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FOPT: Why, What & bubbles dynamic



L
FOPT: Why?

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

apart from Higgs instability, but not conclusive...

But...

They frequently appear in BSM theories!

o Many phenomenological consequences: baryogenesis, dark matter, ...

o Gravitational waves: a stochastic background potentially observable at upcoming detectors (even
completely decoupled sectors become interesting).
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FOPT: What?

I'~ T4e_S3/T, Euclidean action
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FOPT: What?

I'~ T4e_S3/T, Euclidean action

Solution w/

e g O(d) spherical symm. = Bubbles!
minimal action
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FOPT: Bubble dynamic
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e, O
FOPT: Why distinguish between runaway or not?

Strong friction could change the GW signal
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Runaway or not is important to know the equilibrium velocity!
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FOPT: Calculating pressure
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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 v, > 1 wall can be thought of a interacting with individual particles.

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

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

@ Translational symmetry broken — z—momentum not conserved!
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constant as 7y,, — o0 Badeker, Moore ['17]
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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 wall can be thought of a interacting with individual particles.

@ Translational symmetry broken — z—momentum not conserved!
new phase new phase

Incoming flux . . P

[ + ¥
Yw MUy
old phase old phase
V4

WKB approx. despite IR dominated emission

Longitudinal pol. not properly considered

Weaknesses: {




Toolkit for Quantisation across the wall



R S O O A b T
Scalar example
1

1
¢, scalars: —L D imi(z)¢2 + §m12¢ﬂ/12 + ngfﬁ

— my, = const does not feel the wall

— while my = my(z) does
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Scalar example

1 1 Y — my, = const does not feel the wall
,1 scalars: —£ D =m? 24 Zmiy? 4 Zy?
0¥ 2m¢(z)¢ - 2m¢1/1 - 21/) ¢ — while my = my(z) does
— EOM: (O +m2(2))¢ = 0 and ¢(2) = e~ Fottikiosy(z) m(z)
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Scalar example

1 1 Y — my, = const does not feel the wall
,1 scalars: —£ D =m? 24 Zmiy? 4 Zy?
0¥ 2m¢(z)¢ - 2m¢1/1 - 21/) ¢ — while my = my(z) does
— EOM: (O +m2(2))¢ = 0 and ¢(2) = e~ Fottikiosy(z) m(2)

) e*Fpre™ 25 0
XR\Z) = i
te't z — 400
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Scalar example

— my, = const does not feel the wall

1
1 scalars: —£ 5 = 2 gmipe® + o
o, 1) scalars: > 5m ( )¢ + w/’ + 1/’ ¢ — while mg = mg(2) does

— EOM: (O +m2(2))¢ = 0 and ¢(2) = e~ Fottikiosy(z) m(2)
( ) zk z+7"k€ ik*z 2 = —00
zZ) =
X tke”“ # z — 400 .

|R with k£ < 0 complete basis, but not orthogonal! |
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Scalar example

— my, = const does not feel the wall

1
, scalars: —£ D = o gmiy? ?
&, 1 scalars: 5™ m3(2)¢ + mi? + ‘/’ ¢ — while mg = my(z) does

— EOM: (O +m2(2))¢ = 0 and ¢(2) = e~ Fottikiosy(z) m(2)
() zk z+7"k€ ik*z 2 = —00
zZ) =
X tke”“ z z — +00 .
z k* ik*z \ﬁ
k —tre zZ — —00
xL(z) =/ = | k7
k= ik*z

Ly iz
—rpeF e E 4 doo

00
/ dz XLkzX}qz :27T(51J5(k2z—qz), I,Je LR
—0
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R S O O A b T
Scalar example

1 1 — My, = const does not feel the wall
0.1 scalars: —L > Sm3(2)” + Smiu” + g¢2¢ v

2 — while my = my(z) does

— EOM: (O +m3(2))¢ = 0 and ¢(z) = e~ Hot+ikiosy(z) ()
) eFEp e 2 <0 -
z) = =
xR tke’k z z>0 .
R~ k* k—zt etz z2<0
@ eo-VEE
B D ey oife s STEP WALL APPROX.
3 (valid in the IR)
k* — k? 2k*
where 7, = = and tp = =
kz + k-z kz + kz
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L
Scalar emission: Quantisation

Having a complete set of states {¢r 1=, ¢ k= } we can expand the field

lar k=, an] (2m)367 76 (k — q)
lar k=, arq:] = la ;kz’an]_O

¢ = Z / 27r3 e (ark=d1k= + hoc.),

I=R,L
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Scalar emission: Quantisation

Having a complete set of states {¢r 1=, ¢ k= } we can expand the field

di? large,aly .1 = (2m)36,,6® (k — q)
= Py —— z z h. . ’ 7q
o= > /(27T>3 oI (ark=¢r k= + h.c.), {

I=R,L lar k=, ar,q:] = [a:;’kz’aj-],qz] =0

We can define two types of states

|k5) = /2koal ;.- 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 A
with momentum k&
o O
t — —00 t — +00 T

i ‘

- 2z

Definite initial momentum, but not P eigenstate for ¢ — 400



Scalar emission: complete basis for outgoing states

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

ou * k= in * in
k) = t; = \kg) — i [KL'),

ou * in * ];z in 7.
[k2") = ri [kR) + th = kL) 0(k)

m(z) m(z)
outgoing R state. outgoing L state
with momentum & with momentum —
> -
t — 400 m t — +o00 m
m t— —00 / t— —00 2 m t = —00 J t— —0
= > 15/25
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Scalar emission: complete basis for outgoing states

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

* %Z * *
Cr =1y 7z XR =Tk XL = XL,

* * ]NCZ 7. *
CL=rp XR + 1t EXLH(k)EXR

m(z) m(z)
outgoing R state. outgoing L state
with momentum & with momentum — &
— -
t — 400 m t — +o0 m

S .S AN

=z ™ /25
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e, O
Scalar emission: Amplitudes & Phase Space

We are ready to compute the amplitudes
S = T exp <_i/d4$HInt> HInt - —zy¢2(x)¢(x)

(k91 g| S |p) = (21)263) (p" — k™ — ¢")iM "= i / d* (k3" g Hine |p)
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e, O
Scalar emission: Amplitudes & Phase Space

We are ready to compute the amplitudes
s=Texp (=i [ ator ) Mo = —iy2(2)0(a)

(k™ q| S p) = (27)26@ (p" — k™ — q")iM; = —i / A2 (k9" g Hine D)

oo

M= M@ = ddr) =y / dz X (07X ()G (k)

— 00
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e, O
Scalar emission: Amplitudes & Phase Space

We are ready to compute the amplitudes
s=Texp (=i [ ator ) Mo = —iy2(2)0(a)

(k™ q| S p) = (27)26@ (p" — k™ — q")iM; = —i / A2 (k9" g Hine D)

oo

M= M@ = ddr) =y / dz X (07X ()G (k)

— 00

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

= /d]P’wech (" —¢ —k)+ /d%—qucL (P* — ¢ + k)

. kZ, ki 2
max Jk. 1 Lmax k 1 1
TPy psy Api = e = o |z M Ar
(/[ o1 SPT '/]\,:.1 2w 2kg (/() dr 2p? {2‘(1"‘ 1‘ .

xxxxxx (1":3&(1,:' 13/25




R S O O A b T
Scalar emission: Beyond step wall — WKB

When does the step wall approximation break?
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Scalar emission: Beyond step wall — WKB

When does the step wall approximation break?

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

k* S Ly Ly S K < Ko
m(z) m(z)
Step wall: (R.L WKB: yn(z) = lkf(zz)e_iﬁ: A2k ()2
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Scalar emission: Beyond step wall — WKB

When does the step wall approximation break?

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

k* S Ly Lyt S < ki
m(z) m(2)
m 2 m ‘ 2
Step wall: CR,L WKB: ya(z) = kkz e_i.[: dz'k* ()2
#(2)
o |When ApL,, > 1 then M — 0 (z—momentum conservation is restored!) |




Total contribution for (Ap)

The integral over the phase space thus splits into two contributions and the averaged momentum exchange
very schematically takes the form

k*<Ly?
<Ap>~/ Bk Ap M2 4 / Bk Ap M2

k*>L3t

then we need to compute 3 contributions: L—step, R—step and WKB

z’A[}‘““\:/JV “““ <dk, 1 /“l vvvv Cd 1
) L JO 27 '2/\'[) Jo 47 21),;
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ok ok 9
P < dk. 1 Tomax ke
(Agfiery — / .

Jam 27 2ko Jo 7P W
(Ap™P) — /'1‘ “““ “dk. 1 /“2 vvvv < dk? 1
\ " Jam 2 2ko Jo ir

1 : ; : .
ﬂ — ML —¢* + /)} o(L,' — k%),
2l¢?|

1 L .
{7‘ —|Mr*(p* — ¢* — /v")} O(Lyt — k7,
2|7

ﬂ)‘ A‘\J\/I“H’\‘)(p' —-q 4@} xO (k" —L,") e (L, — (° — ¢ — k7)) .
2|q® !
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Gauge—fixing and spin—interpolation

(symmetry breaking PT)

_ Quantisation Across Bubble Walls and Friction
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R S O O A b T
Vector boson emission: Abelian Higgs model

1 Y 1 - .
LD —ZFWF“ +|D, H* = V(V2|H|) + |Db|* — §mid)2 + gauge fixing, D, =0, +1igA,
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Vector boson emission: Abelian Higgs model

1 1 .. .
LD _ZF“VFW +|D,H? = V(V2|H|) + | D) — §m12/]¢2 + gauge fixing, D, =0,+igA,

EOM: R, gauge

d2v(z) = V' (v) /
Oh = —V"(v)h

1,2
Au

A;”,Ai AZM’A{;
h H = h+ih,y h+v(z) h+ v
Ohg = —£g*v?hy — V’(v)f—Qg@MUA” J
v 1 v 2.2 m(=0)
0, FH" = E@”(ﬁ‘,,A )+ g°v* A*—2ghy 0" v z

17/25
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Vector boson emission: Abelian Higgs model

1 1
LD~ Fu " + Dy HJ? — V(V2H|) + | D - 5’ + gauge fixing,

EOM: Unitary gauge £ — oo

0*v(z) = V'(v)
Oh = —V"(u)h

D, =0,+1igA,

I

12
Ay

A [
9, F* :gZUQ(z)A" EmQ(z)A" H = h+ih, h+v(z) h+ vy
D, (m2(2)A*) =0 =0 J
(new!) Transversality condition u(m”(2) _ ) st i
3 propagating dofs
Gidlio Barni

Quantisation Across Bubble Walls and Friction

17/25




e, O
Vector boson emission: 7 and A polarisations

Generalized Lorentz condition: | 9, (m?(z)A*) = 0 E* = (ko,k1,0,k?)
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Vector boson emission: 7 and A polarisations

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

e A, =0— = T—polarisations:

e =1(0,0,1,0), €2 = (ki ko,0,0)/\/k§ — k1

_ Quantisation Across Bubble Walls and Friction

k" = (ko,k1,0,k%)
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e, O
Vector boson emission: 7 and A polarisations

Generalized Lorentz condition: 8ﬂ(m2(z)A") =0 k" = (ko,k1,0,k%)

e A, =0— = T—polarisations:
€, =(0,0,1,0), €,/ = (ki,ko,0,0)/1/k3 — k%

o A, # 0= \—polarisation: A = d;a+ A, withi=0,1,2 E =k} -k
k k* m(z) m(z)
x_ _Fu v 2 A
e m(z)xE+<o,o,0, - ) — = ua+ =5-(0.0,0,4.)

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

18/25



e, O
Vector boson emission: A interpolates between hsy and AW

’ 7\ 2 "
EOM for A.: _E?% _ 83 + m(z)2 -9 <ﬁ> 8, + 2 (ﬁ) _ 2m_
m m

m

A, =0

19/25



Vector boson emission: A interpolates between hsy and AW

m m

/ 7 2 "
EOM for A,: —E? -9+ m(2)* -2 <ﬁ> 0, +2 (—) —2— | A, =0
m m m

Symmetric — Broken

Now defining A, = i)\ we get Ur(z)
m(z) )
[—E? - 92+ Ux(z)] A=0 i
v=0
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Vector boson emission: A interpolates between hsy and AW

m m

/ 7 2 "
EOM for A,: —E? -9+ m(2)* -2 <ﬁ> 0, +2 (—) —2— | A, =0
m m m

Symmetric — Broken

Now defining A, = i)\ we get Ua(z)
m(z) )
mh,s
[—E? - 92+ Ux(z)] A=0 i
v=0
z
U ( ) 2 z—r+00 U _ 9
—00) = — =
A(=o0) =my, . A(+oo) =m

Can be proven V V(v)
19/25
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e, O
Vector boson emission: A interpolates between hsy and AW

/ I\ 2 "
EOM for A.: _E2_33+m(z)2_2<ﬂ> az+2<ﬁ) o™ A, =0
m m m

Broken — Broken

E
Now defining A, = ——\ we get

m(z)
[—E* — 02+ Ux(2)]A=0

z—r+00

2 2

Ux(—<) =m Ur(+o0) =m

—0o04—z
Can be proven V V (v)
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Vector boson emission: step wall solution

T—polarisations: A7 = E aj »€,-'™, only 73 gives a contribution, then

ik*z —ik®z

To  _ _—ikot+ik,az, ) © + rie z<0
ARk =€ ik z

’ tre z>0
Z:Z 1.2
k

a . — p—ikot+ikizy k= Etkel N z2<0
L.k k= ik*z

where ko = k2 +m? —m? and E = \/k§ — k3.
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Vector boson emission: step wall solution

T—polarisations: A; = E a{y2e;1’”, only 75 gives a contribution, then

ik*z —ik®z
To  _ _—ikot+ik,az, ) © + rie z<0
URr= =€

tke““ # z>0
Z:Z 1.z
k
T2 __—ikott+ikix k-Z tkel z z < 0
a =€ - k:z
L,k Lz

where kg =

k? — k*

a™l<o=a"[>o "

Matching conditions: {

82017—2 |<O = 8zaT2 |>0
k

N

TRk



Vector boson emission: step wall solution

m(z)? E

A—polarisations: A’\ Opa+ ———(0,0,0,A.) where A* = ——A\.
CE? m

ik*z —ik*z
AR k= = e_ikOtJl‘ikLEL {6 +rie z<0

te* z>0
éz 1.2
kot I 2<0
)\L,kz —e ikot+ik x ) - k'z k )
k= ik*z

where ko = \/m k= m and E = m
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Vector boson emission: step wall solution

A—polarisations: A, = 9,a + ](52) (0,0,0,A4.) where A% = ml(?z)k'

zk z —ik*z

_—ikot+ikiay + rie 2<0
)‘R,kz =€ ik*z

tre z>0
]‘%z 1.2
k

Ap e = e ikotHikiT. k* Etkel i z2<0
’ kz ik*z

—rie +e 2 250

where ko =

2k% — v2k?

A(z)|<o = Av(2)]>0 Tk = o 27

Matching conditions: N 0 = ! kzqui g
EIPEe) t= 0

<0 >0 TN
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L
Vector boson emission: Quantisation

>k out _—i(kot—k,Z) ~u
E o) e (aM,k e C&I’k(z) + h.c.) ,
1,0

where I = R, L and £ = 71,72, A.
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L
Vector boson emission: Quantisation

d3k out —i(kot—Elf) 1
E (2n)PVak, (alf,l,k e Corp(z) + h.c.) )
1.0

where I = R, L and ¢ = 7,79, A\. The wave modes are constructed as follow
L
Gtk = €, X7, 0k(2)

Outgoing states: i —ik"0.(vAT,) E ) onstell 5 0:(vAT 1) gv(2)
MLk gEv?  gu TR) Eg v? E

*
)\I,k 55 .



Results: (Ap) in the asymptotic limit v, — o0

(Apf)/g%0

0.100¢
0.050¢

0.010¢
0.005¢

0.001

1k gt =1,
0.500¢

Relative importance of 7 and A contributions

Symm. — Broken

i =2[arb.]|

' —1[arb
1 g0 [arb.]
0807 TS
o
[
=
"2 010 |
q 1
~ 0.05¢ 14
0.01 L

(ApT) ~ g0 Fy (%)

Relative importance of 7 and A contributions

Broken — Broken

22/25
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Results: Broken — Broken with transient regimes

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

Syrnrn — Broken Total exchanged momentum Broken — Broken: Total exchanged momentum
| T gT s m i L‘ _:2 [arb] 50F T O(]lmw :‘(‘)‘HOO‘I‘ e 1L‘ _500[arb}
Ja; 1 / : ]
=~ | L' =50 [arb.]
g 0.5] |
Q |
g |
0.27 ;
O bl vl oo i vl ST LB T i v i )
10° 10t 10° 10* 10* 10° 10° 107 10° 10" 10* 10° 10* 10° 10 107

po [arb.] po |arb.]



Main 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
o broken to broken PTs
o 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 develop the tools for computing any particle process in such backgrounds.
(A step towards systematically studying QFT (EFT?) for broken translations)

Giulio Barni Quantisation Across Bubble Walls and Friction June 10th, 2024
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Backup slides
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Why emission of vector bosons?
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Vertex interactions [JCAP05(2017)025]: Bodeker, Moore

a(p) — b(k)c(p—F) V2

In the relativistic regime the friction can be computed as

5= VpS
dp p? F VP 192 ColR) =12
AP :/ p3p_ Zq x Z/dpaab,cApz o . ]352 *
(2m)% po ” Vo VeV
. S —=VLS
where b is soft and
F — VLF
E
/ dPy e ~ / 2k, / dr M@= boP, v =t vy
¢ Fo PV 2GRS+ md)
The matrix element is related to the interaction via T
V= FF 2g2T[R];(ki +mi)
M(a = b,c) = /dz Xa(2)x5(2)XE(2)V (2), V(%) : vertex S s vy
. - . F -+ SF 2(k2 + dm?
Soft singularity in = matters! — emission of vector bosons! v (kL dma)
588 AZp?




e O O EmHZN
FOPT: Bubble dynamic (General case)

Equilibrium velocity of the bubbles (or runaway), vi,**

w

, is setted by

AV = AP (yx)

w

@ AV is independent on the velocity of the wall

@ AP (v ) very difficult to compute in general and depends on the velocity
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e O O EmHZN
FOPT: Bubble dynamic (General case)

Equilibrium velocity of the bubbles (or runaway), vi,**

w

, is setted by

AV = AP (yx)

w

@ AV is independent on the velocity of the wall

o AP(~1#) very difficult to compute in general and depends on the velocity

w
0021 — I“/l1(v+,Tl,) 7[
=== May(vw, Tp)
0.00
GENERAL CASE: solve coupled differential system = /
s -0.02
1 o d
puaﬂfi + Eazml [¢]8pz fl = C[f’“ (b] —-0.04 = ,—”——
.4 dmilo] [ dp fi _ "
o+ do + — d¢ (27)3 2E; 0% 02 04 o6 08 10
K2 Vw

Figure: Friction acting on the bubble expansion.
[2102.12490]



e O O EmHZN
FOPT: Bubble dynamic (General case)

Equilibrium velocity of the bubbles (or runaway), vi,**

w

, is setted by

AV = AP (yx)

w

@ AV is independent on the velocity of the wall

@ AP (v ) very difficult to compute in general and depends on the velocity

0.02{ — I“/l1(V+.TL) 71
Relativistic case (7, > 1) - Mi(viy, Ty)
0.00
.. . =
C— Oag‘t;alllstlc regime), f; > fi4 2 o0 /
T e J
Oo + _d¢ =0 —0.04 //
Bp p? —00%% 02 0.4 06 08 1.0
AP = / (27)3 po A X Z/dPA—»(APZ Yw
)" po X Figure: Friction acting on the bubble expansion.

[2102.12490]



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



e O O EmHZN
Relations between (7, A) and (7, L)

Conventional pol. vectors:

1 ko (kg - m2 )
er, = (0,0,1,0), ep, = ———(0,k%,0,—-k,), €= k1,0, k%
7= ) 2 k* + kz( +) L my/k3 —m? ko + )
1 0 0
€T, k)okz B kom €ry
er, | = E\/k2 + k2 E\/k2 + k2 €ry
€r, kom kok? €

E\k2+k2  E\E2+k2

e For k*, E > k, ,m mixing between 7, \ scales as m/E
o We are interested in the sum of all contributions — all computations in (7, \) basis



Amplitude from WKB (details)
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Amplitude from WKB (details)

MWKE :/ dz "W E (K*)V (2)
— 00

0 . z . Lwd A ’ s . z Luw - [Z ’ ’
:/ dzV (—oc0)e'™P (—00)z+ezf0 2 p(z)/ A2V (+00)eiaP (+oo)z+/ sz(z)e’fo dz' Ap(z")

—0 0 0
Moutside Minside
0 . . . (Lw f [e%s) . . Loy, o,
:/ dzV (—o0)eAr (72)2 +M/ dzV (4o0)etAP (+0)2 —|—/ dZV(Z)er;) &
—o 0 0
Moutside Minside
Ap(z)L, < 1 On a case by case basis
kab red. __ V(_OO) V(+OO)

" iAp.(—00)  iAp.(+00)




WKB approximation
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WKB approximation

2
KG eom in Fourier space: X"(z) + Z—;X(z) =0

WKB ansatz: x(z) = exp {% (So + S1h+ Soh? ... )] put in the differential equation and match terms
of the same order in h.

= Validity: h|S{(2)] < |Sh(2)| & 2h]S}S7| < |(0.p7(2))?|

pz ) z . . ) z R 1 azpz 2 82pz
z) = 5 _ e 1 dzzz—i—z/ d? —( )—Z—
x) P () P l /0 rEE (2 P dp.
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Sensitivity to the wall width
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Sensitivity to the wall width: broken to broken

0.6 m=01, m=2frb}-  107'F m=0.1 - fh==2lerb )
0.5 1
- o
E 0.4 15
—~ 03 123
<= <&
S = (Apg™)
4 02 4 (ApEDY
0.1 ]
0.0 :
9 4 6 8 10 2 4 6 8 10
L,' [arb)] L' [arb.]
0.442 T =0, = 2farh)] m=0.1, m =2[arb.]
| s B
— P :
£ 0438 =
= =
7 0.436) =
z
§ 0.434" 5 (@)
~ 0432 ~ ., (ApR*?)
RS (A7) + (A) ]
0.430} , ] ‘ ‘ ‘ ; ‘ ‘
2 4 6 8 10 2 4 6 8 10
L' [arb] L' [arb.]
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Sensitivity to the wall width: broken to symmetryc

-~ 100¢ 100}
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3 |

T 1 S

z 3

3 001 0.01f =N

IS8 s, M

Sl/ - 1
1074¢ 10747 '
0.001 0.010 0.100 1 10 100 1000 0.001 0.010 0.100 1 10 100 1000

mLy = g/v/ M mLy = g/\/ M
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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_c‘|2 ~ ¢*T?,
which is equivalent to use the following thermal masses for the vectors (symmetric — broken)

(T)'{m:mr<z=+oo>w 02+ 12, (A)-{m:mx<z=+oo)zg\/ﬁ2+T2,
z =

m=m,(z=—o00) ~gT, m=my(z=—00) =mys(T) .

9T 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 \ and 7 fields

m=gVu2+T?2, me~gVo2+T?, (broken to broken) .



Ward identity
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Ward identity
If the gauge symmetry is preserved, vector bosons can couple only to conserved currents
MED = efc‘/\/l,(f"]) = (el + k”)/\/ll(f"’) , (no wall).

where the (4,J) label indicates full 4-momentum conservation,J* the conserved current and ¢/ the
external particle’s polarisation vector.

In the presence of a domain wall in the z direction, the generalised matrix element M) includes an
integral over z and the polarisation tensor is also a function thereof. The expression of conservation
closest to the previous is

MET) = /dz Xer i (MP (2) = /dz (sz,k(Z) +5“f(2)) MPZD(2)
where 0K = (—ik™ 0%) , (with wall)

0. (z,'2/\)
)= gz

and f(z) is an arbitrary function. Example: f(2) = a(z



Interpolation between hs and AW
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Interpolation between hy and AW

To understand this matching better let us look at the x4 vector in the limit v — 0

. o (—ik".(wN) B
XA = (—ik"a(2), x3) = (gEv2 ’gv)\

A k™ 1)/ )\/:| ) efikw <kn ) )
=—|\-——|—+—|,F = = *th,s+kz SE ),
gu < E [v A 030 qgu E [ }

where we have used that A becomes a plane wave far from the wall and v'/v — my, 5. Note that the
factor (—imy, s + k*)/E is a pure phase if the A dof is on shell. Let us see whether we can build
exactly the same vector but from the Goldstone field /5. Indeed if we consider the vector

h2 efik:c v 7iE€7ikm kn
oHr|l—=)=- KK +i— | = ———m—— | = [—imp s+ E°],E ).
<9v) gv ( o v) gu(k* —imps) \ E [=imas + 7]

So we can see that the two vectors x and 9, (h2/gv) are exactly the same apart from the
constant phase factor, so indeed ) field in the z — —oo limit corresponds to the Goldstone boson.
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Total pressure: fitting formulas

Symmetric — Broken

log (% 42.26)  0.19

. R
lim Py ~ & /T + /T

Y00 2

x ¢ l0.135 log <% n 2.26) —0.085 — 0.2

Broken — Broken

. A ((3)7wT? 2 (v? —0%)?
lim Pr., ~ 0.05 2

Y00
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Current conservation in the presence
of the wall
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Current conservation in the presence of the wall

Considering a conserved current 9, J" = 0, its conservation imposes that any interaction which can be
written in the form

0. = (finall S fimitial) = [ ' 0,1(0)7" (@) =0,
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Current conservation in the presence of the wall

Considering a conserved current 9, J" = 0, its conservation imposes that any interaction which can be
written in the form

JHO.f = (final| S |initial) = /d4x Ouf(x)JH(z) =0,

For example let us consider f = X7 5(2), where x7 , are the wave functions for the 7 polarisations.
Then the matrix element will be equal to

T (p + q)ukl"

(p+a)uk" . (p+q@ukt
+ Tk —
Ap Ap;
=(p+q.1+r,—t;)=0.

JrPx(p+gt = M=

where k# = - M= (k™ k7).
here k! = (K™, —k*), k' = (k™ k%)



Current conservation in the presence of the wall

Considering a conserved current 9, J" = 0, its conservation imposes that any interaction which can be
written in the form

JHOLf = (final| S |initial) = /d4x Ouf(x)JH(z) =0,

Similarly we can choose f = a(z) = 0.(vA), of the A. Using the expression for reflection and

1
gu2E
transmission coefficients we can compute the amplitude for the processes J* — x4 corresponding to
the interaction J,x\. The computation goes as follows

z I z m 7.2 T
T (p+qt = M= Bt auk” K 04kl F (Pt )ik

gEv Ap Egqu * Ap, gEv * Ap
. (kK k*
:W(_Tg_j@) —0,
E gu  gu v
=0

The terms cancelling each other in the brackets are growing in energy, which makes crucially
important the calculation of exact values of reflection and transmission coefficients.
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Non—conserved currents
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e
Non—conserved currents

1
£ =~ FuF" + |D,HP = V(H) + Dyl =m0 + (v H + h.c.
where Quy(H) = 1,Qu(1)(¢) = —1/2. The divergence of the current becomes equal to:
Opdly =V2u(2) (5°6™ — ke®) , b =i(¢*0"p — 0" ") .
The interaction between the )\ polarisation and Jf; and can be written as follows:

1 g*v(z)
maz (v(2)A(2)) — E

9Qu AN = Q4 |~ V2 (K¢ — k¢?) M2)J.

We can see that on top of the term AJ, present in the conserved current case, there is an additional
interaction. However this interaction is not growing with energy, and in the limit v(z) — 0, it is
finite.



Symmetry—restoring PT
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Results: Broken — Symmetric

100¢

—_
T

0.011

(AP ) pysoo/ g%V

1074
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me = g/\/ )\h

Aptoty ~ 92 L=l ~ 92 \/)\_
B = ol > 5mvvhe
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Negative pressure?
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Negative pressure?

— If some particle lose its mass, then — Pro ~ —Am>T?, so what about Pyx10?

— We have found that ¢ — 9 A" in symmetry restoring PTs produces Pnro > 0
And in general?

2 1
ApZApMmzpz—qo—kO=pz—p°=——“+(’)(:§> , (1)
z
which is the leading order minimum. Although this absolute minimum is negative, vanish for p* — oo.
A lower bound on the average momentum transfer is

(Ap) = /dHBTPH IM|* Ap > ApMim/dHBTPH IM|? = Apyin P, (2)

P is an integrated probability for a physical process and it cannot grow arbitrarily to infinity with
incoming particle energy po =~ p* (less it break unitarity), and we conclude that

2

(Ap) > _;r;; , for p® — o . 3)




