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What?



FOPT: What? (from quantum field theory)

Let us consider a system described by the scalar potential V' (¢)
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Coleman, Callan ('77)



FOPT: What? (from quantum field theory)

Let us consider a system described by the scalar potential V' (¢)
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Why?



FOPT: Why?

’Today, there is no known FOPT of the fundamental interactions in 4d at p = 0 for any T'!

So why?

They frequently appear in BSM theories!

e Many phenomenological consequences: (EW) baryogenesis, dark matter, PBH, collider
signatures, topological defects, axions, ... and Gravitational Waves!



FOPT: Why?

A GW stochastic background potentially observable at upcoming detectors
(even completely decoupled sectors become interesting)
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How?



FOPT: How?
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Interaction with the plasma



FOPT: Calculating pressure

@ Work in the wall frame (ignore curvature). 7, (v,,) is the boost factor (velocity) of the wall.
@ In the limit v, > 1 the plasma can be thought of individual particles hitting the wall.

@ Translational symmetry broken — z—momentum not conserved!
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FOPT: Calculating pressure

@ Work in the wall frame (ignore curvature). 7, (v,,) is the boost factor (velocity) of the wall.
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FOPT: Calculating pressure

@ Work in the wall frame (ignore curvature). ~,,(vy,) is the boost factor (velocity) of the wall.
@ In the limit 7, > 1 the plasma can be thought of individual particles hitting the wall.

@ Translational symmetry broken — z—momentum not conserved!
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FOPT: Calculating pressure

@ Work in the wall frame (ignore curvature). ~,,(v,,) is the boost factor (velocity) of the wall.
@ In the limit 7, > 1 the plasma can be thought of individual particles hitting the wall.

@ Translational symmetry broken — z—momentum not conserved!

new phase
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" " + "
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old phase . old phase

WKB approx. despite IR dominated emission
Weaknesses: o .
Longitudinal pol. not properly considered




Toolkit for Quantisation
across the bubble wall



Toolkit for Quantisation across the bubble wall

1 1
© Specify a model example: —L D §m?¢(2)¢2 + imiz/ﬁ + gdﬂqﬁ



Toolkit for Quantisation across the bubble wall

1
@ Specify a model example: —L D m¢( 2)$? + mwz/J + 1/) 0]
@ Solve the EOM (O+mi)p=0, (@+mi(z)¢=0



Toolkit for Quantisation across the bubble wall

@ Specify a model example: —L D 1mqﬁ( Vo2 + mw@/J + w 0]

@ Solve the EOM and find (non-trivial) basis of eigenmodes (for outgoing states). {Cr, ¢}
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Toolkit for Quantisation across the bubble wall

1
@ Specify a model example: —L D m¢( 2)$? + mw@/J + w 0]

@ Solve the EOM and find (non-trivial) basis of eigenmodes (for outgoing states). {Cr, ¢}

© Quantisation: ¢ = Z /m (ark=Crp= + h.c.)

I=R,L

@ Compute the amplitude: (f| S |i) = (2m)%0®) (™ — k™ — ¢")iM; E, Pi°" conserved



Toolkit for Quantisation across the bubble wall

@ Specify a model example: —L D 1mqﬁ( Vo2 + mw@/J + w 0]

@ Solve the EOM and find (non—trivial) basis of eigenmodes (for outgoing states). {Cr, ¢}
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Toolkit for Quantisation across the bubble wall

1
@ Specify a model example: —L D m¢( 2)$? + mw@/J + w 0]
@ Solve the EOM and find (non—trivial) basis of eigenmodes (for outgoing states). {Cr, ¢}
tisati = — Crpe +h
© Quantisation: ¢ = IZRL/ ISENGI (ar,k=Cr i c.)
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@ Compute the amplitude: M = M(¢) — ¢¢r) = y/ dz x(p*)x" (¢*)¢T (K*)
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© Computation of the average exchanged

(Ap) ~ / dP Ap [MJ?




Toolkit for Quantisation across the bubble wall

1
@ Specify a model example: —L D m¢( 2)$? + mw@/J + w 0]
@ Solve the EOM and find (non—trivial) basis of eigenmodes (for outgoing states). {Cr, ¢}

tisat — [ — 2 =+ h.
© Quantisation: ¢ = 2/271—3 o (ark=Crp= + h.c.)
I=R,L
O Compute the amplitude: M; = M(¢) — ) =y / dz x(p*)x"(q%)C7 (k*)

J —oo

IR — st I k¥ < Lyt
@ Phase space integration: step wall approx ( ~ )
UV — WKB approx (k* 2 L")

@ Computation of the average exchanged

szLwl
(Ap) NZ/ &’k Ap |[MPP)? + / Pk Ap [MYP

k=2 Ly,




Gauge-fixing
and spin-interpolation



Vector boson emission: Abelian Higgs model

1 1 » ;
LD _EFWFW +|D,H|* = V(V2|H|) + |D,|? — gmidﬂ + gauge fixing, D, =0, +1igA,



Vector boson emission: Abelian Higgs model

1 1 » ;
LD _EFWFW +|D,H|* = V(V2|H|) + |D,|? — §m12b¢2 + gauge fixing, D, =0, +1igA,

EOM: R¢ gauge
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Vector boson emission: Abelian Higgs model
1 1 g :
LD _EFWFW +|D,H|* = V(V2|H|) + |D,|? — imidﬂ + gauge fixing, D, =0, +1igA,

EOM: Unitary gauge £ — oo
d2u(z) = V'(v)
Oh = —V"(v)h AL AD= A)
a, FHv ZQQ’UQ(Z)A# EmQ(z)A‘u H = h+ih, h+v(z)

8H(m2(z)A“) =0 m(=0) J

3 propagating dofs
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(new!) Transversality condition {



Vector boson emission: ‘wall’ polarisations

Generalized Lorenz condition: | 9, (m?(z)A*) =0

e A, =0— = T—polarisations:
e}} =(0,0,1,0), e/? :(k:L,k:O,O,O)/\/kzg—ki




Vector boson emission: ‘wall’ polarisations

Generalized Lorenz condition: | 9, (m?(z)A") =

e A, =0— = T—polarisations:
e}} =(0,0,1,0), e/? :(kL,k:O,O,O)/\/kzg—ki

e A, # 0= A—polarisation: A;) =d;a+ A, withi=20,1,2

kK, k* m(z) ()
62—m(z)xE+<,,, E) - = ua+ —55(0,0,0, 4.)

(7, ) best suited for the problem, they differ from conventional (T, L) (agree only for k; = 0).



Vector boson emission: A interpolates between hy and AW
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Vector boson emission: A interpolates between hy and AW
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Types of PT

This formalism allows us to take care of all the possible types of PT
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Results: Symmetric — Broken

Symm s Broken Relative importance of 7 and A contributions
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Results: Broken — Broken

Broken — Broken Relative importance of 7 and A contributions

(v#0, v#0)

Broken — Broken

thin wall: mL, <1

T\ ~o 35 E
(ApT) =~ g0k (v>
2 _ ~2\ 2
Mo 2V TV -1
o= () L

‘)\ enhanced by Z.,' and can be dominant‘




Results: Broken — Broken

Broken — Broken Brok Broken: Total exch d ¢
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Results: Broken — Symmetric

Broken — Symmetric

(’U 7£ Oa U= 0)
44 L, <1
(ApT) = g*v o e S
(mLy) " logmL, mLy, >1

4(mLy,)"" mL, <1
ApM) ~ ¢3v v v

‘/\ enhanced by L' in thin wall limit
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Summary

’ In all the three cases the asymptotic (Ap,) is constant and the friction is P ~ v, x (Ap,)

Momentum transfer in the asymptotic limit (pg — o0)

Symm. — Broken

Broken — Broken

Broken — Symm.

(mL, < 1) (mL, <1)
; 0l v 4.4 mL, <1
ApT) ~ 35 log — 3OF, (t) Sv “
(ApT) 9°vlog g z TN (mLy) MogmLy mLy > 1
2 _ =2\ 2 -1
_ B 4(mL,) mL, <1
Ap*) ~ e ol (— L,! *v N ’
(Ap™) gvex 9\ 212 w g (mLy)™t mLy, > 1

@ )\ always comparable wrt 7 and can be the dominant contribution

@ S—B not sensitive to the wall width, L,,, while B—B and B—S, for A, they are




Conclusions

© We computed the transition radiation emission on much more solid basis, account for
longitudinal emission, and analysed

e symmetric to broken, aka symmetry—breaking PTs
e broken to broken PTs
e broken to symmetric aka symmetry—restoring PTs

@ We computed the friction from transition radiation in the most minimal theory (scalars) and in
a spontaneously broken Abelian gauge theory.

© We developed the tools for computing any particle process in such a background.
(A step towards systematically studying QFT (EFT?) for broken translations)
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Vertex interactions [JCAP05(2017)025]: Bodeker, Moore

a(p) — b(k)c(p—Fk) V2

In the relativistic regime the friction can be computed as

S —VrS
d3p p* F > VpF
AP:/ L A /dIP’ b, AD®
(27)% po " A ; e V=V
S = VLS
where b is soft and
F 5V, F
E
/dIF’a_,;),CN/koL/d:E IM(a —b,c)|?, :CEE—C V=WV
¢ F — Fvp QQQCQ[R}%(ki +m?)
The matrix element is related to the interaction via 1'
V = FF 2g2T[R];(ki +m3)
M(a = b,c) = /dz Xa(2)X3 (2) X5 (2)V (2), V(z) : vertex S s ORI
F — SF y? (k3 +4m?2)

Soft singularity in = matters! — emission of vector bosons!
S S8 AZip?




(Non trivial) eingenmodes for step wall approximation

— my, = const does not feel the wall

1 1 Y
[ —y T2 2 T on2 .02 g2
¢, scalars > 2m¢(z)¢ * 2m’/’w * 21/) ¢ — while my = my(z) does

— EOM: (O +m3(2))¢ = 0 and ¢(z) = e~ FolTikimiy(z) "

PR rke_ikzz z2<0
Xr(z) =

m

tkei%zz z > O m

7 E e
‘- 2 etk R 0
I@E el =\ F g o STEP WALL APPROX
e —rpe® T p e 250 '

(valid in the IR)
k% — k? 2k*
where 7, = = and

kz+kz :];:Z_A'_k:z



Amplitudes & Phase Space (for step wall)

We are ready to compute the amplitudes
§=T exXp (_i/d4$HInt) Hlnt = —Zyl/]2($)¢($)

(K™ gl S [p) = (20)%5) (" — K™ — )iy = i / A2 g Him [p)

oo

Mi = M — pér) = y / dz X)X ()¢} (k)

J —00

Then the averaged exchanged momentum
(Ap) = (Apr) + (Apr)

= /dﬂ”wawg}% P — ¢ —F)+ /dlp’quqs% (p” — ¢ + k)



Beyond step wall — WKB

When does the step wall approximation break?

e If the = momentum is large enough (k*L,, 2 1) there will be mostly transmission! — WKB

k* S Lyt Ly S K < Ko
m(z) m(z)
m 2 m ‘ .
Step wall: CR L .. o k* 71"/‘2 dz'k*(2")2
WKB: xr(z) = kz(z)fl

o | When ApL,, > 1 then M — 0 (z—momentum conservation is restored!)‘




Scalar emission: Quantisation

Having a complete set of states {¢r x=, L k= } We can expand the field

dk? lar ke, al 4.] = (2m)61,69) (k — g)
(;S — /7 aI,kzd)],kz + h.c. s ’ J.q
Z (27'(‘)3\/ 2]’{10 ( ) [a/I,k:Z ) aJ,qz] - [a}’kz 9 aTJ7qz] == O

I=R,L

We can define two types of states

|k5) = /2koal 1.-0),
|k3) = \/2koal, .10,

which should be thought as independent states in any process.



Scalar emission: complete basis for outgoing states

To compute (Ap) we need states with definite final momentum!
How we interpret the emission of a R movers?

m(z)

incoming R state
with momentum k

t — —o0 t — +00

m t— +oo

> 2

Definite initial momentum, but not P eigenstate for ¢t — +00



Scalar emission: complete basis for outgoing states

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

k> . .
out\ __ g% in * in
|ER") =ty = \kg) — 75 [kL)
t | oo
out\ __ % |7.in * in
|k2™) =i, [kKR) + 15, P k1) 0(k)
m(z) m(z)
outgoing R state. outgoing L state A
with momentum & with momentum — k&
> -«
t — +00 m t — 400 m
J\ ] K A J\ ] ( J\
m t — —o0 J t— —o0 > m t — —o0 / t— —o0




Scalar emission: complete basis for outgoing states

To compute (Ap) we need states with definite final momentum!
Then we define basis for outgoing states —  {Cr k=, (L k= }

* ]‘%Z * *
Cr =1 7z XR~ Tk XL = XL,

* * i%.z 7. *
CL =7, XR T} ?XL9(’<?)EXR

outgoing R state.
with momentum &

outgoing L state A
with momentum — &
-~

t — 400

/\
m t— — J

=




Results: Broken — Broken with transient regimes

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

Symm — Broken: Total exchanged momentum

| m—gT*l() (’,Hﬁzfl L 1LwQ[arb]

Broken — Broken: Total exchanged momentum

50 S 11 A1 11 L1 MR LA v T T T

m =0.001, my, =0.001, m =1, L;' =500 [arb.]

I VT T W T 1 i B

10° 100 102 10° 10 10° 10° 107

po |arb.]



Results: Broken — Symmetric with transient regimes

Y= AT
104,m:gv:1[ar‘b.], g/\/le/f
S 100
S,
~ 1
>
~
= 0.017
4
10




Vector boson emission: A interpolates between hy and AW

m

/ 7\ 2 "
EOM for A,: —E% - 02 +m(2)* -2 <> 0, +2 (m) o A, =0
m m m

Symmetric — Broken

Now defining A, = i)\ we get Ux(z)

m(2)
[—E* — 02+ Ux(2)] A=0




Vector boson emission: A interpolates between hy and AW

/ 7\ 2 1"
EOM for A,: E26§+m(z)22<m> 82+2(m) o A, =0
m m m
Symmetric — Broken
. E
Now defining A, = —— X\ we get
m(z) )
my,
[—E* — 02+ Ux(2)] A=0
v=20
z—r+00
Ur(=00) =mj,  «————— Ux(to0) =m*

Can be proven V V(v)



Vector boson emission: A interpolates between hy and AW

’ I\ 2 "
EOM for A,:  |—E2— 92 +m(2)2 — 2 <m> 9, +2 (m) YL By g—
m m m
Broken — Broken
E
Now defining A, = —— X\ we get UA(z)
m(z) — b
[—E* — 02+ Ux(2)] A=0
=<
z—r400
Ux(—o0) = m? ¢ Un(+o0) =m?

— 0042

Can be proven V V(v)

0



Relations between (7, A) and (7, L)

Conventional pol. vectors:

€T, = (07()’ 17 0)7

€ T

€T,

€L

(07 kza 07 _kl)a

ko

€, =

m k:gme

0 0
kokz _ kom
E\E2+ k1  EVE2+E
k()m ]f()k‘z

E\E2+ k2

E\E2+ k2

e For k*, E > k), m mixing between 7, X scales as m/E

€y

€x

k% —m?
ki,0,k%
( k() sl U,

@ We are interested in the sum of all contributions — all computations in (7, \) basis

)



Vector boson emission: step wall solution

T—polarisations: A; = E aige;l’”, only 75 gives a contribution, then

ik*z —ik®z

T2 _ —Z‘kot-‘rikﬂ_.’l}L e + rke z < 0
ORk= = € k"2

’ tre z>0
éz 1.2
k

T2 __—ikot+ik x| kz tk;el z z << O

a?,.=e —{ k=
L.,k e

T2 _iLz
—rpettF T2 5

k% — k*
a™|co =a"|>0 Ckr 4k
azaT2 |<O = azaTQ ‘>0 - 2k*
N

Matching conditions: {




Vector boson emission: step wall solution

m(z)?

o A

A—polarisations: A;} =0ua+ (0,0,0,A,) where A® =

E

ik*z —ik*z
ARz = e~ thottikiz, {e + e z2<0

tkeifczz 250

AL g> = e*ikot*FikLa:L ﬁ ?tkel z 2 <0

Bl —rpe®™ = 472 250
172kz o 112];:'3
il = Bl T Sk

Matching conditions: D) 9.\ N
N 2k*v0
’U(Z) <0 U(Z) >0 tk _

@2kz + 1}2];32



Vector boson emission: Quantisation

A3k - .
A= / e (@ e G (2) o+ e
3 Lk 6,1,k )
I (27‘[’) 2]{50
where I = R, L and ¢ = 7,72, A\. The wave modes are constructed as follow

Cfi,]’kx = 6% Xj—llk(z) )
Outgoing states: " (—ik"@z(v)\?k) E 0:(vAT 1)

* on shell 5 gU(Z) %
o e ,gUAI),C) o au( o )+ 2 8




Anti—friction?



Anti—friction?

Is it possible to have negative friction?

Naive expectation: PrLo ~ fmiTr?uC for particles loosing mass in symmetry restoring PT

Q: What can be negative in (Ap) = /dHBTpH M2 Ap ?

2
m 1
Ap 2 Apl\/[in = pz _pO = _2p(’; + @ ([)2) - <Ap> 2 ApI\/Iin/dl—IBTPH |M‘2 = ApMin P

where M and P are the matrix element azﬁd total integrated probability for the corresponding process.

Asymptotic friction will never dominate the LO contribution! ‘




Phase space for vector emission:
thermal masses



Phase space for vector emission: thermal masses (vectors)

When thermal corrections become important? We cut the phase space at momentum |l§|2 ~ g°T?,
which is equivalent to use the following thermal masses for the vectors (symmetric — broken)

= 4o00) R gV 12+ T2,

ey m=m.(z=400) mgVi2+T?, ) =my(
( ){ z ()\){ =—00) =mys(T) .

m=m.(z=—o0) ~ gT ,

gT is not the only scale possible. The self energy for transverse vectors receives (‘magnetic mass')
thermal corrections only at two loops of parametric order ~ ¢?T" from charged matter.
For broken to broken transitions the vector masses are, for both A and 7 fields

m=gVv2+T?, mmgVoz+T?, (broken to broken) .



WKB approximation

KG eom in Fourier space: X"(z) + &x(z) =0

WKB ansatz: x(z) = exp {; (So + S1h+ Sah®. )] put in the differential equation and match terms
of the same order in A.

= Validity: 1Sy (2)] < |Sh(2)| & 27:]S}S;| < |(0.p7(2))?|

_ [ e [T o0\ 0%
x(z) = pz(z)explz/0 dzp(z)Jrz/O dz<2<pz) o)




