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Life is Complicated

Bubbles are surrounded by ‘stuff’.....
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Life is Complicated

Bubbles are surrounded by ‘stuff’
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Runaway vs. non-runaway

Strength & shape of GW signal depend on dominant source of GW,

which depends on bubble dynamics.
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Runaway vs. non-runaway

Strength & shape of signal depend on dominant source of GW,

which depends on bubble dynamics.

e
Vs
AV >P ‘runaway’ AV ~ P e.g. thermal plasma
1 ER Yeq = const.
Ewan _ 47 R? Bwan  ATR0 7,
1124’3’T‘ﬂ”}’:1 112;T J'Tq<<1
Etotal ?ﬂ R3 AV Fiotal ?ﬂ' R3AV
Dominated by bubble collisions Sound waves & Turbulence
in thermal plasma
(3s W vacuuwm)
Qe < f71 fall-off Vg X [ fall-off

see e.q. 212, : L . J 3 T OSIMOIogyY VVOTrKInN rou
g [1512.06239] & [1910.13125] by LISA Cosmology Working Group
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Calculating Pressure

important
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Simplification in relativistic limit > 1

Think of expanding domain wall as interacting with individual particles
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Simplification in relativistic limit > 1

Think of expanding domain wall as interacting with individual particles
R N =
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Rest of talk

Highlight a new significant LO effect involving massive vectors.

Apply it to the scenario of dark photon dark matter.
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Calculating Pressure important

Simplification in relativistic limit > 1

Think of expanding domain wall as interacting with individual particles
S =

. Leading order (LO) Bodeker, Moore [0903.4099] ”,,2 —
next—to—leading order (NLO) Bodeker, Moore [1703.08215] > >
- - Azatov, Vanvlasser [2010.02590]
( £vansition vadiation ) Gouttenoire, Jinno, Sala [2112.07686] f

Rest of talk

Highlight a new significant LO effect involving massive vectors.
Even if weakly coupled to the phase transition can have profound effects.

Apply it to the scenario of dark photon dark matter.

Understand more generally the
possible dynamics of expanding
bubbles in the early Universe

27



—_

2.

‘ Calculating Pressure ’ important

Simplification in relativistic limit > 1

Think of expanding domain wall as interacting with individual particles
S =

. Leading order (LO) Bodeker, Moore [0903.4099] , -
'y oy
next-to-leading order (NLO) Bodeker, Moore [1703.08215] > >
- - Azatov, Vanvlasser [2010.02590]
( tvansition vadiation ) Gouttenoire, Jinno, Sala [2112.07686] f
Rest of talk
Highlight a new significant LO effect involving massive vectors.
Even if weakly coupled to the phase transition can have profound effects.
Apply it to the scenario of dark photon dark matter.
Understand more generally the Identity complementary
possible dynamics of expanding & signatures associated with an
bubbles in the early Universe observable stochastic background
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
o m? (z)
Incoming enerqv: incident
coming energy 4
2
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w~vyT
(cold matter) false vacuum true vacuum
W~y m (outside the bubble) (inside the bubble)
”‘LI
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— —
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« Ignore curvature of wall and boost to its rest frame.
« Particle mass changes from m?* to mn? take kK" =EkY=0
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

- Particle mass changes from m?* to m”

take k" =kY =0

Pro = ynv (RAkg + TAkT)

(-‘r’ Q k. ~ 2 _ 2 A
N e R N e L
Let’s solve for R and T....
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0

Pro = ynv (RAkg + TAkT)

: Q k-l» - m? —m?  Am?
_ 9 1.2 Akr =k —k* — =
§lux Akp =2k 3w 5
Let’s solve for R and T.... Use step function approximation for simplicity.
incident m? (2) transmitted
— = —_—
Ty
-— ~ 2
reflected i
(thermal plasma)
w~yT
(cold matter) ”
W~ ym e >
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.
« Particle mass changes from m?* to mn? take kK" =EkY=0

Pro = ynv (RAkg + fAk?)

: g kl» Akm— B _ i m2 — m? Am?
— z T = — s =
§lux Akp=2k 7 5
Scalar particle example
(0° —=m*(2)) ¢ =0
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Z, I
A
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« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
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— L
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Scalar particle example
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
Pro = ynv (RAkg + TAkT)
e Q k_,, T m?—m?  Am?
Flux Akr =2k = T 2w 2w
Scalar particle example
9 9 with matching H(07) = (07), 0.0(07) = 0.¢(07)
(8 —m (Z)) ¢ =0 conditions:
55 m* (z) 1.2 \
/ r e k2 . o i |
— Fuak 7 B m?
qb — e w e?,k' Z
(thermal plasma)
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(cold matter) \ : /
W~y m . > =
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
Pro = ynv (RAkg + TAkT)
: C k-l» Akm— B _ B m* —m? _ Am?
Flux Akr =2k = T 2w 2w
Scalar particle example
: . + - o+ -
9 9 with matching o(07)=¢(07), 0.0(07) =0,¢(07)
(8 —m (Z)) ¢ =0 conditions:
= 14r=t, (1—-r)k*=tk
/ —ik?z m* () ik*z \
. re . te |
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
Pro = ynv (RAkg + TAkT)
: g k-bA_ . . omP=m? _ Am?
flux  Akg=2k° e PR O
Scalar particle example
. . + - + -
9 9 with matching o(07)=¢(07), 0.0(07) =0,¢(07)
(3 —m (Z)) ¢ =0 conditions: ’
= 14r=t, (1—-r)k*=tk
-2
kz . k,z Amz 2 B
R=|r]*= = >( ) ox y74, T=1-R
k* + k= 16 w?
(thermal plasma)
w~yT
(cold matter)
W~ ym
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L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
0
Pro = ynv QMLR - TAkT)
C k-p - ; - mQ . m2
$lux Akp =2 k* Akr =k —k — ——
Scalar particle example
with matching H(07) = (07), 0.0(07) = 0.¢(07)
(82 - mz(z)) ¢ =0 conditions:
= 1+r=t (1-rk’=
-2
k? — f* (AmQ)Q B
=|rf* = _ ) ! T=1-R
R=If = | — e <

* In the relativistic limit 7 — o0 the LO pressure quickly becomes constant
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Pro — 7%2— = 7%2— ~ TZATTLQ (thermal plasma)
w W

(thermal plasma)
w~yT

(cold matter)

W~y m




L.O Pressure Set up

« Ignore curvature of wall and boost to its rest frame.

« Particle mass changes from m?* to mn? take kK" =EkY=0
0
Pro = ynv QMLR 3% TA/{T)
w g k.’ _ 3 - m? _ m2 AmQ
$lux Akp =2 k* Akr =Kk -k — ——— = ——
Scalar particle example
with matching H(07) = (07), 0.6(07) = 9.0
(82 - mz(z)) ¢ =0 conditions: i
= 14r=t, (1—-r)k*=tk
-2
k? — f* (AmQ)Q B
=|r|* = ~ S 4 T=1-R
= [ | — e 7

* In the relativistic limit 7 — o0 the LO pressure quickly becomes constant

Am? Am?
Pro — YN———— = YN—— TZATTLQ (thermal plasma)
2w 2w
(thermal plasma)
wn~~yT

(cold matter)

Am
Total Pressure Po10 = Z Y N

2 W;
d.of. j J

W~y m

Z T2Am

d.o.f. j
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Runaway Criterion

P(v) ..
. Bodeker, Moore [0903.4099]
Run-away criterion:
P = Poo AV > Pp = run-away
i/ e AV <P = norun-away
C 'P(l) _ 0 wPlicit 3asSumption that Svictiondl pressuve

incredses monotonically with bubble wall speed---
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Runaway Criterion

Pl ) |
. Bodeker, Moore [0903.4099]
Run-away criterion:
P =~ Pe AV > Pen = run-away
i/ % AV <P =  norun-away
C D ( 1) —0 wPlicit 3asSumption that Svictiondl pressuve

ncreases monotomcallg with bubble wall gpeed---

In the presence of massive dark photons with phase-dependent mass,
interesting dynamics can lead to a pressure maximum at intermediate

7V-factors, and a much stronger run-away condition
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Model Scenario

1 1 p
L= 5 @u0) ~ V(@) = [FE, + 3PV V" + S OVVH 4
C —= > C— —= > (.
scalar sectovr wmassive dark Photow cannot be Sorbidden by symmetries

tvue vacuuw false vacuuw

(p) =v#0 (¢) =0
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Model Scenario

1 2 I K
L=3 (0,0)° —V(¢) — EFW%— S VAV + §¢?Vﬁw+---
'd = N ¢ = hY (.

scalar sectovr

+true vacuuw

(#) =v #0

massive dark Photon cannot be Sorbidden b\j Symmetries

-
Am?
false vacuuw
(¢) =0 Not a renormalizable operator:

4mm B 4o

A<
~ VE VvV Am?2/m?
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Model Scenario

cannot be Sorbidden b\j Symmetries

1 2 1 5 L G
i _ = — By,
L= 30,0 ~V(6) = 1E2, + 5mVV" + @V VH
s > < < >
scalar sectov wassive dark pPhotown

s
Am?
tvue vacuuw false vacuuw
(@) =v #£ 0 (¢) =0 Not a renormalizable operator:

Here: focus on Am?/m* < 1 so that A > 4rv

A<

4mm B 4o

~ Ve VvV Am?2/m?

(move towards the end)
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Massive Vector

Our problem reduces to solving the EOM for massive E&M with a varying photon mass

m% = const. 8MF“” — m?},A" =0 and 0, A" =0
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Massive Vector

Our problem reduces to solving the EOM for massive E&M with a varying photon mass

m% = const. 8#F“” — m,Q},A" =0 and 0, A" =0

=  A¥(x) = Z ay el e T
\

k.
el =(0,1,0,0), e& =(0,0,1,0) and ¢} = ( ?0,0,1)

‘) M~ My

transverse: k- &) (‘ longitudinal: k- & #+ 0

49



Massive Vector

Our problem reduces to solving the EOM for massive E&M with a varying photon mass

m% = const. 0, F"" — miA" =0 and 0,A" =0
= Af(x) = Z ay el e T with k2 =w? — k% = m?},
A
k. w
el =(0,1,0,0), e/ = (0,0,1,0) and ¢ = ( .0,0, —)
‘) My M-
tvansverse: k.&| = (‘ longitudinal: k- & #+ 0
m? = mZ(z) O F" —m2(z)AY =0 and 3, (m5(z)A*) =0
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Massive Vector

Our problem reduces to solving the EOM for massive E&M with a varying photon mass

m% = const. 0, F"" — m,Q},A" =0 and 9,A" =0
= Af(x) = Z ay el e T with k2 =w? — k% = m?},
A
k. w
el =(0,1,0,0), e =(0,0,1,0) and ¢ = ( .0,0, —)
‘) My M-
tvansverse: k.&| = (‘ longitudinal: k- & #+ 0
m? = mZ(z) O F" —m2(z)AY =0 and 3, (m5(z)A*) =0
H 0: ’2;’ 3 p p &fm?w 3
Y
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Transverse Polarizations

‘Lorentz’ condition duA; =0

O, F* —mZAY =0 c A* (t,2) = e~ ™t gk (2)
= 2\ AF — (—32 - m2) a" = w?a"
(D - m,Y)AL = 1) = z [ i

Just like scalar case!




Longitudinal Polarization: Step function

8, F* —m2A" =0

2
incident m,.r ( z) transmitted
—_— A —_—)
< m2
reflected

m




Longitudinal Polarization: Step function

Write down solutions for 2 <0 & 2z >0 o, Fr — m%A"’ =0

8 (m2(z)A*) =0

[T
N

70705

e

/ (k— 0,0, £) g*k== iE() tl(m

) e?ﬁi?:zz \

A,EL _ e—zwt
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Longitudinal Polarization: Step function

Write down solutions for 2 <0 & 2z >0

Derive matching conditions

+e€
lim dz O
e—0 L
wo o —iwt
Al =¢€

. (M 2(z)A‘“) ==()

2 3
mT(z)A

8, F* —mZAY =0

9, (m2(z)A") = 0

remains continuous at z = 0

m(l —’)”l) = ’)’htl
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Longitudinal Polarization: Step function

Write down solutions for 2 <0 & 2z >0

Derive matching conditions

3 remains continuous at z = 0

O (M} (2)A) =

m(1 —ry)

:mtg

dz {(O+ m?)A?’ +06,(8,4")} =

9, A’ remains continuous at z = 0

z

—(1 =t —
( ‘|‘T‘l) lfn
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Longitudinal Polarization: Step function

Write down solutions for z <0 & 2z >0 o0, FH — m%A" =0
i o >
Derive matching conditions Y= 2
+€
lim dz 0, (m2(z) A¥) =0 mzl(z)A‘?’ remains continuous at z =0
e—0 J_ v 8

€

~

m(l—r) =mt

+e€
lin{% dz {(O+ m?)A3 + 0, (0,A")} =0 9, A" remains continuous at z = 0
€E—r : ~
e Y K i
d — = —(1+nr) =t—
m m
~ 2 27 |? _ ~ 2 2\ 2 2\ 2
Reflection m-k, —m“k.| wsmm_[(Mm°—m ~ Am
m?(z Ez w ik, z
/ (%;O,O,E) gthzz ‘T‘f ) ti (K,0,0,ﬁ)e \
[ —'I:Cdt m2
A =e




Longitudinal Polarization: Step function

Write down solutions for z <0 & 2z >0 o0, FH — m%A" =0
i = >
Derive matching conditions Y= 2
+€
lim dz 0, (m2(z) A¥) =0 mz(z)A‘?’ remains continuous at z =0
e—=0 ) . ~- ~

~

m(l—r) =mt

+€
lin{% dz {(O+ m?)A3 + 0, (0,A")} =0 9, A" remains continuous at z = 0
c— . N
—€ Y kz k.z
d — = —(1+nr) =t—
m m
~ 2 27 |? _ ~ 2 2\ 2 2\ 2
Reflection m-k, —m“k.| wsmm_[(Mm°—m ~ Am
m?(z Ez w zi‘;:zz
[ (,0,0,2) ek O n(k0.0.g) e )
[ —'I:Cdt m2
A =e
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Longitudinal: Smooth Wall

m




Smooth wall: Longitudinal

& Aj(t,2) = et mL().; (2)

(O+m2)Al —0"(8,A)) =0 =

S 2, 2
_8§+m§—|—§(_azm'f) _19:m;

Effective Schrodinger equation

2 2
4 ms Zm,],

a; = wiay
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Smooth wall: Longitudinal

& Aj(t,2) = et ﬁm(z)

(@O+m2)Al —94(9,AY) =0 =
2
3 [ 0,m? 1 02m?
Véff,l(z) (—33 +m§, -+ ﬁ_l (m—?:) — E m?rﬂy) a; = wza;

w‘—-R——-’
"—NI i

L,




Reflection Probability

10°
10731

106/

—
7
L=

—

o)

I
—
b2

107151

Numerical Analysis

(z) = % (m* +m?) — % (m® —m?) tanh (z/L)

10*

_— RJ. , tanh
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Numerical Analysis

1 1
8.9. mi(z) =5 (m* +m?) — 5 (m® —m?) tanh (z/L)
10°
> L
e ~ 2
. 10—3 ﬁlz e m2
2 e L
= e o s e P i m?2 + m?
S 105!
@ 10
m -
-9
5 ]-0 """ Rlﬁstep
-lg Jo-12 —— Ry tann
% . . T (| B RJ_..'_-;tep
~15
P 10! | —— Bt
10
¥
1 m2 —m2\? Am?\°
In the regmé¢ 1 K v <K — = R~ o~
m L I m? + m? 2m?
i - - =_N
intev-reidtivistic reauives w L << | constant independent of y !
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Smooth wall: Longitudinal

3  —Gwt W
( Aj(t,z)=e = ai(z)
(O+m2)Al — 0(5,AY) =0 =
2
3 [ 0,m? 1 0%2m2
2 2 z _ .2
Véff:!(z) (_83 +m,}, -+ ﬁ_l (m—?:) — E m?r? a; = w aj

[\

~(S)  ~ ()

w‘—R——-"
"—NI i
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Smooth wall: Longitudinal

a; = wiay

( Aj(t, z) = et mj(Z) 2 (2)
O +m)Af -0, 4) =0 =
2

3 [ 0,m3 1 07m?

Ve (2 (—33 Fmt g ( m?:) o

. [\

L
oc 7 (Am2)2 Am?
~ m4L2 ~ m2L2
-------------- > <

1 agm?y(z) Am2 1 i
v;ffl—_i( /EY(Z) ) __2‘”12 eL(Z) L(Z)
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The Born Approximation

Can prove for general wall profile

1 2

R Ofr — =
i,B 4;63

Itx:l 3
/ dz e?tkzz v:aﬂ“,l

-0




The Born Approximation

Can prove for general wall profile

1 o , 2
RI Born = ——= / dz BQikzz v:?ﬂ",l
’ Ak- | ).
l _\ ) 2 \ - r e
1 k4 ( Va2 ) € {f}.,."_':._ L / dz e




The Born Approximation

Can prove for general wall profile

/.

1 2

S dz e?tk=7 Vest,1
Ak

RI, Born —

For the tanh profile 1 ‘Born

6,9,

g

Am?
21m2

)

 72(k,L)? (L + (k-L)

2

) '

sinh? (wk,L)



Dark Photons Pressure

Pressure from a population of cold dark photons (e.g. dark matter)

(P Sum oveyr polavizations ignore

1 2 1 Am? 4
P =qvn, X 3 Z (Rx Akg + T\ Akr) =~ g'}fg,oqeRz + 5P 3 =5 5729/}%{
- 2

‘HMX AkR — 9 k? RE x ,},0 P

1<y < (mL)™!

“Inter-velativistic”
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Dark Photons Pressure

) 1
P = v|v|ny x 3 Z (Rx Akp + T Akr)

A

R/\'!'T}\:laﬂ}{)l—_\'

2 9 1 Am2 4
~ 37 pvit + v+ g’}’gPVRJ_
X 72 Po X 7_2
for |« v < (mL)™ “Inter-velativistic”

2 g _
Pressure grows o 7°, and reaches maximum at v ~ (mL) ™!

= Maximum Dynamic Pressure

l

(4% Am2\’ Am? oV Am2\°
Poto ~ Gt (i) 27 o~ ot () > P
A

K mL < /Am?2/m?2
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Maximum Dynamic Pressure

Run-away criterion: AMDO ——¢ AV > Pmdp

I 4% Am?\°
(mL)*\ m2 |

,tmL=1077 m/m
1.5 x 10°F A} — L2l
g}i | — 115
0.5 x 10*] 1lo
0 -l_ | L i i 1 i i L L 1 i i L i 1 i L i i 1
1 500 1000 1500 2000
/')/
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Rocket Science!

Dynamic Pressure vs Time

o wmax &

/

—

e

0 25

50 75 100 125 150 175 200 225 250

Time from Lift-off (sec)

Dynamic pressure vs time for a typical ULA Atlas V launch

Credit: Atlas V user’s guide

www.ulalaunch.com/docs/default-source/ 1'1'}(‘"!-;(-15;’:1t1;1.~ﬂ-‘11m=1‘5ag‘11ifh;*ﬂ{ )1 H.l){li'
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Rocket Science!

Dynamic Pressure vs Time

low velocity

Dynamic pressure vs time for a typical ULA Atlas V launch

Credit: Atlas V user’s guide

www.ulalaunch.com/docs/default-source / 11'u‘"kt*l.~af:1[1;1.~ﬂ'11nrr.~'ag11ifh'i}{ )1 H.p{li'
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o./
0 25 S50 75 100 125 150 175 200 225 250
Time from Lift-off (sec)

no air

73



Max Q Condition
Run-away criterion: AMDO — @

Max @ condition

Am?\”
,tmL=1077 m/m |~ (niz)z (—nz ) |
1.5 x 10°F A} — L2l
gﬁ | — 115
0.5 x 10*] 1lo
O-I_ | L i i 1 L i i L 1 i i L i 1 i L i i 1
1 500 1000 1500 2000

y

74



Equilibrium

If AV < Pmadp, bubble walls will reach a terminal velocity:

([ 3AV YR 2 (AVNT?
AV — P(’qu) =0 = Yeq = ZPVRl ™~ Am2 PV > 1
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Equilibrium

If AV < Pmadp, bubble walls will reach a terminal velocity:

([ 3AV YR 2 (AVNT?
AV —P(Yea) =0 = Yeq = 201 R, = Am2 ov >1

8,9,

172 —1/2
Yoq = 3 % 106 0.1 ( Q )1/2 T* ; PV 4 B I
- Am?/m? \0.1 100 GeV P Normalise to

\ ~dark matter
~density at 7. .
~ Conservative!

AV AV ‘) kb temperature of SM when
“T osu(@) 2 gu(T) T4 trangition takes place
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Equilibrium

If AV < Pmadp, bubble walls will reach a terminal velocity:

([ 3AV YR 2 (AVNT?
AV —P(Yea) =0 = Yeq = 201 R, = Am2 ov >1

3,9,

1/2 — 12
Yoq = 3 % 106 0.1 ( Qv )1/2 T* ; PV 4 B I
- Am?2/m?2 \0.1 100 GeV pam/) Normalise to

~density at 7 .

o oar ¥ \b Lowporsture of S when | COMORvE!
“= pSM(T*) B g—;g*(T*)Tf transition takes place
£ ~ -~ = 107" X X
C “Yeoll. 5
Rc f i Rc 78 § 24
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Given a phase transition:

What does it all mean?

AV V(o)
T, a= L R
’ psm(T) 7770 \
]
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Given a phase transition:

What does it all mean?

AV V(@)
T. =
o« oot (T2) L Ry \
Q‘U.Ul
]
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Given a phase transition:

ey
L~ T

Ry~ 10%L

What does it all mean?

AV V(@)
T, =
S @y T \
.01
Av]
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What does it all mean?

- AV V(o)
Given a phase transition: 7T, « = L, Ry
psm(T) \
ey
Lo 7 0.01
av]
Ry~ 10°L o
m? AV ! 1 H(T.)™!
Ta™ Amz (ﬂv) Smm{m[/’ R } =
e



m [ eV

What does it all mean?

: .. AV V(o)
Given a phase transition: T, R — L, RO
PSM(T*)
«> S o0
L~ T '
]
Ry~ 10*L ;
2 |
m AV P 1 H(T,)™
7™ A2 (ﬂv ) Smm{mL’ R } =0
(S
‘standard thermal’ Teoll.
1[]13 .
L=T'
o [ Ro=10°L
107 F
10°
—2[ 1wt ]
10 -~ H>m
0
107 1w
1.{1-“ ‘ ! - 1.:} 1t - 1.{1-" 107 - 1.{1"

T, | GeV



m [ eV

What does it all mean?

) . &V V(9)
Given a phase transition: T, R — L , RO
PSM(T*)
« S o0
-1 .
L~T
Y]
R{) ~ 102 L 0 s
2 | _
Yeq ~ e 2 (&V) ‘imin{ . LL‘H(T*) 1} x=0.1
~Y 5] -_— .
Am? \ py mL’ T Ry
‘super-cooled thermal / cold’
; ‘standard thermal’ Teoll. P
10 T T T
L—T! L=(10'T,)"
o | Fe= 10° L Ry=10"L
107 E“_‘—
— _____1_*:;:'5‘.
1”—2 L 1["-‘ - j _____———“'_______ . ;D'_f:-— 1
- H>m - — H>m
[ . W

-7 w" B ""':‘I;__ﬁ

/?[?-T”.”’l-‘ - i ~ - i a A ——fjlg:i_l 1 L 1

103 ! 10 1t 10° 107 10? 10— 10! 10 10° 10° 107 107

T, /| GeV T. /| GeV



Equilibrium Dynamics

Egan 4T R(t)*Yoqo Yeq@
Eiotal T R(t)3AV AV R(t)

Energy goes into reflected (now relativistic) longitudinal dark photons.

Back in the dark matter frame, simple relativistic kinematics give:

'eq

Yeq

=4

|Ueq ‘
272

eq

Ureflected — Veq 2= <1

Reflected longitudinals concentrated in a thin shell
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Dark Matter — Dark Radiation

A fraction of the dark photons become relativistic after collision with the bubble walls,
> BBN
> a(T)

0.1 “/a PV - T !
<T,)~ ~ ° 01/ \ o1 2
Yar (T < T%) 2Yeq a(T) 2x10 (,Amf/mi) (0.1) (,Odm) (1 MEV) i

potentially turning a fraction of the dark matter into dark radiation

dark

radiation \_ 4
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Dark Matter — Dark Radiation

A fraction of the dark photons become relativistic after collision with the bubble walls,
potentially turning a fraction of the dark matter into dark radiation

(y BBN
T.) 0.1 o Py -1 T !
< T,) ~ 2v? o ~ S — | — >
(T < To) 2Veq a(T) 2x10 (&mz/mﬂ) (0.1) (pdm) 1 MeV )] ™~ 1
e

7. o ()

lark Recombination 4)
( r” A9 (CMB)

radiation \_ o
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Dark Matter — Dark Radiation

A fraction of the dark photons become relativistic after collision with the bubble walls,
potentially turning a fraction of the dark matter into dark radiation

(y BBN
T.) 0.1 o Py -1 T !
< T,) ~ 2v? o ~ S — | — >
(T < To) 2Veq a(T) 2x10 (&mz/mﬂ) (0.1) (pdm) 1 MeV )] ™~ 1
e

107° d
1eV
; Recombination 4)
dark (CMB)
radiation v

>
=
=

|
=1| GO
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Dark Matter — Dark Radiation

A fraction of the dark photons become relativistic after collision with the bubble walls,
potentially turning a fraction of the dark matter into dark radiation

(y BBN
T,) 01 N\yay(pv\ (T !
< T,) ~ 22 al ~ ° 01/ \ o1 2
Yar (T < T%) 2Yeq a(T) 2x10 (,Amf/mi) (0.1) (,Odm) (1 MEV) i
e

1078 (L
1eV
1. Recombination 4)
dark (CMB)
radiation \_ o

o g.(100 GeV) e
DS(E)( g.(T.) )

s
||—l
[
L S
[l
B
]
.,
=
-5
~ e~
2 |-
o
e
Pt S
B | &
e
e | e
B [
S
s
12
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&Neff

Dark Matter — Dark Radiation

A fraction of the dark photons become relativistic after collision with the bubble walls,

(y BBN

potentially turning a fraction of the dark matter into dark radiation

T,) 01 N\yay(pv\ (T !
< T,) ~ 22 al ~ ° 01/ \ o1 2
Yar (T < T%) 2Yeq a(T) 2x10 (,Amf/mi) (0.1) (,Odm) (1 MEV) i

1 g
| 0.1 H 107° £
=1l Planck — 2018 Limit (BBEN

\\ S 1eV

Planck — 2018 Limit (CMB)

Recombination 4)

10 : (CMB)

[T S T Simons Observatory (projected) |

= .01
R e CMB-S4 (projected) |
1/3

10-2 : oy [ g.(100 GeV)\ Y

! ﬁf\'eﬂ‘ =03 —

: 0.1 (1]

[ a= [J.Hl']'lﬁ

109 101 1072 1 102 107
T, [GeV]
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Dark Matter — Dark Radiation

A fraction of the dark photons become relativistic after collision with the bubble walls,
potentially turning a fraction of the dark matter into dark radiation

(y BBN
T,) 01 N\yay(pv\ (T !
< T,) ~ 22 al ~ ° 01/ \ o1 2
Yar (T < T%) 2Yeq a(T) 2x10 (,Amf/mi) (0.1) (,Odm) (1 MEV) i
e

7. o ()

lark Recombination 4)
( r” A9 (CMB)

radiation \_ o

v

‘Hot/warm’ dark '
matter today ¢
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Conclusions and Outlook

Conclusions

Highlighted an interesting physical effect at LO:
domain walls can act as ‘longitudinal mirrors’

Explicitly demonstrated friction on bubble can be have a maximum at intermediate 7/

Complementary signal of FOPT when dark photons around
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Conclusions and Outlook

Conclusions

Highlighted an interesting physical effect at LO:
domain walls can act as ‘longitudinal mirrors’

Explicitly demonstrated friction on bubble can be have a maximum at intermediate 7/

Complementary signal of FOPT when dark photons around

Outlook General (quite rich!)

e.g. Several aspects of NLO calculations are still not settled.

Outlook Specific

Possibility and dynamics of Am? > m?* R —1 ?
Essentially a Nambu-Goldstone boson effect?

Do thermal / medium masses count?

Applications to dark photon detection?
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Spare Slides




Maximum Dynamic Pressure
Run-away criterion: AMDO — @

Max @ condition

(mL=107° m/m | [m/m=1.25 mL x 10?
2.0 x 10+ 195 | T
L5 x 101 — 120 ¢
g 4 115
@\ L0 W~ F — T i
0.5x 10"t 108
O Ly, — [ | —— — PO
1 500 1000 1500 2000 1 500 1000 1500 2000
3 i
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Equilibrium Dynamics: Details

Once the bubble’s speed is constant the wall carries a decreasing
fraction of the total energy

Egan A7 R(t)*Yeqo YeqO
Eiotal T R(t)3AV AV R(t)

Energy goes into reflected (now relativistic) longitudinal dark photons

- 2|Ueq| L |1_)’eq|2 2
Tar| = and = &2 7
dr| 1 |1_),eq|2 Ydr 1 _ ‘ﬁeq|2 Yeq

Avgr = |Ugr| — [Veq| = |Veq]

Dark photons distributed on shell of thickness

Uag| At _ R
| eq| < coll. < Rcoll.

AL ~ A’Udr X At ~ ey
Q’qu 273(1 Xl



Am*>m* R—17

1 _ 1
L= _ZLF#VF“V + (O — ZQA)‘I)F + 5(‘%@2 —Vi(p,9),

where p = |®|. We imagine the potential having two minima, both symmetry breaking so that A is always
massive. An example potential is
!

A A 1
V(p" gb) = Z (p2 - ’0’2)2 + Z¢2 (QS — U)Z _ 5k),p2q52

Notice stability requires k% < AX'. In order for (p,¢) = (v’,0), where we wish to start, to be a minimum we

need \v? > 2kv’2. Thus there are two small numbers

k? 2kv"?
YU v

A second minimum exists (from mathematica) at

¢50=§(3+\/1+8(ﬁ—aﬁ+a))(1—(1»)_1:1)(14—54—2(1»)4—...

PO [ 2«
=v'y[1+2 Yl =o'y 14+ = + ..
£0 v\/ + a(QkU’Z) v + 3 +




| Goldstone Equivalence theorem I

1 1
L= —EF””FMF - §m%/(z)V”V“

1

1 1
L= —ZF“ F,., — 5”1%!(3)(1{“: — 0,0)°

~ 2 (0, V* — m2€a)’

Oy (mi (2)0"a) + Em a =0

Civp | €FrAreT™ 2 <0
a=e : ,
i gt szl

k, = vw?—£&m?, k, = \/w2 —&mi/m? |

miy-0.a and « are continuous at z = 0,

m2 + m?

- 2
Eom2 — kom2 N 2 =2\ 2






| Self Interactions I



W Dawih)

1st Order Phase Transitions

|ﬂ—5 1[’—4 0.001 (.01 0l

bubble collisions

turbulence

sounds waves
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