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VACUUM DECAY

* Easiest example in field theory: single scalar ¢

v

* Metastability of the false vacuum
* Decay to the true vacuum (tunnel under the barrier)
* Bubble nucleation: 1° order phase transition

* Bubble expansion: conversion of false vacuum to true
vacuum

«False» vacuum

_/——\
«True» vacuum

[Hindmarsh, Liiben, Lumma, Pauly, 2008.09136]
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VACUUM DECAY RATE

* 1-loop decay rate (per unit volume) for generic Euclidean dimension:

det’ O
det OFV

D m L _|(S)*
Coaemmcom — | ()

IJJG L o)

T T

fluctuations classical solution («bounce»)

* D = 3: Thermal field theory, D = 4 : Quantum field theory
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WHY VACUUM DECAY?

* Early universe: 1° order cosmological phase transition is a sign of BSM physics!

* Example: Electroweak phase transition (EWPT)
e ~107 s, ~100 GeV

* Crossover in SM, can be 1° order even in simplest extensions

SM: e
BSM:
Vg, T)
h

Higgs mass

T=Tc
T=Tc

T<Tc

Temperature
[Hindmarsh, Liiben, Lumma, Pauly, 2008.09136]
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WHY VACUUM DECAY?

* Early universe: 1° order cosmological phase transition is a sign of BSM physics!

* Example: Electroweak phase transition (EWPT)
¢ ~1071s,~100 GeV Potential to be probed

* Crossover in SM, can be 1° order even in simplest extensions via detection of GWs

VT background
SM:
- 125 GeV BSM:
2nd order Vg, T) T Te

- 80 &v T=Tc
w
g Hggs phase
2 T=Tc
3 h
- f Symmetric phase T<Tc

2 150 GeV
Temperature ¢
[Hindmarsh, Liiben, Lumma, Pauly, 2008.09136]
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VACUUM DECAY - THIN WALL

* Long-standing problem [Coleman, 10.1103/PhysRevD.15.2929 ; Coleman, Callan, 10.1103/PhysRevD.16.1762 ]

* We derived a closed-form false vacuum decay rate at one loop V(o) - Vo)
w)— VIPrv

* Potential: A 9 03p
V = g(q52—02) + XAV (¢ — )
02f
* Thinwall: 0 < A <« 1 (expansion parameter)
0.1 —
/\ L,
D L S ETEa = —
-1.5 -1.0 5 L 0.5 . v
—2\0'A + O(A?) [ 3
[ ppv =1—A - ZA? 4+ O(A3)
h 4 -01F 2

orv =—1—A+ gﬁ +0(A%)
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VACUUM DECAY - THIN WALL

* Long-standing problem [Coleman, 10.1103/PhysRevD.15.2929 ; Coleman, Callan, 10.1103/PhysRevD.16.1762 ]

» We derived a closed-form false vacuum decay rate at one loop V(o) - Vo)
w)— VIPrv

03F

* Potential:

V:g(¢2—v2)2—l—)\Av3(aS—fu)

02

* Thinwall: 0 < A <« 1 (expansion parameter)

1. 0.1:-

S:/ (—¢2+V—VFV) ‘

5 \2 /\ L,
l - ._1..5 . ._1..0 ..... .5. e . R .075. o . . . p=—

—2M1A + O(AY) [ 3

D _1 pv =1—A— A2 4+ 0(AY)
D _(Sr 7| 4O |7 s 4 o) " o
— e c L
V 2mh det Opy prv=—1-A+ 5074 O(AY)
O = —-9,0"+V® «Bounce» action
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THIN WALL BOUNCE AND RADIUS

° i i . ? = — n — — 1 n
Thin wall expansion: U_@—ngnA Lo 2= VA p— T T—ZZ%A
* Solve e.o.m. order by order b+ D — 195) _ dv $(0) = d(o0) = 0
d¢ b b
» Bounce: H0) =i,  d(c0) = dpv.
Yo P2

1.0+

05k

10 5 5 10 < 10 5 5 1I[} <

* Then fix radius by extremizing the action at that order :
sy _, _ _D-1 R . _ 6m*—40+ D(26 — 4D — 37°)
dro °T 3 P 2 3(D—1)
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THIN WALL BOUNCE ACTION

° Action in general D : _ |
o __ QuP (D - 1)9—1 2 015\ T [ — D=
0 = \D/2—1AD-1 3D : e max=37s
AD/2=IAD=T|\ "3 3D r ... — o
? 0.10F € f—ewegmr = 2]
1+ D(25-8D—32)\\| & &5 e S =
S = SU 1 —|— (,l;_] E "-'M,,ﬁh‘ “_.‘ g — TWj
A 2(D—1) 0.05- & B e I I
2| [0(A*)is preliminary | Cise I 2
New! o ST e TW,
0.00r |
o _ 0.00 0.05 0.10 0.15 020 * 8
* Counterterms & running in 4D: dim.reg. and MSbar A
Spr+S4=5(1-— 5| —+In— FindBounce (FB) Mathematica package:
(4’”) 3 Ho 2 L@ A2 [Guada, Nemevsek, Pintar, 2002.00881]
0 FV
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THIN WALL FLUCTUATIONS

* Most important achievement: inclusion of fluctuations

* O(D) symmetry: separate variables, expand in hyperspherical multipoles

det’ O
det OFV

* Gel'fand-Yaglom theorem:

* Expected behavior:

< 0,
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-1 00 / 2 2
2: H det” O, Ol:_dz_D—li l(l+12)—2)+v(2)
P det Opv dp p dp p
det O, J satisfies %Fv ) ()
S —— o0 )™ Rl—|—2 REI(V()—V )Rl
det Opy 1(c0) t Vipv v
|
L _ @+ D-2)(+D-3) p=0)=1 \
=0, b [I(D - 2)! Rl(p =0)=0  Owviwy =0, ¢wv(p~0)~p
I=1,
[>1




THIN WALL FLUCTUATIONS

* Introduce » =1+ % -1

* Low multipoles A?v2~0(A?)

2 2_1 3 v?—1 21
Wiry _ (1 —3A — 3A% 4+ A? (,/ : 4)) bpy = Ppv(2) = cpv exp [(1 — §A + ( 2T24 - 8) AQ) Z]
0

2
dz G

) Rl(oo) = A%eP71Z - Negative for { = 0, nullforl =1

* High multipoles A%v2~0(1)
R,(00) = Ry(00)e?

Yy = k, —1)(2k, — 1
FV — In R,(c0) = In Ekv n 1%52]% n 13 + 319 (k,, — k2 — 1) - Goes to 1 for large [

A2 2
=14 =
To
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THIN WALL PREFACTOR

det O
det OFV

21/(1/—1-%—2)! 2 D—2
— Z d,In R, degeneracy d, = D2 (v-_2+1)! (D_g)!’/

* Renormalized determinant: |, (

« Expansion of the high multipole result, e.g. up to O(v™3) :

3ro(2 — 1 1 2 :
Z dyIn Ry ~ — ro(2 —ro) Z D=2 (_ 4 ( 0 ) ) <«— divergence for large v

(D —2)!A v 3 \2A use same renorm. scheme as before!
v>1 vr>1

* Subtractions are needed Y, = Z op = Z d,(InR, —In RY)

" inverse powers of v

V=10 V=10 [Dunne, Kirsten, hep-th/0607066]
* Explicit computation: Euler MacLaurin approximation -« >
X = dv op
Yo
Sp~Sh+IE4R, - 2
1 ng
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THIN WALL DECAY RATE

* Final results: r B S D -1
Yy  \27h

det’ ©®

—&“—Sct
o ¢ Tarom)




THIN WALL DECAY RATE

* Final results: E B ﬁ D dot’ O
YV  \2rh/) ||detOpy

Z}S—é’“&t (1+ O(h))




SUMMARY & OUTLOOK

* We derived a closed-form false vacuum decay rate at one loop for a single real scalar field in the
thin wall approximation, fully analytically: in the prefactor, we used the Gel’fand-Yaglom theorem
to trade the ratio of determinants for a differential equation, which we then solved separately in
the high- and low-multipole regimes.

What's next?
e Thin wall

* Bounce action at O(A*)
* Numerics for the prefactor
* Inclusion of other fluctuations

* Applicability to more realistic BSM theories

* End goal: Gravitational Waves from 1° order phase transitions in the early universe
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RENORMALIZATION IN 4D

* Counterterms: start from quartic potential, later check that linear term does not modify the results

1 i : .
+ =0, 5 V(42 A . =0, ff VG — (p\V @
\ ; N ' e SRS | @
® 1 1 . _
+ P 07 5m2 — V(4) (V(z) - _V(4) 2) Y + ; N + ----- ®'_'" — 0
| (i)' s ) BN
9\2
02 ) "= (47)% 2¢ g (V. Very) 3\° 3 (ot 4 202 (2 2 3
m 2 4 —= — = — — — — ~
o=y B | T e = e Var) = g [ 361 - o) 20 (8- ) =
™ 4m)? 2e
: d d 1 1 9
* Running: 0= py—M\ —u— (u(A\p + 0 _— O — — — — — In
g g e = g (1 (AR +02)) N o @n? 1/ o
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CANCELLATIONOF e,uIND =4

* Running and Renormalized action :

0= ﬂi)\bare = ,Uli (U (AR + 0y)) l - i = — ) Inp/pp ey g, — m? m 1 111
du dp AN (47)2 R 3A(n) A3 ~ 3A3 ( ./“0)
* Counterterm action: 0)\2
Om2 9 O 4 o= (471')2 2e g — V. Vv B 32 5 (4 4 5 3
V:‘.:t — Td) + Zqﬁ r m Oct —/D( ct ctFV) - 8(47’(‘)26 ]D( (gb - ¢FV) — v (¢ ¢FV)) 13
™ 42 2e

* Renormalized sumin D = 4 ;

det O 1 1 1=
| = d,(ImnR, — —1LH+—71I) — =1 -
H (detOFV) XV: (11 ot * 83 2) g2 T— I, > I, (%Jrln,u) 23 +1n@)

* Cancellation of € and p in the decay rate:

T 1 I
1119 S5 —Sp— Sct—— (24—5)
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EXPLICIT COMPUTATION OF
RENORMALIZED SUM

* Explicit computation of the sum: Euler MacLaurin approximation Xp =~ Z{) +xd 4R,

> 1
Zf :/ dveo ybnd — Z 50 (1) — ,

det © 1 1 1.
eD=4: In d, (InR, — —I, + —I,) — =1
(det(f)pv) ZV: (n 2wt T 83 2) 2

I = fo dpp (V(Z) — V]_;E%v)) ~ —3(2 —rp) (ZO)
00 3
I :/ dPP 2)2 V(2)2) 7'0) (2) :

1
Iy = f dpp V(22 _ V(2) -+ E—|—1—|—1n(%))

[rQ
(= 4+ 141 ( ))
2( TE " 2V AA
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EXPLICIT COMPUTATION OF
RENORMALIZED SUM

* Divergence in the boundary term for vy~1:

1 5] L o) = 3(=)/(8ANE )
o= oot = 3 e (o
=

. . . _ ywlow high
Split the sum: Xp = X5 + X ZUD+ Z 9D T 0= < 1 < 1/A

V=ro v=vi+1

* High sum: integral , low sum: explicit calculation )= Av

- .
. o0 -

ZZ‘gth/ dy y* 1nR,,+i—i _ 3 (2 4\/§7r+1n2y1
A3 J, 2y 8y ) 8A3 36
_ 3 (9—43m
low _ 3 24: SA3 36 —’}’E+1H2A

24 8A3Z_:_— 12_@(11“/1"‘%’3)
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ELECTROWEAK PHASE TRANSITION

* Electroweak phase transition (EWPT) ~10711s,~100 GeV
cross—over
- 125 GeV :
* Crossover in SM, can be 1° order even in simplest extensions [Hindmarsh,
ng — e e g Liiben,
* Possibility to produce the observed baryon asymmetry 7 = n—B ~ 107" : [ Lumma,
through baryogenesis. ! £ Pauly,
> 2008.09136]

 Sakharov conditions are fulfilled: * f Symmetric phase

* Cand CP violation: particles scatter off the bubble walls, produce N 150 GeV

asymmetries in front of the walls.
Temperature

Xp+ Xy

* Baryon number violation: asymmetries in the symmetric phase
bias the EW sphaleron transitions to produce more baryons than

antibaryons. Net baryon charge enters into the broken phase. [Morrissey,
* Out of equilibrium: bubble walls and sound shells disturb the 5 Ramsey-
symmetric-phase equilibrium state. ) Musolf,
Spheition) ( 1206.2942]
< B
<0>=0 <0>=0

Bubble Wall —>
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BRIEF OVERVIEW ON BSM THEORIES

* Many different ways to introduce a potential barrier:

2

M
Tree level effects: V (¢, x) = ——qb2+ ¢4 —X +Z 1y ¢2 2

1
SMEFT: add higher-dimensional operators: Viree(®) = i 9T + X (¢70)* + WWT@?’

Vig, T)
1 1 9y
(T? —T5) 79 — 5ATS" + [ Ao =gy am T

Thermal effects: V(¢,T) =

Do | =

1-loop effects (e.g. Coleman-Weinberg):

- ms m?
Véw = (—1)F Py (log [M ] _Cz')
R
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STANDARD MODEL + SINGLET

[Preliminary]
1 1
* Tree level potential: Viree(h, s) = —§u%hz 242

» High-temperature effective potential:

. OME, + MZ +m3i +2mi A
ch =
V(h,s, T) = §(chh2 + c45H)T? 22+ 3\, 4v? 4!
Cs = ———
12

* 1° order PT with Higgs as TV:

ph = Mon(T) . (1) = =Avi(T), An
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+ 5[.{98 + ZAhh4 + ZASS4 + Z)\h282

Non-trivial bounce




STANDARD MODEL + SINGLET

[Preliminary]

* Idea: translate to single field problem

Perform a global rotation (h, s) = (¢p, ¢1) sof

o

¢p = (h —vp(T)) cosa + ssina

¢, = —(h —vp(T))sina + scos a

=50

» Insert the inverse relations into the SM+singlet potential R

100

)
o
.H;%/

4/{/”
_

g

)

100 150 200

(first approximation: ¢p = 0) === Single field potential V(¢,)

* Map the Thin Wall parameters by matching V(¢; ) and the TW

potential:

A= Ala;T;SM), XN—=>XNa;T;5M), v—v(a;T;SM)
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GRAVITATIONAL WAVES
PROPAGATION

* Einstein equations: Ry — %QWR — 87CT_4GTW linearized metric:  Guv = Muv + Ppuw |h,u,1/’ <1
«trace reversed»:  h,, = h,, — %%uh

» Symmetry of GR: general coordinate transformations

* Lorentz gauge: §”h,, =0 === Linearized equations (outside the source): DBW — _%Tw — 0

* Transverse-traceless gauge: p% =0, hi=0, &hy =0 \ ‘
ot kb

* Interaction with test masses: 0 {:} {:} he hy O
w2 0 h;f';-T(t, z)=|hx —hy 0| cosw(t—=z/c)
i C} C} 0 0 0 i

In/2 O Q}
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ENERGY-MOMENTUM TENSOR OF
GRAVITATIONAL WAVES

* To obtain stress-energy tensor of GWs: generic background g, () = §uw(x) +hp(z) ,  |huw| <1

, : . 8w 1 _ _
* Einstein equations: R, = 2—4 (TW —3 gw,T) separation of scales: R,, = R, + R}},} + Rff,} + -

* Low-frequency part:
_ low 871G 1 low
Ry = — [ng} n (TW — - gWT)

ct 2
_ 8rG 1 8rG [ - | R
= R = _(th2v)> + c—4<T'W - §9uuT) = —(Rff,)) t I (Tw/ - §guvT)
* Define:
4 _ 1. - 881G -
c 1 _ . N :
b= R? _ 25 R\ oy R, — — R=— (T, +1t «Coarse-grained» Einstein equations:
e 87 (i 9 Imv ) H QQLW cl ( e w/) dynamics of the low-frequency part
of the metric
* Energy-momentum tensor of GWs: QW c of
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GRAVITATIONAL WAVES POWER
SPECTRUM

1
* Energy momentum tensor of GWs: 78% — 0, h::0,h
= gamgg OnligOrhig)
1078 5
1 . o ] — e
° Energy density: w = h ) 10—9_f LISA sensitivity
pg Py < 1) > ]
10_10':
Pgw ]
ng —_— g S 101 E
Ptot =
+ frequency space & 107125
8rG o ]
H2 — ﬂ < 0-13 ]
3 E
v 10_14_:
Power spectrum 10715 4
10716 - T T T
103 107 1073 1072 107!

f(Hz)
[LISA Cosmology Working Group, 1910.13125]
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EARLY UNIVERSE - GWs

* Signature of a 1° order PT: Gravitational Waves

* Sources of GWs:
* Bubble collisions

e Sound waves in the fluid
e Turbulence in the fluid

* Early universe opaque to light, but transparent to GWs!

[Weir, 1705.01783]

* 1° order PTs particularly interesting at Electroweak to TeV scales:
 Stochastic background of GWs has peaks at frequencies accessible by future experiments

* New physics related to e.g. baryogenesis

MARCO MATTEINI - WORKSHOP ON STANDARD MODEL AND BEYOND - 28/08 - 08/09 , 2022


https://arxiv.org/abs/1705.01783

EARLY UNIVERSE - P'T. PARAMETERS

* GW production depends on 4 parameters, determine length scale, amplitude, and lifetime. These
parameters are in principle computable from the Lagrangian of a specific theory: potential to
probe physics beyond the Standard Model!

* Bubble wall velocity: speed of the phase interface after nucleation in the rest frame of the plasma
far from the wall, it impacts the energy budget.

* Percolation temperature (or Hubble rate at percolation): successful completion of the PT. As the
bubbles grow and more nucleate, the fraction of the Universe in the metastable phase decreases
rapidly, leading to bubble percolation.

* Nucleation rate parameter at this temperature: determines the mean bubble separation (sound
shells of this size are expected to carry the majority of the energy of the transition).

» Strength parameter at the nucleation temperature (T at which, on average, 1 bubble nucleates
per Hubble horizon): related to the scalar potential energy released during the PT.
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EARLY UNIVERSE - P'T. PARAMETERS

* Bubble wall velocity: out-of-equilibrium calculation, combination of Boltzmann and

scalar field equations.
[Hindmarsh, Liiben, Lumma, Pauly,
2008.09136]

subsonic deflagration supersonic deflagration detonation
Uy < € Cs <V <€) €)= vy

* Nucleation rate parameter at percolation: its derivative can be thought of as inverse 8= d log (F t))

duration of the PT. From this we can calculate the mean bubble separation dt V B
R. Max (v, ) =ty
s
» Strength parameter at the nucleation temperature: the expanding bubble converts 4 Ae(Th)

potential energy of the scalar field into kinetic energy and heat.
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EARLY UNIVERSE - GW PRODUCTION

 Simulations for bubble expansion and collision. 3 stages of GW production:

* Bubbles collision and merger: short duration (usually subdominant);

* Acoustic stage: shells of fluid kinetic energy continue to expand into the plasma as sound waves,
overlap and source gravitational waves (believed to be dominant);

* Turbulent phase: non-linearity in the fluid equations becomes important, the previous phases might
produce turbulence (not well-understood).

* Example of simulation:

[Weir, 1705.01783 ]
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COUPLED FIELD - FLUID MODEL

° 1 ]. ]_ ]_ o 4 8V
Potential & eq. of state v/ (¢, T) = 5 (T2 _ TOQ) v — §AT¢3 + ZA¢4 , (T, ) =3aT*+V (e, T) — Tﬁ
* Energy-momentum tensor: p(T, ¢) = aT* —V (o, T)
T = 0"$0"¢ — 59" (06)° + [e+ plU"UY + g"p
oV
[0, T ]gie1a = (0,0 )0 ¢ — —¢3V¢ = oY | } ) [Hindmarsh, Huber,
oV 0" = nU"0,¢0"¢ Rummukainen, Weir,
[0uT" Juia = Oul(e + P)UIU] = 0"p + = 5 —-0"¢ = 1504.03291]
* Numerical simulations: Ui = WV, E = We, Z; = W(e + p)U;
oV S
— ¢+ V3¢ - 95 = W@+ Vi)
L 545 £ 2 e
- E+ &'(EVZ) —I—p[W + ai(WVi)] - 8_¢W(¢ + Viaiﬁb) = GWs: Tij = Zéaﬂ ¢, Tij W=(e +p)V&VJ’

. i t ] —t
= W3¢+ V'9;9)° hij(k,t) = (167G)\ijx1 (K) f dt’ Sm[k(z ) T (k, 1)
. _ 0
2 (V) + O+ S0 =~V (b + V10,6000
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LISA MISSION

* Laser Interferometer Space Antenna

* ESA - expected to launch in 2030s

* 3 satellites orbiting Earth, arms of 2.5Gm

1 AU (150 million km)
Sun
* Lasers and photodetectors which detect )

small changes in separation through

time delays of signals

« Most sensitive in the range 1073 — 1072 Hz

[Amaro-Seoane et al., 1702.00786]
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DECIGO MISSION

* Deci-hertz Interferometer Gravitational Wave Observatory

* Japanese project - expected to launch in 2030s
* Four clusters of observatories placed in the heliocentric orbit.

 Each cluster: three spacecraft, which form three Fabry-Perot
Michelson interferometers with an arm length of 1,000 km

* Most sensitive in the range 0.1 — 10 Hz

[Kawamura, Ando,
Seto, Sato, Musha et al,,
2006.13545]

Drag-free
spacecraft
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AN EXAMPLE OF SIGNAL

[Schmitz, 2002.04615 ]
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