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Introduction



First detection of gravitational wave radiation!
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Einstein was right! Congrats to @NSF and @LIGO on

detecting gravitational waves - a huge breakthrough in
how we understand the universe.
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Opening a new window onto the early universe
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Primordial gravitational waves

SOUrcCeEs

huw(t, ) — V2hy,,(t,x) = MIQQ T,.(t, x)

Topological Defects | Magnetic Fields

Primordial plasma

GW bremsstrahlung
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[image: A. Stuver/LIGO]
[LIGO + Virgo Collab (1612.02029)]
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Part 1 of 3

cosmological first-order
phase transitions



Cosmological first-order phase transition

first-order

phase transition

phase dlagram (condensation)
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Question: did the cooling primordial plasma experience a phase transition?
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Thermal effective potential

free energy:

example:

Hint — _H'B

F=E-TS

@ low T: min(F) = min(E)
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thermal effective potential:

‘/eff(qbaT) — F/V

thermal effective potential

@ high T

@ low T

|

order parameter

(scalar field vev)

(Rice University)
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Types of phase transitions

Continuous Crossover First Order Phase Transition
V.« has no barrier barrier in Vg
v(T) is continuous v(T) is discontinuous

early
universe

L

thermal effective potential

order parameter v today
(scalar field vev)
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Gravitational wave sources

[Weir (2022)]
[Caprini et. al. (2015)]
[Caprini et. al. (2019)]

bubble dynamics
induce sound waves

) B  (HN\? [ ka \? [100\® [/ 0.1103,
3 components P ey (f) = 1.67x 10 ( A ) (1 + a) s 0.42 + v2 env (/)
to the GW signal: H 2 100\ 3
h Qg (f) = 2.65 x 1076 ( ) < v ) (—> Wy Sl
bubbles b l+a/ \ g« s
+ sound 5 B 4 [ H. Kiurh @\ 2 [ 100
+ turbulence h* Qe (f) = 3.35 < 10 ( B ) (1—|-—Oz) (g—* Vw Sturb (f)

37! = duration of PT; o ~ AV/T* = energy liberated; v, = wall speed
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GW signal & sensitivity

[Schwaller (2015)]
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Open questions

Ongoing work seeks to address

« How quickly and efficiently does hydrodynamic turbulence develop?

* How do we calculate Q,, for strongly-coupled phase transitions?

« How do bubbles interact with the ambient plasma?

* How do these interactions affect the (v,)?

 Can these interactions be responsible for generating other relics?
 baryon asymmetry of the universe

e dark radiation
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Part 2 of 3

bubble wall dynamics at
cosmological first-order
phase transitions

[Hoche, Kozaczuk, AL, Turner, & Wang (2007.10343)]
[Hoche, AL, Turner, & Wang (ongoing)]



Bubble wall dynamics

So we’ve nucleated a bubble ... now how quickly does it grow (v,)?

force/area = pressure

Ver(9,T) (1) runaway scenario

1 thermal pressure is negligible

N\ P P~ P,.=AV

| th
> { e
AV runaway:
Vo —> OO
a Py T

(2) terminal scenario

scalar field ¢

thermal pressure grows with v,

P%Pvac_Pth
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Calculating thermal pressure

work in wall’s rest frame & assume the wall is super-sonic (v, > ¢

o Ptherm
P ®
o —— Incident
flux
o o
Yo = 1/v/1 -2

the big question:

dF =

/d]—“ (Ap,)
d3p
(2m)°

f(p) g—;

note that: dF ~ dp, ~ y,, T = increasing with v,

how does <Ap,> scale with increasing vy,,?
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Calculating <Ap_>

[Bodeker & Moore (2009)]

suppose: a particle’s mass is lifted from m,; to m, at the wall

consider: a particle enters the bubble while remaining on-shell

AE =10
Ap, =0

_mp
2F,

— »Apz

E =+/|p|2 + m?
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note that: Ap, ~ (E))" ~ (y,)"
-> lmp')"ng I:)therm - (YW)O
= andrecall P, ~ (y,)°

=» so runaway is possible if

Pac > P

therm
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Beyond leading order

open question: what is the
impact of transition radiation?

<« <«

(¢) =0 (9) = o (¢) =0 (#) = w0

Pe
Pa
Py

<Apz> — dPa—)bl---bn Apz

L TTdmm, x (2m)2 60 (AE) 6®(Ap. ) Moy, 2
1=1

dPq—p,...b,, = Yo
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Towards an all—OI’deI‘ Calculation [Hoche, Kozaczuk, AL, Turner, Wang (2007.10343)]

result: distribution over possible
longitudinal momentum transfers

our approach 2 [
We consider an electroweak phase transition at T = 100 GeV § L F H
10 E
with the full Standard Model particle content in the plasma. = =
%3 10 ° =
We assume that the the momentum transfer at the wall may be T sl
as large as the scale of the incident particle’s momentum yT. 3 =
E 104 ? y= 1016
We account for running of the couplings between IR & UV scales. 1073 % ki
e
We numerically and analytically study the resultant showering. This can o g,

-3 -2.5 -2 -1.5 -1 -0.5 0
log,o(Ap,/(7T))

since the splitting is IR-enhanced.
(Ap.) ~ 1% X 7, T
2 m4
Pth ~ ’wa

Parametrically larger pressure than previous studies

be especially important if there are massless particles in the plasma
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Implications & ongoing work

[Hoche, Kozaczuk, AL, Turner, Wang (2007.10343)]

impact on bubble wall dynamics ongoing activities

10° 5

] —— Resummed

Whereas our study focused on the physics of the shower,
it didn't account for a possible UV momentum cutoff
associated with the finite wall thickness.

1 —— Fixed order, no log

Q)

We're continuing to study what impact this ‘form factor

= 102 | suppression is expected to have on <Ap,>.
I
. We're also exploring how alternative formalisms
- 100 + (e.g., semi-classical current)
lead to consistent results for <Ap,>.
107 1

1072 1071 109 101 102

~ AV/T*

Thermal pressure is enhanced due to transition radiation.
Bubble wall terminal velocity is decreased (black curves).
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Part 3 of 3

dark relics from
cosmological
phase transitions

[Bai & AL (2018)]
[Bai, AL, & Lu (2018)]
[Bai, AL, & Lu (2020)]



Dark matter from first-order phase transitions

motivation

A 15t order PT can be abrupt, making it a
natural environment in which to investigate
the origin of cosmological relics,
such as dark matter, through out-of-
equilibrium processes

Gravitational waves & dark sectors

quark nuggets

PT after freeze out
PT-induced freeze out
TeV WIMPs from EWPT
dynamic freeze-in

VEV flip-flop
super-cool dark matter
dark quark nuggets
asymmetric DM
filtered dark matter
relativistic bubbles

some examples

Witten (1984)

Cohen, Morrissey, & Pierce (2008)

Chung, AL, & Wang (2011)

Falkowski & No (2012)

Baker, Breitbach, Kopp, & Mittnacht (2017)
Baker & Mittnacht (2018)

Hambye, Strumia, & Teresi (2018)

Bai, AL, & Lu (2018)

Hall, Konstandin, McGhee, & Murayama (2019)
Baker, Kopp, & AL (2020)

Azatov, Vanvlasselaer, & Yin (2021)
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Witten’s nuggets of quark matter

(1) Bubbles of
hadronic phase
nucleate in the
background quark-
gluon plasma.

TQCD ~nJs 100 MeV
(qg) =0
Yg ~ 10

p Nugget of quark matter

Fraction of dark baryon number stored in nuggets:

Gravitational waves & dark sectors

fnug: 1_ffree%1_

NbaryNd \/ﬁ mp, 3/26_de/TC
Ny 3¢(3) \ T.

fraction of dark baryon number stored in nuggets

=2, Nf=
=2, Nf=
=2, Np=4

B wN

=3, Nf=

o2l anugget of quarkmhatter, |
survives as a relicolth& PT

2 4 6 8 10 12

dark baryon mass: me, / Tc

[Witten (1984)]

Suppose
that the
cosmological
QCD phase
transition
was 1st
order.

Andrew Long (Rice University)



Nuggets of dark quark matter?

[Pisarski & Wilczek (1984)]
[Frieman & Giudice (1990)]

going BSM for confinement

e technicolor

the SM fails to create nuggets + composite Higgs
* twin Higgs
> zoo';*b e 5 e ™ *  SUSY-breaking sectors
= [ ' Quarks and Gluons - dark QCD
= = Critical pomt »
2 a 3 ' . e - chiral phase transition in dark QCD
= o, L A
E ? 15F .
- - 14+
L 100.1 2 Hadrons sl
= . c w 12fF
@ & S L
: QY b ’ % 10F ER
. ) Color Super- = ol ]
/ ¢ = Neutron stafs conductor? g ef . confinement
0 Py 7 = ' ~ via 1st
Nuclel Net Baryon Density g ¢ . via 1% order PT
a 5k 151
. . g 4+ 151
lattice studies 5 o i s
& heavy-ion experiment e e R 2= Ny e
. 1+ I crgss - not first order |
tell us: QCD is a crossover 2 3 ,

H of colors of dark QCD: Ny
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Properties of dark quark nuggets [Bai, AL, & Lu (1810.04360)]

(bubble wall surface tension, o, relates to the bubble nucleation rate)

Mass Radius
-3 , ~ \9/2 —-1/3 —1 , ~ \3/2
T. o B T o
M, ~ (2.06 x 101 e — R ~ (0.08 cm) | ————— 2 —
aqn = ( 8\ o1 cev 0.1 aqn = ( ) (0.1 GeV)? 0.1 GeV 0.1
typical dark quark nugget mass typical dark quark nugget radius
1028 : - - 102 1012 p - - - 110-2
1024 L excluded by microlensing (Subaru-HSC) {1048 8 .
1020} {10% 1071 e
Jq0%0 — al -10 =
_ 10Tt 107 2 — 10 110710 <
D o2t 11036 © S >
— O o 1} 110-14 8
2 = |
z 108} {10 I =
g 1041 11028 é 5 10 110~ z
1 110 = | | qo8) f1022 2
10741 QdQNh2 =012 11020 12 QdQNh2 =0.12
108) &= 018 TP 11016 0 G208 TR 1107%
10-12 pLosumes Tye=To, g =10 11012 10-16 |, 3ssumes: Tyc=Tc. 9x=10,B= T‘é 10-30
keV MeV GeV TeV PeV keV MeV GeV TeV PeV
dQCD phase transition temperature: T, dQCD phase transition temperature: T,
lg~6x10* GeV/c? 1My ~ 1 x 10°7 GeV/c?
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[Bai, AL, & Lu (2003.13182)]

Astrophysical signatures
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Gravitational wave signatures

expected signal & sensitivities
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Peak freq. is controlled by Hubble scale at time of production.
Depending on the symmetry breaking scale, the signal could

show up at pulsar timing arrays or space-based interferometers.
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[Bai, AL, & Lu (1810.04360)]

analytical estimates
= s 0) (850 (7)o () (erin)

p e « \ Y
o= o) - () GB) (i) (i)™

discussion

The degrees of freedom are strongly coupled
at the confining phase transition, making
robust estimates challenging.

More work is needed to accurately estimate
parameters of the phase transition
-- e.g., duration, latent heat -
to derive robust predictions for GW signal.
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Summary
&
Conclusion



Observations of GW radiation will allow us to open a new window onto the early universe
« Space-based interferometers like LISA have a huge potential for discovery

Cosmological first-order phase transitions are an outstanding GW source candidate
« QGravitational wave spectrum (peak freq.) bears the imprint dark sector scale of new physics

Ongoing work to understand the interactions of ultra-relativistic bubble walls with the
ambient plasma is needed to establish robust predictions for GWs and assoc. relics

 Specifically, taking into account beyond-leading-order effects (multiple soft radiations)

First-order phase transitions are a natural environment in which to form cosmological relics
« Forinstance, giving rise to macroscopic, composite dark matter such as dark quark nuggets
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