ap
- e(1,) — e, (17) - Ae

— , v,
vo e(I5) +pp(10)

Ap = p(T,) — pp(T,) + pp(T,) — pp(T_)
Ny Ny
Dp op

We now assume that T, ~ T_  _, Sp/Se ~ c¢? in broken phase!

v, (v,v_lc2— 1)+ 3a;
— = , either v or v_ is known
v (v /lcz—1)+3v,v_ay
_ DO
d=e-L g = ——
c2 3w,



Capture the model dependence
In small number of parameters

Model dependent parameters: ag, C; yroken> Cs + wall velocity &,

,Symm

4Py 4
Can determine kz = I P
DO  3agw,
Do | |
K = —kp can now easily be obtained (but depends on the model)

4e,



Capture the model dependence
In small number of parameters

Model dependent parameters: &y, C; prokens Cs,symm  + Wall velocity ¢,

4oy 4
Can determine k3 = —]: = P
DO  3agw,

D6

4de

K= Kz can now easily be obtained (but depends on the model)

n

Tricky detail: o is defined at 7', which is not 1°_ for hybrids and deflagrations
-> need shooting algorithm.



Quick recap

Pri

We want to find a model-independent expression/fit for K = s

el’l
. _ p DO
We introduced 60 =e—— Ay = ——

2 3
C: w,
The velocity profile and k5 only depend on &y, Cgprokens Cs.symm and ¢,

K can easily be determined from kj



Make the result
reusable



Template model with
varying speed of sound

1
pS=§a+T”—€ e, =a,I"+e€
| 1
Dy = Ea_T” e, = ga_(y — )T"
1 1
v=1+— p=1+—
Cs,broken Cs,symm

1 ( v 3ev > v+l vov_(v—1)—1+3a;
3

V vov_(v—=1)—14+3v,v_az



)

= 0.1

a5 = 0.03

o = 0.01

=1/3

s,D

1/4

Q!
S

1.0

0.8

0.6

Sw

0.4

0.2




How to reuse this result?

Compute —
ag, both c.s
and choose

S

O 00 NO OV W N -

N = B e e
O O 00 NO” O b WND B~ O

76
77
78
79

import numpy as np
from scipy.integrate import odeint
from scipy.integrate import simps

def mu(a,b):
return (a-b)/(1.-ax*b)

def getwow(a,b):
return a/(1.-a*x2)/bx(1.-b*x*2)

def getvm(al,vw,cs2b):
if vwx*x2<cs2b:
return (vw,0)
cc = 1.-3.*xal+vw**2*(1./cs2b+3.*al)
disc = -4.*vwx*2/cs2b+cckx*2
if (disc<0.)|(cc<0.):
return (np.sqrt(cs2b), 1)
return ((cc+np.sqrt(disc))/2.*cs2b/vw, 2)

def dfdv(xiw, v, cs2):

Krf*= -wow*getwow(vp,vm)
else:

Krf = 0
return (Ksh + Krf)/al

Do

4e

0



Compare different
methods to obtain K



Toy model 1: SM-like

SM-like

a A
F(p,T) = — ?J“T“ + Mp* = 2EP°T + p*(E*T? + o(T? — T2))) + Z(c — EX’T?
with p,=—F(0,7) and p,=—F(@,,;,, T)

Model || 3A/ay | E | d | T,/T, gy, Cob

SM, 10 0310.2| 0.9 0.0297 | 0.326
SM, 10 03 10.2| 0.8 0.0498 | 0.331
SM3 3 0310.2| 0.9 0.00887 | 0.331
SM, 3 03 10.2| 0.8 0.0149 | 0.333




Toy model 2: Two-step

Two-steq |
p(T) = 5a+T4 + (b, —c, TH?>—b%, p,(T)= §a+T4 + (b_ — c_T??* - b2
Model | b_/(/axTy) | d-/\/ay | di/v/ay | Tn/Te Qg Cob Cg,s
2Step, 0.4/v/3 0.2/4/3 | 0.1/4/3 | 0.9 | 0.0156 | 0.311 | 0.325
2Step, 0.4//3 0.2/v/3 | 0.1//3 | 0.7 | 0.0704 | 0.297 | 0.320
2Step, 0.5/v/3 0.4/v/3 | 0.2/+/3 | 0.9 |/ 0.0254 | 0.282 | 0.317
2Step, 0.5//3 0.4/v/3 | 0.2//3 | 0.7 | 0.159 | 0.245 | 0.306

S

A

0

step 2
step | (EWSB)
> h

@

o
/




6 Methods to compute K

M, (f—) K(Qgs Cs.55 Cs.b) | v
(4en) K(9)|bag

a9+1) k(o) |bag

:4-1 k() |bag

a?e 1 I{(ae)‘bag

<
ot
/‘\/‘\/"\




6 Methods to compute K

2000%
200% &
20% &

2% E

| < 0.2%] |
—2% ¢
—20% |
—200% ¢
—2000% ¢

Relative deviation from M;

2000% «
200% ¢
20% ¢

2%

| < 0.2%]| |
—2%
—20% ¢
—200% |
—2000%

SM;

SM,

SM3

SMy4

2Step,

2Step,

25tep;

2Step,

(70 = "3) wonesseya

2000% L
200%
20% &

2%

| < 0.2%]| |

—2% |
—20% ¢
—200% |
—2000% ¢

o°

= m’? ) PUqAH

o

(60 = "3) uoneuolq




A realistic model



Two-step revisited

2 A A A
tree(h S) — = _h2 + — h4 Ius 2 + —s . ﬁthz + AVh
2 4 4
Vo (h,s) = T—42N rodxleog [1 Lo x2+M5(h’”’T1 —_ N, [M3(h $) = M2 (h,s,T)
o 271.2 a ) 0 - 127 bosons a
4
Vo *T4 , 345
T =~ 790 g 8x = A
V Vtree + Vcw + Vct + VT + V5T



Two-step revisited

S
Find nucleation temperature via =~ 140
mg(GeV) | s | M || Tn(GeV) | B/H, | «. ag, cib cg,s
300 1.90 | 3.50 87.3 288 | 0.070 | 0.035 | 0.324 | 0.333
250 2.80 | 2.80 71.1 152 | 0.126 | 0.075 | 0.325 | 0.334
250 0.40 | 2.26 98.9 367 | 0.051 | 0.022 | 0.325 | 0.333
170 2.80 | 1.80 69.5 335 | 0.119 | 0.065 | 0.324 | 0.334




Effect on K

0.06

e —_— M
0.04- - M
~ | | m===- 4
0.021 //.ner- ~\ er e M
- 3
0.01 i —-—""'""/ %miﬁa&.-- — -
0.00
—  40%
- 30% -
S 20%- .
E 10% - ,.,,.»*”'/ \__M_ 1
g O% N SRR Qﬁ’&ﬂwi-nmw\"”-'-‘fq S ——— | A—
— -10%

0.4 0.5 0.6 0.7 0.8 0.9
Ew
Note that €., o« K/ m, = 170 GeV



Why Is the deviation In the
sound speed smaller?

High-temperature expansion

00
0

Vi(h S)—T—42NJ dxx*log [1 e x*+ Mg(h, $)IT?
™ ) - a +

o2T*  M2T> M’T 1T M>T?
~ Y N - + — + ) N, -
90 24 127 . 720 48
bosons a fermions

MAT M, T

—

127 127

x T

Daisy term:



Adding dark matter

0.36F A o -
I
i |
0.34 : -
&‘/ L
© 0.301
I
i | |
0.28 , _
L | .
|
Mgy, = 250GeV T, T,
026 1 ) L L 1 ) ) ) 1 L ! ) | L L ! | ) ) L 1 L T ] L n
0 20 40 60 80 100 120
T |GeV] m, = 170 GeV

Adding g4, = 20, leads to a deviation between M2 and M3 of ~ 35%



® Summary

Gravitational waves are a promising test of cosmological
phase transitions

a5 and speeds of sound : model-independent
parameterization of the hydrodynamics

Matching onto the template model gives most accurate
approximation of K, compared t‘ methods in the
literature

Soundrspeed deviation becomes stronger if additional
fermions/weakly interacting particles are present






Detonation
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