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15t Order Phase Transitions (FOPTs) in the Early Universe

Proposed long ago as a possibility for the big bang phase Kirzhnits, Linde (1972), Weinberg (1974), Witten (1984)....
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.g. Laine, R kai 1998
It used to be believed that even the SM had two FOPTs! €.g. Laine, Rummukainen (1998)

...Both are now understood to be smooth crossovers
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In fact...

Today, there is no FOPT of the fundamental interactions in 4d at ,, = 0 for any 7!

Higgs instability [e.g. Degrassi et al. (2012)] far from conclusively established
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In fact...

Today, there is no FOPT of the fundamental interactions in 4d at ;. = 0 for any 7!

Higgs instability [e.g. Degrassi et al. (2012)] far from conclusively established

but they continue to appear very frequently in Beyond SM theory... because

« Many phenomenological consequences: baryogenesis, dark matter, gravitational waves...

‘ EW phase transition can be made 15t order
— still an active theory of baryogenesis

« Most compelling UV picture suggests landscapes of meta-stable vacua

e.g. ‘String Soundscape’
Garcia Garcia, Krippendorf, March-Russell (2016)

« Gravitational waves: at upcoming detectors (and even completely decoupled sectors
become interesting)

Recent detection by PTOs - though most likely from super massive black holes - is a validation of the prospects
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Gravitational Waves

false vacuum AV £ 0 R~ xH™1 true vacuum

O significant source of
( ) gravitational waves

= current/future observatories may be sensitive to the resulting stochastic background

_AV
psm(T)

70 12 yoequaag Aq [/ 1111181 woxy
e

T, = 10GeV N ~
1 1 i

L | 1 L 1

—8 -6 —4 -2 2
) 10 10 10 10 1 10 \, —_—
f/ Hz tb EW scale (~ to *Tev) 2 5

A | i 1




Gravitational Waves

Bubbles are surrounded by ‘stuff’
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Where is runaway - land?

In the landscape of FOPTs.... which subset are runaway and which are obstructed ?

const
Prtssu.(c
P(x.)
>
* Spontaneous breaking of gauge theories PU) = FCOM{:. KW

: Thin walls & light dark matter
* (and restoring)

Azatov, Barni, RPB (2024 to appear) Garcia Garcia, Kosegzi, RPB (2022) & (2024 to appear)
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Change in mass: step function scattering
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Change in mass: step function scattering
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Change in mass: step function scattering
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Change in mass: step function scattering
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Incoming energy: LO Effects: change in mass
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Incoming energy: LO Effects: change in mass

(thermal plasma)

w~yT

(cold matter)

W~y m

P~ ynv | R 2k% + (1 — R) (k" — kz)]

Ignoring reflections, LO pressure is constant
Bodecker, Moore (2009)

Reflection of cold longitudinal vectors by thin walls

P~ ppmy’R while v S (mL)™!
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Garcia Garcia, Kosegzi, RPB (2022) 0



EFT Model

Massive vectors require some caution. Think in terms of a naive EFT...

] 1 1 K
=3 (8,0)° — V(o) — Zij + -Z-mﬁvﬁw + §¢2VHV” 4o
(___?—J [ 4 - s
& cavnot be forbidden b wmetrie
Scalar sector wassive davk Photown ° b 329 s
= mi =m?+ k{¢)
e
Am?
false vacuuw true vacuuw
(¢) =0 () =v#0 this operator introduces a cut-off
4dtm 41

P < i g

o vAm?2/m?

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




Consequences
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Consequences

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

simple relativistic kinematics give:
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Equilibrium: Energy goes into reflected (now relativistic) longitudinal dark photons.

simple relativistic kinematics give:
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Consequences
Dark radiation
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition
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Looks like we are already dead!!!
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition

h? ‘
y LEpT D (fQ -+ ”ﬁ) (6”9)2 — mﬁfzf??

P

hQ integrating out radial mode

EUV = ?}‘|<I)pq|2

+(Oh)? +V(h,S) + ...

However, the axion field is ‘frozen’ until m,(7T)? > H? /

FOPT at 100GeV < T, < 100 MeV

it

(100 GeV)? ) L (1012 GeV) M

= T ~ 150 MeV ( AV T

Looks like we are already dead!!! ...but are we sure ‘frozen’ fields don’t give friction?
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Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[z0(£), 6] = /dt (oI 20 + 2u(®AV } + /d% % (2 + AP (2, 20)) (8,0 — f2m26%)
(

Af2O(y(t)(z = 2u(t)) O(t — tn)




Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[z0(£), 6] = /dt (oI 20 + 2u(®AV } + /d% > {72+ AP, 7)) (0,0)? - f2m26%)

(
Leads to coupled equations of motion Af2O(y(t)(z — zw(t))) O(t — t,)
5,() AV —P() B s
(1 e ?w(t)2)3/2 B g , = 2 (89) g=za(t)

8 (f? + Af2(t, 2p)) 640 + fPm20 =0



Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[20(£), 6] = /dt (oI 20 + 2u(®AV } + /d% > {72+ AP, 7)) (0,0)? - f2m26%)
(

Leads to coupled equations of motion Af2O(y(t)(z — zw(t))) O(t — t,)

Y AV =P . Af2
1—7_2_ o ! 2

——(00)

g=u..(L)

8 (f? + Af2(t, 2p)) 640 + fPm20 =0



Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[20(£), 6] = /dt (oI 20 + 2u(®AV } + /d% > {72+ AP, 7)) (0,0)? - f2m26%)
(

Leads to coupled equations of motion Af2O(y(t)(z — zw(t))) O(t — t,)

Y AV =P . Af2
1—7_2_ o ! 2

——(00)

g=u..(L)
2 2 2 2

Oy (f2+Af2(t 20)) 00+ fPm20 =0

Can look for a self-consistent perturabtive solution

Yw = “Yconst e

0=0°%) +0'(z,t) +...

(

91' (]. = #mgtz)



Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[20(£), 6] = /dt (oI 20 + 2u(®AV } + /d% > {72+ AP, 7)) (0,0)? - f2m26%)
(

Leads to coupled equations of motion Af2O(y(t)(z — zw(t))) O(t — t,)

Y AV =P . Af2
1—7_2— o ; b4

——(00)

g it)
Oy (2 + Af2(t, 20)) 0M0 + f2m20 =0

Can look for a self-consistent perturabtive solution leading to an effective pressure

Yw = 7VYconst T .- B =
t — P (%};) 02 f2m (22) B
0=0°%) +0'(z,t) +...

(

91‘ (]. = #mgtz)



Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[20(£), 6] = /dt (oI 20 + 2u(®AV } + /d% > {72+ AP, 7)) (0,0)? - f2m26%)
(

Leads to coupled equations of motion Af2O(y(t)(z — zw(t))) O(t — t,)

Y AV =P . Af2
1—7_2— o ; b4

——(00)

g it)
Oy (2 + Af2(t, 20)) 0M0 + f2m20 =0

Can look for a self-consistent perturabtive solution leading to an effective pressure

Yw = 7VYconst T .- B =
t — P (%};) 02 f2m (22) B
0=0°%) +0'(z,t) +...

2
{ & B (m_) -
gz‘ (]. — #mgtz) F}{ p H2



Friction from ‘frozen’ fields

Coupled action for the wall and the axion:

S[z0 (1), 6] :/ t{~ov/T—Zu(0P + 2u(H)AV } + /dzxi{(quLAfz(:c 20)) (8,0)% — £2m26%)
(

Leads to coupled equations of motion Af2O(y(t)(z — zw(t))) O(t — t,)

Y AV =P . Af2
]—7_2— o ; b4

——(00)

g it)
Oy (2 + Af2(t, 20)) 0M0 + f2m20 =0

Can look for a self-consistent perturabtive solution leading to an effective pressure

Yw = Yconst T - N 2
t =% P (észi‘) 02 f2m ("E?) B
0=0°%) +0'(z,t) +...

2
m
( \ Energy goes into sharp B ’}/QR,OG (—a) g

0; (1 — #m2t?) ‘axion cliff ’ features =



EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition

h2
y LEpT D (fQ -+ ”ﬁ) (aﬁf})? — mzfzf??

P

integrating out radial mode
hQ 4 g

EUV = ?]|(I)qu2

+(0h)? +V(h,S) + ...

In principle, friction is enough to equilibrate... /

FOPT at 100GeV < T, < 100 MeV

i
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition

h2
> LEFT D (fQ : - ”ﬁ) (6”,9)2 - mﬁfzf??

P

9 integrating out radial mode

Luv D n|®pg|*h
+(Oh)? +V(h,S) +...

In principle, friction is enough to equilibrate...
But we have to compete with transition radiation

FOPT at 100GeV < T, < 100 MeV

i
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition

h2
> LEFT D (fQ : - ”ﬁ) (6”,9)2 - mﬁfzf??

P

hQ integrating out radial mode

EUV = ?}|<I)pq|2

+(Oh)? +V(h,S) + ...

In principle, friction is enough to equilibrate...
But we have to compete with transition radiation

FOPT at 100GeV < T, < 100 MeV

i

Ya,eq 10_1 9_*1 10° GeV . f(l 3 T, 11
~ n 0. o TeTe __Ja o Ex
YSM.eq b m, 108 Gev ) \ 200 MeV
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EWPT & QCD Axion

Perhaps a bit too general.... Let’s focus on the most constrained case possible

* QCD axion dark matter (missaligned mechanism)
 Electroweak Phase Transition

i ‘
> LEFT D (fQ : - ”ﬁ) (6”9)2 - mﬁfzf??

P

hQ integrating out radial mode

EUV = ?}|<I)pq|2

+(Oh)? +V(h,S) +...

In principle, friction is enough to equilibrate...
But we have to compete with transition radiation

FOPT at 100GeV < T, < 100 MeV

it

o 9 ;
Ta,eq ~ 10~ V% 972 10° GeV fa ‘ T ! If < 1 then universe reborn form
YSM. eq 17 m, 108 GeV 200 MeV the collision of axion cliffs
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NLO from Frist Principles

]
<

v =
__J\}\
<+ > Azatov, Barni, RPB, Vanvlasselaer (2023)

We quantise field theories in the translation breaking background of a wall
Which wall? For a theorist the dream is a step wall (also phenomenologically relevant)

In principle, given a profile, one can compute exactly. However we wish to be as model-independent as
possible, and characterise it by it’s width [, .

Very schematically we compute:

k*<Ly'
(Ap) ~ fd?’/ﬂﬁplf\/ll2 %/ &k Ap |MEP2 1 f

kZ > Ly,

dSk Ap |kab‘2

6 final state integrals - 3 conservation laws
(energy and perpendicular momenta)



NLO from Frist Principles

]
<

Y >
J}H
<+ > Azatov, Barni, RPB, Vanvlasselaer (2023)

We quantise field theories in the translation breaking background of a wall
Which wall? For a theorist the dream is a step wall (also phenomenologically relevant)

In principle, given a profile, one can compute exactly. However we wish to be as model-independent as
possible, and characterise it by it’s width [, .

Very schematically we compute:

T
(Ap) ~ /dSkAp |M|2 Q_,/ d3k Ap |Mstep‘2 i / d3k Ap |kab‘2
k*>Ly"

6 final state integrals - 3 conservation laws
(energy and perpendicular momenta)



Warm up: Simple Scalars
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Warm up: Simple Scalars

¢, scalars: —L D 1mi(z)d;2 + 1m§)¢2 + Jy20 — my, = const does not feel the wall
- z . — while my = my(2) does



Simple Scalars - complete basis

¢, scalars: —L D 1mi(z)qﬁ2 + lmflﬂp? + Jy20 — my, = const does not feel the wall
’ ' 2 2 2

EOM: (8 + m}(2))p =0
Far from the wall the plane wave solution

— while my = my(2) does

ths2 —1k.z
_ —tkpz® _ _—ikot+ikizy )€ + rie zZ — —00
¢R,k — € XR,k(Z) =e ol
tre™” zZ = 400
n==txy
where ko = \/k§ -m2 -k} and = sign(k*)Vk? + m? — m?
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Simple Scalars - complete basis

1 1
¢, ¢ scalars: —L D —m3(z)¢° + imfpiﬂ + %1/,%5 — my, = const does not feel the wall

2

EOM: (8 + m}(2))p =0
Far from the wall the plane wave solution

— while my = my(2) does

incoming R state
with momentum k

ezkzz ks ,rke—zkzz

tksz

PRk = e_ik’"mnXRk(Z) = g thottik, iz, { FT T o
’ 3 tke

SRR | ¥
nzt,x,y J

m(z)
A

t = +00

m

L~

where ko = \/kg —m? — k2 and I = sign(k*)Vk? + m? — m?

\J
1]
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Simple Scalars - complete basis

¢, scalars: —L D 1mi(z)qﬁ2 + lmflﬂp? + Jy20 — my, = const does not feel the wall
’ ' 2 2 2

EOM: (8 + m}(2))p =0
Far from the wall the plane wave solution

— while my = my(2) does

m(z)

incoming R state A
with momentum k
-
thez —ik, 2 . »
¢ o e—il’énﬂb’n (Z) _ e—ikot-f-ik_j_:m_ & i + rre Z— .9, t— —00 t = +00
Rk = XR.k £, o= r
k€ Z — +00 - A
w=1i, %, m t — 400 J

Problem: NOT AN ORTHOGONAL BASIS!

where ko = \/kg —m? — k2 and I = sign(k*)Vk? + m? — m?

\J



Simple Scalars - orthogonal basis

1 1
¢, scalars: —L D imgs(z)qb2 + imflﬂp? g %,/,2(25 — my, = const does not feel the wall
— while my = my(2) does
EOM: (8 + m}(2))p =0 m(z)
Far from the wall the plane wave solution incoming R state A
ik, z —tk.2
il T i ; - il = 2 — —00
¢R,k — e ikn XR,k(Z) —e tkot+ik | x|

t = +00 m

AR zZ — +00 & A r
e

\J

incoming L state .

with momentum - &
z tks2 - 3
Grip =€ T xp p(2) = e ot ke g e z e _/L _A
: B 2 1. < .7 & N
kz _,rkezkzz 1. e—zkzz 2 = 400
_/\ i
m

t = 400 -
k.= +/k2+m2-m2, |k;>0

m

where ko = \/kg —m2—k2 and




Simple Scalars - orthogonal basis

1 1
¢, ¢ scalars: —L D —m3(z)¢° + imf/)iﬂ + %1/,2(;5 — my, = const does not feel the wall

2 g
— while my = my(2) does
EOM: (8 + m}(2))p =0 m(z)
Far from the wall the plane wave solution incoming R state A
with momentum &
-
’ : eikzz +r e_ikzz 2 = —00 t > —o0 t— +00 m
¢ - —'I;]{?nxn ( ) PR e—tkot-f-lk_LCL‘J_ " k
Rk = € XRk\Z) = iky2 r
tre zZ — 400 o A
nzt,x,y m t = 400 J i
incoming L state .

~

k.,
tk,z -
gtk | e k—tke § zZ — —00 A
z

xrx(z) =e L . "
2\ —rpe'™** +e % 2z = 400

tknx™

drr =€

m

with momentum - &
i _/\
f = —00 m
_/\ i

t = 400 s

wherekgz\/kg—m2—k‘i and ]}Z:\/k§+m2_m2, k.>0

/ dz XI,kzX?},qz = 27T(51J5(kz — qz), I,.Jel R

—0

2

L]



Simple Scalars - step wall

&, scalars: —L£ D lmi(z)qbz s lmf/,lﬂ ok Qw2¢ — my, = const does not feel the wall
- . . — while my = my(2) does

EOM: (8 + m}(2))p =0

Far from the wall the plane wave solution

incoming R state
with momentum k&

eik:zz 2Kz

m(z

A

)

_ —tknz" _ _—ikot+iky + rie zZ — —00 % e i
QrEk =€ Xrk(2) =€ ik, z
tre "> zZ — 400 e_/\
W = G, B, Y m i 5
incoming L state .
,I‘;‘ with momentum - &
z tk,z - =
¢ _ e—iknw" (Z) — e thott+ik . E k—tke Z — —00 _/L A
Lk = XL’k Z? : iksz —ikyz fortee §=)~00 m
B | —Pp " - g zZ — +00
m t = +00
” - Z
wherekgz\/kg—m2—k'i and kzz\/k§+m2——7h2, k.>0

/ dz XI,kzX?},qz = 27T(51J5(kz — qz), I,.Jel R

—0

Q1



Simple Scalars - step wall

¢, scalars: —L D %mi(z)qﬁz + %mfpgb? o %1/)%5 — my, = const does not feel the wall

— while my = my(2) does
EOM: (0% + mi(z))d) =)

Far from the wall the plane wave solution

incoming R state
with momentum k&

eik:zz 2Kz

m(z

A

)

_ —tknz" _ _—ikot+iky + rie zZ — —00 %= e i
PrK =€ Xrk(z) =e€ .
tre "> zZ — 400 e_/\
TL — t) x? y m s oo e
A incoming L state .
]‘;‘ with mogentum - &
z ikzz - a
L =€ Keul(2) =8 =k . /N J. X N
2\ —rpe'™** +e % 2z = 400
ke — & ok . A
where r, = ————— , = ———— a
k* + k2 k* + k*

f dz XI,kzX?},qz = 27T(51J5(kz — qz), I,.Jel R

—0

Q"



Simple Scalars - step wall

¢, scalars: —L D lmgs(z)qb2 + lmfpgb? + 224 — my, = const does not feel the wall
. . A — while my = my(2) does

EOM: (8 + m}(2))p =0 m(z)
Far from the wall the plane wave solution incoming R state A
zk: z —tk.z _A
) _ —tkot+ik, x| + rie Z — —00 t— —00 t — +oc
PRk =€ Xrk(2) =€ S
tre zZ — 400 e_/k
e m t— 400 N
,I‘;‘ A w llt'i: (1):1'«1: nl’: n[t l:ttnm— k
—ikpa™ _ikgtti k. | Ztyeths? zZ = —00 - _/L _/\
¢ij — thnx XL,k(Z) —e tkot+ik x| Z;— K B B -
2 _,rkezkzz 1 e—zkzz 2 = 400
K —k* 2k~ m A
where r, = ————— , = ————
k* + k* k* + k?
o0 0 1
* . zﬁz
/ dz X1,k.X7,q, = 2m0156(kz —¢qz), I,JE€L,R using / dz =PV (zﬁ) +18(83)
— 00 —0o0

Q13



Simple Scalars - quantisation

Having a complete set of states {¢r k., L k. } we can expand the field

¢(z,t) = Z / B )%/ﬁ alk¢1k+%k¢’1k)

I=R,L

Promoting fields to operators and Poisson Brackets to commutators, gives:

[aIk,(qu] (2W)35(k—(j)51J ,
lar, azq) = lah.ab =0,  I,Je{R L}

We can define two types of states

= /2koak ,._10),
k2 = \/2koal ;, |0),

which should be thought as independent states in any process.

4



S = Texp (—ifd‘lm?{[nt)

(k" q| S p) = (2m)*6@ (p"

with I =L R,

Simple Scalars - emission

Hin = —iyy*(z)¢(z)

~ K — @ NiM; e —é] d4$<k?Ut q| Him |P)

Qg



Simple Scalars - emission

S = Texp(—t [ d'cHn) Hi = —iyp*(z)d(x)

(k™ q| S |p) = 27)*6®) (" — k" — ¢")iM; = —i] d*z (k7™ q| Hum [p)

To compute (Ap) we need states with definite final momentum!

Q6



Simple Scalars - emission

S = Texp (—Ef d417?‘£[nt) Hine = —iy*(z)d(2)
(k3™ q| S |p) = (2m)*6P(p" — k" — q")yiM; = —i ] d' (k7™ q| Hu |p)
with [=L,R,

To compute (Ap) we need states with definite final momentum!
Then we define basis for outgoing states

S i et e,
— -
t = 400 m t — +00
AS N NS
m t = —00 J 1= —00 - 2 m t— —00 / t—= —00

Q7



Simple Scalars - emission

S = Texp (—Ef d417?‘£[nt) Hine = —iy*(z)d(2)

(k3™ q| S |p) = (2m)*6P(p" — k" — q")yiM; = —i ] d' (k7™ q| Hu |p)
with I =L R,

To compute (Ap) we need states with definite final momentum!

Then we define basis for outgoing states
‘ kO'th) t ‘kl[l) ].Il)
2k U
mi\z ml\z
( ) ( ) ‘kout>_,rk |k1n +tk ‘k‘
A outgoing R state. outgoing L state A V
with momentum k with momentum — &
_‘, ‘1_
t — +00 m t — +00 m

AN NS

m t = —00 ) - 2 m t = —00 t— —o0 - fe¥e!




Simple Scalars - emission

S = Texp (—Ef d4$?‘£[nt) Hine = —iy*(z)d(2)

<@MQ5u»s@ﬂ%@@ﬂ—W—qﬂmﬁﬁﬁ—afﬁﬂﬂ“ﬂ?mHm
with I =L R,

exact amplitudes
4]1:2:}::2 (kz - zzz)Z

|~A/[R|2 — y2 = 3
(hp— (9 —=@" PP {lm =" )
9 (kz_kz)Z »
2 — 2 4;{:2; (']}z_'_pz_qz)Z » k > Am 7}
ML" =y
(k2 — (" — ¢7)?)? Qm” k* < Am
2 AmQ_kE+(pz_qz)2 3 -

Integrate over appropriate phase space (Ap) = (Apr) + (Apr)

= fdpwwqbg P —q - fézl*‘/-dpwwm (p° — ¢° + k%)

Ny —_
e o

Apfq Apf:

kZ k2 2
hox dl, 1 (Ml g2 1 [ 1
dlP Ap: = i — L . M 2Ap?
/ Yo A1 ]k o1 2ko Jo in  2p !2|qz|| 4 pf]

I
min

7 ==g QQ



Beyond the step wall: WKB

/f MVED — / dz &7~y g u(2)V(2)

- 2 - 2

Step wall: ¢¢p, | e ks i [Tk,
o WKB: n(e] = % (2) € J On a case by case basis
0 I o0 Lw z d IA !

kab _ ] dZV(_OO)eiApZ(—oo)z 4 eifo v dz' Ap(z') ] sz(—I—OO)GiApz(_I_OO)Z + / dZV(Z) Jo dz'Ap(2')

J—o© 0 P i ~ -

MO‘u:side Minside
M — 0, if Aprznax L, >1 (z-momentum conservation is restored) using ( / ’ eP*dz = PV (%) + ms(g))
V(—o0 V(400 —1 —1

M©Ebred: — ( ) (o) _ ot L For scalars example

T iAp,(—o0)  iApi(+o0) PP —q —k*  pr_qr — k= 9()



(Ap) [arb.]

(Ap) [arb.]

Scalar Results

=

—_

%,

=

a
i P TL b ) L] [ ———— M LT 10—10 | | | ]
1 10 100 1000 104 109 1 10 100 1000 10 10°

po [arb.] 1o |arb.]

10 8 pr—r—rr - - - 10~ g T T OFT 2 O TS e e TR
- m=1999, =2, my =1, L, =10[arb.[: |l =gy me =1 L =100 [arh.] }
1BE —om | ¥ — (A”

1070 — ey |4 g 107 — (Ao
i o — @y | = — (Api)

: I = i
—12 | . < 107%;

1077 3 ] ~ 0 - 3
[+ ] L+

10 —14 E.ch, i R '), SV, ; 10 —8 :.ﬁ— | ) | |
1 10 100 1000 10 10° 1 10 100 1000 10* 10° 10

po [arh.] po [arb.]

o1



Gauge Symmetry Breaking
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Gauge Symmetry Breaking

1 1 - :
2 _ZF#MF“V T ‘D#‘m? = V(lol) + ID;LWQ B ﬁmfbwg + gauge fixing, Dy =0, +1igAy

ttwo minima at v2|H| = v,

my (2)
A
m = gv and m = gv )
1L
P 1’b
D= e
W
m PN R

013



Gauge Symmetry Breaking

1 1 - :
2 _ZF#MF“V T ‘D#‘m? = V(lol) + ID#WQ B ﬁmfbwg + gauge fixing, Dy =0, +1igAy

?two minima at V2|H| = v,

Extra complications: Gauge fixing

EOM: R gauge

82v(z) = V'(v) f i

L = —VH(U)h A;ﬁ AE'Q!A; AELQ"Aﬁ
5 ¢ = h+ iy h + v(z2) h+ v
Oz = —£g*v* ¢y — V' (v)-=—290, v A" j
m(=0)

Y

1
e ga“(&,A”) + g*v2 AF —2g 0" v

94



Gauge Symmetry Breaking

1 1 .
L5 =7 FuF™ +Dyugl* = V(gl) + Dyt — Sm2y? + gauge fixing,

?two minima at V2|H| = v,

Extra complications: Gauge fixing — Unitary gauge works!!!

EOM: Unitary gauge £ — oo

&v(z) = V'(v)
Oh = =V"(v)h AL2
9, F* = g?v?(2) A* ¢ =h+id,

9y (m?(2)A*) =0

(new!) Transversality condition { m(=0)

Dy = 0 +1igA,

AE‘Q’A;
h+v(z2)

ATL}Q AL
R
h+ Up

3 propagating dofs

Y
2
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Gauge Symmetry Breaking

1 1 . :
L2 =3 FuwF™ +|Dudl* = V(6]) + [Duy” — gmiw® + gauge fixing, D, = 9, +igA,

ttwo minima at V2|H| = v,

Extra complications: Complete basis not convenient in terms of conventional transverse and longitudinal polarisations..

G = g2U2(Z)A‘” ' Generalized Lorentz condition: | 9, (m?(z)A*) = 0

The field is best expanded in terms of ‘wall’ polarisations 7 gnd )\ which correspond to whether A* =0 or not

H _—ikpa™ H“ ,
Aku,ﬁu i E :'If Xi,k“(z) (= 1,72, A



Gauge Symmetry Breaking

1 1 . :
L2 =3 FuwF™ +|Dudl* = V(6]) + [Duy” — gmiw® + gauge fixing, D, = 9, +igA,

ttwo minima at V2|H| = v,

Extra complications: Complete basis not convenient in terms of conventional transverse and longitudinal polarisations..

G = g2U2(Z)A’u ' Generalized Lorentz condition: | 9, (m?(z)A*) = 0

The field is best expanded in terms of ‘wall’ polarisations 7 gnd )\ which correspond to whether A* =0 or not

H _ —thkpa" H " _
Ak{]uk_]_ = Z :ﬂg Xi,k“(z) (= 11,72, A
)
—

Xy = Efrt],g Xn,z(z) 3 [E2 — 83 =+ 92’02(2’)] Xn,z(z) =0
& {0 1. 0y el = (kljk‘g,O?U)/\/kg—k'i
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Gauge Symmetry Breaking

1 1 . :
L2 =3 FuwF™ +|Dudl* = V(6]) + [Duy” — gmiw® + gauge fixing, D, = 9, +igA,

ttwo minima at V2|H| = v,

Extra complications: Complete basis not convenient in terms of conventional transverse and longitudinal polarisations..

G = g2U2(Z)A’u ' Generalized Lorentz condition: | 9, (m?(z)A*) = 0

The field is best expanded in terms of ‘wall’ polarisations 7 gnd )\ which correspond to whether A* =0 or not

Af':u,kJ_ =g Z a; XEk“(z) (= 11,72, A
I
\

E
Xe =€, Xna(2),  [E?— 82+ g°v*(2)] Xma(2) =0 XA = gv(z)’\(z) (—E? = 32+ Uy(2)) A =0.

v2
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Quantisation

3k . -
A = e—t(knt—klr) aln m 2) + ho
;/ (2)3+/2ko ( 1k XE',I,k( ) )

d3k —t kLT out
= Z]me (kl’]f ky ) (ﬂ,g‘ftk CEI}&(Z) —l— h.C.) L
ILE

where [ = R, L denote right and left movers, £ = 7,79, A sums over different
polarisations.
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Quantisation

Pk : -
A = e—t(kni—kl:;r:) aln i (2) + h.c.
;/ (2)3+/2ko ( 2,1,k Xf,f.,g( ) )

d3k —i(kot—k L & out
574

where [ = R, L denote right and left movers, £ = 7,79, A sums over different
polarisations. The wave modes y*(z) are in general constructed via

Xr ke = € Xro1k(2) 5 where ¢ =(0,0,1,0),  €* = (ky,kg,0,0)/4/k3 — k3
o ; - .
s —ik (92(1)/\1,;:)} EA”E on shell 5, 0. (U/\I‘.,k) s gu(u))\nk 5 Ingoing state
I, gEv? gu Eg v? E - wavefunctions
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Quantisation

4k T
&S =M pilkot—kiE) (gin B (V4 hoe
;/ (21T)3\/2k0€ (afrr Xo14(2) c)

d:ik —i(kot—k, & out
=Z/ (21'r):s\/m6 = )(“‘e,ft,k CEI,::(E)JF}“:-) a
ILE

where [ = R, L denote right and left movers, £ = 7,79, A sums over different
polarisations. The wave modes y*(z) are in general constructed via

Xrpk = € Xrtk(2) where e =(0,0,1,0), €k = (ki ko,0,0)/4/k§ — k3
k" ! : 1 - ] P .
Xﬁm _ —ik 52(1,/\1,4*:)} E/\Lk on shell e o (U/\I‘.,k) o .QU(‘J)A”E 5t Ingoing stgte
o gEv? guv Fq v? E wavefunctions

C:.,{L,R} = Ei- X:i,{R,L}(Z)s
} —ik"0,(vAip ) E on shell =, 0:(vA{R.y) gu(z) ., Outgoing state
CA,{L,R} = = 0 i

P G p .
gFEv? " gu Alr.L) Eq v? E {RL} ol ,  wavefunctions
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Quantisation

dk . 2
A = —6—-a(knt—kl:r) ain ok (z ‘I‘}L.C.
;/ (27)? /2%, ( 1k Xf,f.,k( ) )

&’k —i(kot—k, & out
=Z/ (2w):s\/m6 = )(“‘e,ft,k CE;,;C(Z) +h*c-) a
ILE

where [ = R, L denote right and left movers, £ = 7,79, A sums over different
polarisations. The wave modes y*(z) are in general constructed via

Xi,f.,k = Ei XTE,,I-.k(z) ' where efrtl :(0: 07 170)7 E% = (k_!_a k:O: 07 0)/ k(QJ - ki
u [ k"0 (vArg) E on shell 5, 0s ({U)\f*.,k) gv(z) u Ingoing state
XTIk — c— ALk = 0 , * ALk ‘52 ) :
. gEv? gu Egv? e wavefunctions

C:.,{L,R} = Ei- X:i,{R,L}(Z)s
} —ik"0,(vAip ) E on shell =, 0:(vA{R.y) gu(z) ., Outgoing state
C;\,{L,R} = = 0 i

— A7 i S .
_Q'E'L-'Q : qu {R.L} Eg 02 E {R,L} Yz » wavefunctions

Constructed in
terms of respective | E° — 02 + g°0°(2)| X, (2) = 0 (-EQ — 0% + U,\(Z)) A=0
Schrodinger - like '

equations UA(Z) - QQUQ(Z) _vd, (az;’)
10




The Lambda Potential

Uxr(2) Ux(2)
; A v U 5 A
mh,s | U ~ ﬁ mh’s e
2 g m?
v =1 _”?E _____________________ '
- _\/ == _,' -
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Jump to Results

(Ap) In the asymptotic limit Yw—>00

Relative importance of 7 and A contributions Relative importance of 7 and A contributions
Symm. — Broken Broken — Broken
W gv=1, L, =2]arb] | gv =1
0.500} S T T
1= ! = 0'50: L} =10 [arb.] 1
ik ! >
= 0.100¢ =
<~ 0.050}  Pean TR A S iy S A ARt PR P S R N
S, I i o il o |l el 1 = 0.10¢ L7l =2]arb.] \
S NS s '~
-~ . E T e . k A T 1
0.005t (Apl) ] [ { p}) !
e &) | (&9 i
0.001 =7 T 0.01 T
0.001 0.01 0.1 1 0.001 0.01 0.1 1
T/ v/
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<Aptm':>/ 93'5

We are also able to capture transient regimes
— ultimately matters to determine equilibrium velocity

Symm — Brokcrl Total exchanged momentum

Cm= gT—IO 6 mr’lft—l L lHIZ[ar‘b]

2[ S -

po larb.]

Broken — Broken: Total exchanged momentum

T T~ T TTTT T T TTTIw T T T T T TTTTI T~ T TTTI T T TTIr T T TTTT

m =0.001, my =0.001, 1A =1, LL—5UU[a.rb]

B e T I,
-
-

l'! 4
1 L ¥ 1 raam L 1ainum i 1 11 1il

10° 10* 10* 10® 10* 10° 10%° 107

po [arb.]
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* I'm asking you to buy a particular flavour of BSM (Phase Transitions) in order to study its
consequences for more BSM (Dark Matter).
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I'm asking you to buy a particular flavour of BSM (Phase Transitions) in order to study its
consequences for more BSM (Dark Matter).

...but the latter definitely exists (though nature is unkown) and the former is somewhat
motivated by Theory and definitely by prospects of medium-term detection

Light dark matter can have enhanced reflective properties which
- can be determinant for the PT dynamics
- have phenomenological signals (e.g. dark radiation)

FOPTs are violent out of equilibrium events with dark matter production / destruction as well
as correlated gravitational wave and dark radiation signals.

Understanding medium - bubble interactions is a necessary step in calculating anything....



@ =y

THANK / YOU

Y
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