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First detection of gravitational wave radiation!



Andrew Long   (Rice University)Gravitational waves & dark sectors

Opening a new window onto the early universe
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Primordial gravitational waves
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ḧµ⌫(t,x)�r2hµ⌫(t,x) = M�2
pl Tµ⌫(t,x)

[image:  A. Stuver/LIGO]
[LIGO + Virgo Collab (1612.02029)]
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Figure 5. Portions of slices through a three-dimensional &eld–'uid simulation, with hotter (red) colours indicating relatively
higher 'uid kinetic energies. Here,αT∗ ≈ 0.01 andvw ≈ 0.68. The slice at (a) showsmostly uncollided bubbles, while the slice
at (b) is from long after the bubbles have collided.

larger than it should be, relative to that sourced by τ f
ij. When extrapolating from the results of

numerical simulations, then, τ
φ
ij is not included as a source of gravitational waves.

For further details about simulating the system of equations (4.2) and (4.3), see [53–55]
(spherically symmetric simulations) and [56–59] (in three separate spatial dimensions). Portions
of a slice through some of the latest three-dimensional simulations are shown in figure 5.

5. Gravitational wave production processes
Based on the simulation results described in the previous section and additional analytical
calculations and modelling, we can now present some ansätze for the resulting gravitational wave
power spectrum. We follow the discussion in [2], updated to incorporate recent results [59].

The production of gravitational waves at a first-order phase transition can be separated into
three stages.

— The first is the initial collision of the scalar field shells, which is of limited duration
and generally subdominant unless the fluid efficiency is low or the system undergoes
a vacuum transition in the absence of a thermal plasma. The gravitational wave power
spectrum sourced by this stage is often denoted Ωenv.

— After the bubbles have merged, the wave of fluid kinetic energy in the plasma continues
to propagate outwards into the broken phase. Without the driving force of the scalar field
bubble wall, these waves travel at the speed of sound in the plasma. As the shells of
kinetic energy from different bubbles overlap, gravitational waves are produced.1 The
power spectrum produced by this source is denoted Ωsw.

— Finally, the acoustic phase may give way to shocks [60] and a turbulent regime [47,61–64].
The power spectrum is expected from analytical calculations to be rather different in this
regime, but no simulations have yet captured time and length scales adequate to probe
the onset of turbulence. We denote the resulting power spectrum Ωturb.

Peaking at different length scales, and on different time scales, the three sources are expected
to approximately sum together:

ΩGW = Ωenv + Ωsw + Ωturb. (5.1)

Each source will contribute to a different extent, depending on the exact details of the phase
transition in question. For simplicity, we assume that the bubble wall does not run away, nor that it

1Note that, for deflagrations, this sourcing of gravitational waves from overlapping sound shells may start before the scalar
field walls collide, but as the source persists long after the initial collisions, we neglect this transient effect.
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Cosmological first-order phase transition
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Question: did the cooling primordial plasma experience a phase transition?
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Thermal effective potential

7

<latexit sha1_base64="NCPAZF6+8KK/sW2ymfbWfx/1Ea0=">AAABjXicZY7JSgNBEIar4xbjklGPXhrn4kHDjEQFUQmKC54iZgMnhJ5OZWjSs6S7RwxhXsKn8apv4dsYdS4m3+njryr+8hMptHGcL1JYWFxaXimultbWNzbL1tZ2S8ep4tjksYxVx2capYiwaYSR2EkUstCX2PaH1z/z9gsqLeKoYcYJdkMWRGIgODPTqGcdeAZfzcTTIZOSDhQixQhVMD7LqDcapaxPb+kFvaGHtPHUs2yn4vxC58XNxYaces968PoxT0OMDJdM62fXSUx3wpQRXGJW8lKNCeNDFuAkHOemZ3ODKtTZtNydrZqX1lHFPalUH6t27Sp/owi7sAf74MIp1OAe6tAEDm/wDh/wScrkmJyTy7/VAslvduAf5O4bICRnPQ==</latexit>

free energy: F = E � TS

@ low T:  min(F) = min(E)

@ high T:  min(F) = max(S)

example:
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thermal effective potential:

Ve↵(�, T ) = F/V
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Types of phase transitions
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Continuous Crossover
Veff has no barrier
v(T) is continuous

First Order Phase Transition
barrier in Veff
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Gravitational wave sources
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[Weir (2022)]
[Caprini et. al. (2015)]
[Caprini et. al. (2019)]
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Figure 5. Portions of slices through a three-dimensional &eld–'uid simulation, with hotter (red) colours indicating relatively
higher 'uid kinetic energies. Here,αT∗ ≈ 0.01 andvw ≈ 0.68. The slice at (a) showsmostly uncollided bubbles, while the slice
at (b) is from long after the bubbles have collided.

larger than it should be, relative to that sourced by τ f
ij. When extrapolating from the results of

numerical simulations, then, τ
φ
ij is not included as a source of gravitational waves.

For further details about simulating the system of equations (4.2) and (4.3), see [53–55]
(spherically symmetric simulations) and [56–59] (in three separate spatial dimensions). Portions
of a slice through some of the latest three-dimensional simulations are shown in figure 5.

5. Gravitational wave production processes
Based on the simulation results described in the previous section and additional analytical
calculations and modelling, we can now present some ansätze for the resulting gravitational wave
power spectrum. We follow the discussion in [2], updated to incorporate recent results [59].

The production of gravitational waves at a first-order phase transition can be separated into
three stages.

— The first is the initial collision of the scalar field shells, which is of limited duration
and generally subdominant unless the fluid efficiency is low or the system undergoes
a vacuum transition in the absence of a thermal plasma. The gravitational wave power
spectrum sourced by this stage is often denoted Ωenv.

— After the bubbles have merged, the wave of fluid kinetic energy in the plasma continues
to propagate outwards into the broken phase. Without the driving force of the scalar field
bubble wall, these waves travel at the speed of sound in the plasma. As the shells of
kinetic energy from different bubbles overlap, gravitational waves are produced.1 The
power spectrum produced by this source is denoted Ωsw.

— Finally, the acoustic phase may give way to shocks [60] and a turbulent regime [47,61–64].
The power spectrum is expected from analytical calculations to be rather different in this
regime, but no simulations have yet captured time and length scales adequate to probe
the onset of turbulence. We denote the resulting power spectrum Ωturb.

Peaking at different length scales, and on different time scales, the three sources are expected
to approximately sum together:

ΩGW = Ωenv + Ωsw + Ωturb. (5.1)

Each source will contribute to a different extent, depending on the exact details of the phase
transition in question. For simplicity, we assume that the bubble wall does not run away, nor that it

1Note that, for deflagrations, this sourcing of gravitational waves from overlapping sound shells may start before the scalar
field walls collide, but as the source persists long after the initial collisions, we neglect this transient effect.
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��1 = duration of PT; ↵ ⇠ �V/T 4 = energy liberated; vw = wall speed

3 components
to the GW signal:

bubbles 
+ sound 

+ turbulence
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GW signal & sensitivity
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[Schwaller (2015)]
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Ongoing work seeks to address

• How quickly and efficiently does hydrodynamic turbulence develop?
• How do we calculate Wgw for strongly-coupled phase transitions?
• How do bubbles interact with the ambient plasma?  
• How do these interactions affect the bubble wall dynamics (vw)?  
• Can these interactions be responsible for generating other relics?

• baryon asymmetry of the universe
• dark matter
• dark radiation 

• …
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bubble wall dynamics at
cosmological first-order 

phase transitions

[Hoche, Kozaczuk, AL, Turner, & Wang (2007.10343)]
[Hoche, AL, Turner, & Wang (ongoing)]
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So we’ve nucleated a bubble … now how quickly does it grow (vw)?  
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force/area = pressure

scalar field  f

Veff(f,T)
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�V

(1) runaway scenario

(2) terminal scenario
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P ⇡ Pvac = �V
thermal pressure is negligible

thermal pressure grows with vw
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P ⇡ Pvac � Pth
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runaway:

(
vw ! c

�w ! 1

<latexit sha1_base64="uGdzpUiFHXOjJ+osCJST8tuhwGY=">AAABjXicZY5NT8JAEIZn8Qvxg6pHL0QuHgxpDWBijCHxoPGEiXwkljTbdcQNu22zO6CE9E/4a7zqv/DfWLAX4Z3DPJl5J++EiZKWXPeHFdbWNza3itulnd29/bJzcNi18dgI7IhYxaYfcotKRtghSQr7iUGuQ4W9cHQz3/cmaKyMo0eaJjjQfBjJFyk4ZaPAOfMJ32lGaLSMuLpMK35Wk+Ct4lOcdV9zejV6YUgDp+rW3IUqq+DlUIVc7cC5959jMdYYkVDc2ifPTWgw44akUJiW/LHFhIsRH+JMT3Oyy/N5tp2He8tRq9A9r3nNWv2hXm018zeKcAwncAoeXEAL7qANHRDwAZ/wBd+szBrsil3/WQssvzmCf2K3vwuOaSU=</latexit>

terminal: vw ! vterm
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work in wall’s rest frame & assume the wall is super-sonic (vw > cs)

<latexit sha1_base64="bVOiuksQMSOM9RoH32jSXA08wDQ=">AAABYnicZY67TgJBFIbP4AVcb4uUWhi3sdrMGIItkcZYYXSBRMhmdjxuJsxeMjOLIYRHsNVns/dBRJ1G+Kov/zkn/0lKJY2l9JPUtrZ3duuNPW//4PDo2G+eDExRaYGRKFShRwk3qGSOkZVW4ajUyLNE4TCZ9n7mwxlqI4v80c5LnGQ8zeWLFNyuoodZ/Br7AQ3pL+ebwpwE4OjH/t34uRBVhrkVihvzxGhpJwuurRQKl964MlhyMeUpLrK5M7OeW9SZWa7K2XrVpgyuQtYJ2/ftoHvj3mjAKVzAJTC4hi7cQh8iEJDCG7zDB3wRjzRJ62+1RtxNC/5Bzr4BFilYtQ==</latexit>vw

<latexit sha1_base64="xRERElNi2l+1OfzRD2KPAvILY/o=">AAABr3icZY5LS8NAFIVv6qvWV9Slm9FuXEhJpOhKKCoiLqSCfYBT42R6bYfOJGFmItSQf+Wf0a3+EGuNC9uz+jjnXs4JEymM9bx3p7SwuLS8Ul6trK1vbG652zttE6eaY4vHMtbdkBmUIsKWFVZiN9HIVCixE44ufvLOC2oj4ujejhPsKTaIxLPgzE6swL1tBlQxO9Qqs0PUKidnhIrIErpP/oJ+PiXOZHaVE3pEqGTRQCKhlygtI0nwSqieWoFb9WreVGQe/AKqUKgZuDe0H/NUYWS5ZMY8+F5iexnTVnCJeYWmBhPGR2yAmRoXZGZ9O1lu8km5P1s1D+3jmn9Sq9/Vq43zYkYZ9uAADsGHU2jANTShBRze4AM+4cvxnY7z6Dz9npac4mcX/skR31iJdiY=</latexit>

Ptherm =

Z
dF h�pzi

<latexit sha1_base64="Wtdi/Lut228GThWqlRzx2GX5i0c=">AAABu3icZY7LTsJAGIX/4g3xVnXpppENJIa0QHRFQjQa4woTuUQHmukw4MhMO5mZkmDTd/M1fAG3+ggKNDHiWX055z85fyA508Z1363c2vrG5lZ+u7Czu7d/YB8edXQUK0LbJOKR6gVYU85C2jbMcNqTimIRcNoNJlfzvDulSrMofDAzSfsCj0M2YgSbH8u3H5HA5lmJZJguiGCe3KROw0EjhUnymw5qDpJTStKkVEWSlQe11EFnzqi0cMtzXlak/5om175MfbvoVtyFnP/gZVCETC3fvkPDiMSChoZwrPWT50rTT7AyjHCaFlCsqcRkgsc0EbOM9KpvqBJ6Pu6tTv2HTrXinVfq9/Vi8zJ7Iw8ncAol8OACmnALLWgDgTf4gE/4shoWsV4svjzNWVnnGP7Iir8B5UB69g==</latexit>

dF =
d3p

(2⇡)3
f(p)

pz
Ep

Incident 
flux

note that:   dF ~ dpz ~ gw T è increasing with gw

the big question:  how does <Dpz> scale with increasing gw?

<latexit sha1_base64="qT7RFzvBbKvWLwsNTp6Nen0JEGQ=">AAABfHicZY5NS8NAEIYn9avWr6jHXoLxIEhjtpR6EgpexFMF0xZMDZt1LEt3k7i7aSmhB3+NV/05/hnRai62z+nhnRneiTPBtfH9T6uytr6xuVXdru3s7u0f2IdHPZ3mimHAUpGqQUw1Cp5gYLgROMgUUhkL7Mfj68W8P0GleZrcm1mGQ0lHCX/mjJqfKLLr4YhKSaOpc+WQi1C/KFOQxiSaPjbnke36nv+LsyqkFBdKupF9Gz6lLJeYGCao1g/Ez8ywoMpwJnBeC3ONGWVjOsJCzkrTy7lBJfWinCxXrUqv6ZG217pruR2/fKMKdTiBMyBwCR24gS4EwOAV3uAdPuDLOrXOrcbfasUqb47hH1b7G1ryYeI=</latexit>

�w = 1/
p

1� v2w
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suppose: a particle’s mass is lifted from m1 to m2 at the wall

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

[Bodeker & Moore (2009)]

<latexit sha1_base64="iKQ6OrEZ70MGzK0urNVKFEkrKZ0=">AAABbHicZY7LSsNAFIbP1EtrvcXLrgjBgLgKk1J0JQRUEFcVTFswoUzGYxk6uTgzKZTS53Crj+VL+AxWnY3tt/r4zzn8Jy2l0IbST1JbW9/YrDe2mts7u3v7zsFhTxeV4hjxQhZqkDKNUuQYGWEkDkqFLEsl9tPx9c+8P0GlRZE/mmmJScZGuXgRnJlFlMQ3KA1zb90rl7pDx6M+/cVdlcCKB5bu0LmPnwteZZgbLpnWTwEtTTJjyggucd6MK40l42M2wlk2taaXc4Mq0/NFebBctSq9th9c+J2HjheG9o0GtOAUziGASwjhDroQAYdXeIN3+IAvckxa5ORvtUbszRH8g5x9A7zcW0M=</latexit>

�E = 0
<latexit sha1_base64="WEiuarX0lk1GIvFo0YIIYUW7MOM=">AAABeHicZY5NS8NAEIZn61etX1EPHrws5qBeyqYUPQkBPYinCqYtmBI261iWbpJld1MoJb/Gq/4g/4onq+Zi+5we3pnhnVQraR1jn6Sxtr6xudXcbu3s7u0feIdHfVuURmAkClWYYcotKplj5KRTONQGeZYqHKST25/5YIrGyiJ/cjONo4yPc/kqBXeLKPFO4jtUjtNYT1EksUaj6Q1lNPF81ma/0FUJavGhppd4D/FLIcoMcycUt/Y5YNqN5tw4KRRWrbi0qLmY8DHOs1ltdjl3aDJbLcqD5apV6XfawVW7+9j1w7B+owmncAYXEMA1hHAPPYhAQAVv8A4f8EUoOSeXf6sNUt8cwz9I5xv7pGAP</latexit>

�p? = 0
<latexit sha1_base64="3PShYen7ibX5yZkOG+VykoJCnYk=">AAABe3icZY7LSsNAFIbP1Futl0bd6SaYjaiEJFQFQSiIIK4qmLZg2jAZj2Xo5OLMpFDSgk/jVl/HhxG0mo3tt/r4zzn8J8oEV9pxPkllaXllda26XtvY3NquGzu7bZXmkqHPUpHKbkQVCp6gr7kW2M0k0jgS2ImG17N5Z4RS8TR50OMMezEdJPyZM6p/otDYvzGvzEC9SF1MgmyEbNL3zBMz7nvT0LAc2/nFXBS3FAtKWqFxFzylLI8x0UxQpR5dJ9O9gkrNmcBpLcgVZpQN6QCLeFyams81yljNyt35qkVpe7Z7bjfuG1bzsnyjCgdwCEfgwgU04RZa4AODV3iDd/iAL2KRY3L6t1oh5c0e/IOcfQOhCWFS</latexit>

E =
p

|p|2 +m2

<latexit sha1_base64="TOY/y7j04Qs/ZDjDodOAXQ/M+5U=">AAABiXicZY7LSgMxFIZPvNbWy6hLN8FuurFMhqIiCIUqiKsK9gJOGzIxLaHJTEhSoQ59BZ/Grb6Hb6PV2dh+q4//nMN/EqOk82H4hdbWNza3tks75cru3v5BcHjUddnUctHhmcpsP2FOKJmKjpdeib6xgulEiV4yaS3mvRdhnczSRz8zYqDZOJUjyZn/iWhQi2+E8gwb+oqvcTyyjOeaRsMIn2FNyTCa5xG+pWZOg2pYD3/Bq0IKqUJBmwb38XPGp1qknivm3BMJjR/kzHrJlZiX46kThvEJG4tczwpzy7kXVrtFOVmuWpVuVCfn9cZDo9psFm+U4AROoQYELqAJd9CGDnB4g3f4gE9UQQRdoqu/1TVU3BzDP1DrGyiqZQ0=</latexit>

�pz =
m2

2 �m2
1

2Ep

note that:   Dpz ~ (Ep)-1 ~ (gw)-1

è implying Ptherm ~ (gw)0

è and recall Pvac ~ (gw)0

è so runaway is possible if

Pvac > Ptherm
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open question:  what is the 
impact of transition radiation?  

[Bodeker & Moore (2017)]
[Prokopec, Rezacek, & Swiezewska (2018)]

[Azatov & Vanvlasselaer (2020)]
[Azatov, Vanvlasselaer, & Yin (2021)]

[Gouttenoire, Jinno, Sala (2022)]
[De Curtis et. al. (2022)]
[Laurent & Cline (2022)]

[Azatov et. al. (2022)]

〈φ〉 = 0 〈φ〉 = ϕ0

pa

〈φ〉 = 0 〈φ〉 = ϕ0

pb

pc

v v

<latexit sha1_base64="b3S3W8+dFBa1THx/ROrMeCPeCNo=">AAABvnicZY7LTsMwEEUn5VXKK8CSjaEbFqhKUAUrpEiwQKyKRB8SriLHnRardhzZLqJE+Tq+gk9gCz9AKVlAe1dH987MnSSTwrogePcqK6tr6xvVzdrW9s7unr9/0LF6Yji2uZba9BJmUYoU2044ib3MIFOJxG4yvv7Ju89orNDpg5tm2FdslIqh4MzNrNjvU8nSkURCb1A6RrL4lVDza10RKlJH6DGhirkno/JBMackyVtFnDPqNEnikFA+0M7OMC0IPftzKvbrQSOYiyxDWEIdSrVi/44ONJ8oTB2XzNrHMMhcP2fGCS6xqNGJxYzxMRthrqYl2UXfoVG2mJWHi1XL0DlvhBeN5n2zHkXlG1U4ghM4hRAuIYJbaEEbOLzBB3zClxd5Q095+ne04pU7h/BP3ss3qu57TA==</latexit>

h�pzi =
Z

dPa!b1···bn �pz
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[Hoche, Kozaczuk, AL, Turner, Wang (2007.10343)]

k⊥,0 = 10−3
γT

T = 100 GeV, full SM

γ = 101

γ = 102

γ = 104
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γ = 1016
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/
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(∆

p z
/
(γ

T
))

We consider an electroweak phase transition at T = 100 GeV 
with the full Standard Model particle content in the plasma.

We assume that the the momentum transfer at the wall may be 
as large as the scale of the incident particle’s momentum gT.

We account for running of the couplings between IR & UV scales.

We numerically and analytically study the resultant showering.  This can 
be especially important if there are massless particles in the plasma 
since the splitting is IR-enhanced.  

result: distribution over possible 
longitudinal momentum transfers

our approach

<latexit sha1_base64="Wv0H9pirCSDvva8R1b0/EutCAE8=">AAABmXicZY67TsMwFIZPyq2UW4Cxi0WFxFQlqAIGhiIYqk5F9CbhKnLMIbJqJ5btAKXqq/A0rLDzNhTIQvtNn/5zjv4TaymsC4Ivr7Syura+Ud6sbG3v7O75+wd9m+WGY49nMjPDmFmUIsWeE07iUBtkKpY4iMfXP/PBExorsrTrJhpHiiWpeBScuXkU+RdUsjSRSOgNSseIjl4JNUXEtDbZCwnpMaFOKLSEJkwpFj2TbuTXgnrwC1mWsJAaFHQiv00fMp4rTB2XzNr7MNBuNGXGCS5xVqG5Rc34mCU4VZPC7GLu0Cg7m5eHi1XL0j+th2f1xm2j1rws3ihDFY7gBEI4hya0oAM94PAG7/ABn17Vu/JaXvtvteQVN4fwD+/uG2G+bIk=</latexit>

h�pzi ⇡ 1%⇥ �wT
<latexit sha1_base64="B09j+0pJ3sVqiXQ12jGTbnh1XBc=">AAABgnicZY67TsNAEEVnQ4AQXgZKGoMbRBHZwYImRSQaRGWkvCScWOtlSFbZta3dNSiyXPM1tPAt/A0B3JCc6ujOjO7EmeDauO4XqW3UN7e2GzvN3b39g0Pr6Hig01wx7LNUpGoUU42CJ9g33AgcZQqpjAUO4/ntz3z4gkrzNOmZRYZjSacJf+aMmmUUWWdBFEpqZkoWZlbaoebSDqdUShq9Ttp2b+JHluO23F/sdfEqcaAiiKz78CllucTEMEG1fvTczIwLqgxnAstmmGvMKJvTKRZyUZlezQ0qqctlubdatS6Ddsu7bvkPvtPtVG804BTO4QI8uIEu3EEAfWDwBu/wAZ+kTi6JR67+VmukujmBf5DONwodY9k=</latexit>

Pth ⇠ �2
wT

4

Parametrically larger pressure than previous studies
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impact on bubble wall dynamics

[Hoche, Kozaczuk, AL, Turner, Wang (2007.10343)]
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∞ e
q

h¡i/T
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h¡i
/T

=
3

h¡i/T
= 5

Resummed

Fixed order, no log

##

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.  

We’re continuing to study what impact this `form factor` 
suppression is expected to have on <Dpz>.

We’re also exploring how alternative formalisms 
(e.g., semi-classical current) 

lead to consistent results for <Dpz>.

ongoing activities

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

<latexit sha1_base64="Sn8BbUg50MfTFQlH1LTUrSjz6Z4=">AAABdHicZY5NS8NAEIZn61etX9Ee9RAMgqeYlKCXHgp6EE8VmrRgatisY1m6m4TdTSGU/hav+pP8I56tmovtc3p4Z4Z30kJwbTzvkzQ2Nre2d5q7rb39g8Mj6/gk0nmpGIYsF7kapVSj4BmGhhuBo0IhlanAYTq9/ZkPZ6g0z7OBqQocSzrJ+Ctn1CyjxGrHmks7vkNhqB3ZV/bgOUgsx3O9X+x18WtxoKafWA/xS85KiZlhgmr95HuFGc+pMpwJXLTiUmNB2ZROcC6r2vRqblBJvViW+6tV6xJ1XP/aDR4Dp9et32jCKZzDJfhwAz24hz6EwKCCN3iHD/giZ8QhF3+rDVLftOEfxP0Gc/VeCg==</latexit>

⇠ �V/T 4

<latexit sha1_base64="uwt9xhwWn9INVouEk3qtJAMwunU=">AAABgHicZY7LTgIxFIZP8YZ4YdSlCxvZsBGmhGhiNCFxY1xhIpfEwUmnHklDOzO2HQghLH0at/owvo2isxG+1Zf/nJP/RKmS1vn+FymsrW9sbhW3Szu7e/tl7+Cwa5PMCOyIRCWmH3GLSsbYcdIp7KcGuY4U9qLRzWLeG6OxMokf3DTFgebDWL5Iwd1PFHonwZBrzcMJvaaM1mlgX42bMXpGx+HkqTEPvYpf83+hq8JyqUBOO/TugudEZBpjJxS39pH5qRvMuHFSKJyXgsxiysWID3Gmp7nZ5dyh0XZRzparVqXbqLHzWvO+WWld5W8U4RhOoQoMLqAFt9CGDgh4g3f4gE9SIFVSJ+xvtUDymyP4B7n8BmR3YZc=</latexit> � w
=

1/
p

1
�

v2 w

<latexit sha1_base64="SMN5jJ7gCsronX/LJzHgrWiRhu4=">AAABhXicZY7LTsJAFIbP4AXEW9Wlm8a6cGPTEoJLSdwYV5hYILGkmY5HmDDTmcwMREJ4AZ/Grb6Jb6NoEyN8qy//OSf/ybXg1kXRJ6lsbG5tV2s79d29/YND7+i4a9XEMEyYEsr0c2pR8AITx53AvjZIZS6wl49vlvPeFI3lqnhwM40DSYcFf+aMuu8o8847WSqpGxk5n1K28FOqtVEv/l/sRovMC6Iw+sFfl7iUAEo6mXeXPik2kVg4Jqi1j3Gk3WBOjeNM4KKeTixqysZ0iHM5K82u5g6NtMvyeLVqXbqNMG6Fzftm0G6Ub9TgFM7gAmK4gjbcQgcSYPAKb/AOH6RKLkmTtH5XK6S8OYF/kOsv48RmOQ==</latexit>

Pvac ⇡ Pth
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dark relics from 
cosmological 

phase transitions

[Bai & AL (2018)]
[Bai, AL, & Lu (2018)]
[Bai, AL, & Lu (2020)]
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A 1st 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

motivation some examples

quark nuggets Witten (1984)
PT after freeze out Cohen, Morrissey, & Pierce (2008)
PT-induced freeze out Chung, AL, & Wang (2011)
TeV WIMPs from EWPT Falkowski & No (2012)
dynamic freeze-in Baker, Breitbach, Kopp, & Mittnacht (2017)
VEV flip-flop Baker & Mittnacht (2018)
super-cool dark matter Hambye, Strumia, & Teresi (2018)
dark quark nuggets Bai, AL, & Lu (2018)
asymmetric DM Hall, Konstandin, McGhee, & Murayama (2019)
filtered dark matter Baker, Kopp, & AL (2020)
relativistic bubbles Azatov, Vanvlasselaer, & Yin (2021)
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Suppose 
that the 

cosmological 
QCD phase 
transition 

was 1st
order.

(1)  Bubbles of 
hadronic phase 
nucleate in the 

background quark-
gluon plasma.

quark-gluon 
plasma phase

hadronic
(confined) 

phase

a nugget of quark matter
survives as a relic of the PT

(2)  Hadronic-phase 
bubbles grow, 

collide, and merge

(3) Baryon-number is 
collected into 

collapsing pockets of 
quark-gluon plasma.

(4)  Stable “nuggets” 
of quark matter are 

supported by 
degeneracy pressure.  

fnug = 1� ffree ⇡ 1� NbaryNd

Nf

p
2⇡

3⇣(3)

✓
mBd

Tc

◆3/2

e�mBd
/Tc

<latexit sha1_base64="F9WHz01/ZLBqCJfjntE84dHvQtc="></latexit><latexit sha1_base64="F9WHz01/ZLBqCJfjntE84dHvQtc="></latexit><latexit sha1_base64="F9WHz01/ZLBqCJfjntE84dHvQtc="></latexit><latexit sha1_base64="F9WHz01/ZLBqCJfjntE84dHvQtc="></latexit>

Fraction of dark baryon number stored in nuggets:
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fraction of dark baryon number stored in nuggets

Nd = 2, Nf = 2
Nd = 2, Nf = 3
Nd = 2, Nf = 4
Nd = 3, Nf = 2
Nd = 3, Nf = 3
Nd = 3, Nf = 4
Nd = 6, Nf = 2
Nd = 6, Nf = 3
Nd = 6, Nf = 4

Nugget of quark matter

u
<latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit><latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit><latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit><latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit> d

<latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit><latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit><latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit><latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit>s
<latexit sha1_base64="Q0alVrum6RuiZA0CQ2JUFoa04mE=">AAACVXiclVBNSwJBGJ7dzMw+1Dp2WZKgU7sbUZ1CqEOXQKFVwSRmx1cdnI9lZrYS8Rd0rd8W/ZigUfeQ1qUXBh6eD953njhhVJsg+HTctdx6fqOwWdza3tktlSt7TS1TRSAikknVjrEGRgVEhhoG7UQB5jGDVjy6numtJ1CaSnFvxgl0OR4I2qcEG0s19GO5GpwE8/F+gzADVZRN/bHiXD30JEk5CEMY1roTBonpTrAylDCYFh9SDQkmIzyAjoUCc9DdyfzSqXdkmZ7Xl8o+Ybw5+zMxwVzrMY+tk2Mz1KvajPxL66Smf9mdUJGkBgRZLOqnzDPSm33b61EFxLCxBZgoam/1yBArTIwtZ2mLH2lL+Vj0FDwzKQb+jZJJLF/8O6qJz8eZUU//F7OLuM0UbePhar+/QfP0JLS4cVatnWfdF9ABOkTHKEQXqIZuUR1FiCBAr+gNvTsfzpebc/MLq+tkmX20NG7pG6HQtNs=</latexit><latexit sha1_base64="Q0alVrum6RuiZA0CQ2JUFoa04mE=">AAACVXiclVBNSwJBGJ7dzMw+1Dp2WZKgU7sbUZ1CqEOXQKFVwSRmx1cdnI9lZrYS8Rd0rd8W/ZigUfeQ1qUXBh6eD953njhhVJsg+HTctdx6fqOwWdza3tktlSt7TS1TRSAikknVjrEGRgVEhhoG7UQB5jGDVjy6numtJ1CaSnFvxgl0OR4I2qcEG0s19GO5GpwE8/F+gzADVZRN/bHiXD30JEk5CEMY1roTBonpTrAylDCYFh9SDQkmIzyAjoUCc9DdyfzSqXdkmZ7Xl8o+Ybw5+zMxwVzrMY+tk2Mz1KvajPxL66Smf9mdUJGkBgRZLOqnzDPSm33b61EFxLCxBZgoam/1yBArTIwtZ2mLH2lL+Vj0FDwzKQb+jZJJLF/8O6qJz8eZUU//F7OLuM0UbePhar+/QfP0JLS4cVatnWfdF9ABOkTHKEQXqIZuUR1FiCBAr+gNvTsfzpebc/MLq+tkmX20NG7pG6HQtNs=</latexit><latexit sha1_base64="Q0alVrum6RuiZA0CQ2JUFoa04mE=">AAACVXiclVBNSwJBGJ7dzMw+1Dp2WZKgU7sbUZ1CqEOXQKFVwSRmx1cdnI9lZrYS8Rd0rd8W/ZigUfeQ1qUXBh6eD953njhhVJsg+HTctdx6fqOwWdza3tktlSt7TS1TRSAikknVjrEGRgVEhhoG7UQB5jGDVjy6numtJ1CaSnFvxgl0OR4I2qcEG0s19GO5GpwE8/F+gzADVZRN/bHiXD30JEk5CEMY1roTBonpTrAylDCYFh9SDQkmIzyAjoUCc9DdyfzSqXdkmZ7Xl8o+Ybw5+zMxwVzrMY+tk2Mz1KvajPxL66Smf9mdUJGkBgRZLOqnzDPSm33b61EFxLCxBZgoam/1yBArTIwtZ2mLH2lL+Vj0FDwzKQb+jZJJLF/8O6qJz8eZUU//F7OLuM0UbePhar+/QfP0JLS4cVatnWfdF9ABOkTHKEQXqIZuUR1FiCBAr+gNvTsfzpebc/MLq+tkmX20NG7pG6HQtNs=</latexit><latexit sha1_base64="Q0alVrum6RuiZA0CQ2JUFoa04mE=">AAACVXiclVBNSwJBGJ7dzMw+1Dp2WZKgU7sbUZ1CqEOXQKFVwSRmx1cdnI9lZrYS8Rd0rd8W/ZigUfeQ1qUXBh6eD953njhhVJsg+HTctdx6fqOwWdza3tktlSt7TS1TRSAikknVjrEGRgVEhhoG7UQB5jGDVjy6numtJ1CaSnFvxgl0OR4I2qcEG0s19GO5GpwE8/F+gzADVZRN/bHiXD30JEk5CEMY1roTBonpTrAylDCYFh9SDQkmIzyAjoUCc9DdyfzSqXdkmZ7Xl8o+Ybw5+zMxwVzrMY+tk2Mz1KvajPxL66Smf9mdUJGkBgRZLOqnzDPSm33b61EFxLCxBZgoam/1yBArTIwtZ2mLH2lL+Vj0FDwzKQb+jZJJLF/8O6qJz8eZUU//F7OLuM0UbePhar+/QfP0JLS4cVatnWfdF9ABOkTHKEQXqIZuUR1FiCBAr+gNvTsfzpebc/MLq+tkmX20NG7pG6HQtNs=</latexit>

NB = 1030
<latexit sha1_base64="wOSP/rjCaFC7sZOgnDi9mzmWcZw="></latexit><latexit sha1_base64="wOSP/rjCaFC7sZOgnDi9mzmWcZw="></latexit><latexit sha1_base64="wOSP/rjCaFC7sZOgnDi9mzmWcZw="></latexit><latexit sha1_base64="wOSP/rjCaFC7sZOgnDi9mzmWcZw="></latexit>

u
<latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit><latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit><latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit><latexit sha1_base64="2+WeY3dkGtbJIu+u3Sw+vt9VqqA=">AAACVXiclVDLSgMxFM2Mtdb6aKtLN8EiuHJmRNSVFHThRlBwtFCLZDJ3ajCPIcmopfQL3Oq3iR8jmNZZaHXjhcDhPLg3J8k5MzYM3z1/rjJfXagt1peWV1YbzdbalVGFphBTxZXuJsQAZxJiyyyHbq6BiITDdXJ/PNGvH0AbpuSlHebQF2QgWcYosY66KG6b7XAnnA7+DaIStFE557ct7+gmVbQQIC3lxJheFOa2PyLaMsphXL8pDOSE3pMB9ByURIDpj6aXjvGWY1KcKe2etHjKfk+MiDBmKBLnFMTemVltQv6l9QqbHfZHTOaFBUm/FmUFx1bhybdxyjRQy4cOEKqZuxXTO6IJta6cH1uC2DgqIDLV8MiVHAQnWuWJegrOmKGBGJZGM/5fzC0SLlN3jUez/f4GV7s7kcMXe+3Oftl9DW2gTbSNInSAOugUnaMYUQToGb2gV+/N+/ArfvXL6ntlZh39GL/xCaWytN0=</latexit> d

<latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit><latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit><latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit><latexit sha1_base64="IkyPCmcz+ddgonCsfxUz09fKRMQ=">AAACVXiclVBNSwJBGJ7drMw+1Dp2WZKgk7sbUZ1CqEOXQCE/wERmZ191cD6WmdlKxF/QtX5b9GOCRt1DVpdeGHh4PnjfeaKEUW2C4MNx13LrG5v5rcL2zu5esVTeb2mZKgJNIplUnQhrYFRA01DDoJMowDxi0I7G13O9/QhKUynuzSSBHsdDQQeUYGOpRtwvVYJqsBjvNwgzUEHZ1Ptl5+ohliTlIAxhWOtuGCSmN8XKUMJgVnhINSSYjPEQuhYKzEH3potLZ96xZWJvIJV9wngL9ntiirnWEx5ZJ8dmpH9qc/IvrZuawWVvSkWSGhBkuWiQMs9Ib/5tL6YKiGETCzBR1N7qkRFWmBhbzsoWv6kt5WMRK3hiUgz9GyWTSD77d1QTn08yo579L2YXcZsp2MbDn/3+Bq3Tamhx46xSO8+6z6NDdIROUIguUA3dojpqIoIAvaBX9Oa8O59uzt1YWl0nyxyglXGLX4SxtMw=</latexit>s
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[Witten (1984)]
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• technicolor
• composite Higgs
• twin Higgs
• SUSY-breaking sectors
• dark QCD

Nuggets of dark quark matter?

22

the SM fails to create nuggets

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

going BSM for confinement

lattice studies 
& heavy-ion experiment

tell us: QCD is a crossover
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[Pisarski & Wilczek (1984)]
[Frieman & Giudice (1990)]

confinement
via 1st order PT

not to be confused with asymmetric dark matter nuggets [Wise & Zhang (2014)], [Gresham, Lou, & Zurek (2017)]
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Properties of dark quark nuggets
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[Bai, AL, & Lu (1810.04360)]
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(bubble wall surface tension, s, relates to the bubble nucleation rate)
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Astrophysical signatures

24

[Bai, AL, & Lu (2003.13182)]
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Gravitational wave signatures
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expected signal & sensitivities analytical estimates

• 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.

[Bai, AL, & Lu (1810.04360)]
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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.



Summary
&

Conclusion



Andrew Long   (Rice University)Gravitational waves & dark sectors

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
• Gravitational 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
• For instance, giving rise to macroscopic, composite dark matter such as dark quark nuggets

Summary
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