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Introduction

- Ist-order phase transition (PT) has interesting physical
implications:
Electroweak Baryogenesis, Gravitational Waves (GW), etc.

- Mostly, effective potential is used for such calculations.
Ist-order PT

problem Vet

- Effective potential inherently depends on
gauge-fixing parameter ( & ).

- Nucleation temperature (Tn), GW can be *
£ dependent. -
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Thorny problem

Effective potential is
gauge dependent!!

Jackiw, PRD9,1686 (1974)
Because 2 ’

Veff 3 §%< %§<

1PI diagrams only
Leg corrections are needed to remove the £ dependence.



Gauge dependence of Vs

Vet

Fig. taken from H. Patel and M. Ramsey-Musolf, JHEP,07(2011)029

- Generally, VEV depends on a gauge parameter &

- Energies at stationary points do not depend on &

Vet OVerr

(Nielsen-Fukuda-Kugo (NFK) identity)
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1-loop effective potential

e.g., Abelian-Higgs model
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1-loop effective potential

e.g., Abelian—Higgs model g_qu_g_e_bo_s_on
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1-loop effective potential

e.g., Abelian-Higgs model gnugg_b_ojgn
i D
G/{“G“(w,ﬁ) - —§/f/ (;ZW)kD [(D — 1) In(—k* + m%) + In(—k* + &m3) \
2 — mQG
NG boson |+ In(—k° 4+ &m%) + 1n (1 -+ o +§m?4)
ghost [ 2m(—#” +em3)
. (dh S me,
\ = —on /(%)D [(D—l)ln(—k L ma) o (1+ k2+€m?4>b
£ -dependence disappears at mg (o =v) =0, %—‘2 =
=1
NFK identity at 1-loop level:
V1 (e, &) v IVo(p)



1-loop effective potential

e.g., Abelian—Higgs model g_qu_g_e_bo_s_on
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1-loop effective potential

e.g., Abelian—Higgs model g_qu_g_e_bo_s_on
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1-loop effective potential

e.g., Abelian-Higgs model
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1-loop effective potential

e.g., Abelian—Higgs model g_qu_g_e_bo_s_on
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Comments
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(2) prescriptions for obtaining physical variables:
v(€) <+— Gp (fermi constant)

0V,
m(£) = 8¢2H «— Mj;  (on-shell Higgs mass)
p=v

Input parameters must be £ independent.




1-loop effective potential at T¥0
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1-loop effective potential at T#0
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Critical Temperature, T (GeV)

SM case

[H.Patel, M.Ramsey-Musolf, THEP,07(2011)029]
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Classical scale-inv. U(1) model

SM + U(1)" w/ scale symmetry
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singlet scalar field: S(z)= \%(vs + hs(z) +1G(z))

After U(1) is radiatively broken (<S>#0), EW symmetry is
broken if Aus < 0. m? = dgsvd — dpe =m0 =010



Classical scale-inv. U(1) model

SM + U(1)" w/ scale symmetry
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Classical scale-inv. U(1) model

£ dependence is different from the massive U(1) model case.

F N o
) Rz O
Mae [ Tae 3Y Em)i (6 n B
e Ty | e s
k 647 [ 2 647 [ 2 )

where Mz = (9'Qsps)”, e - = Asps + Emg.

Minimization condition -> A s = O(g'4/16?2)
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64752 (hl fg 5)» £ independent!!

One gets

aliag) =

- Finite-T 1-loop effective potential is also £ independent.

- £ dependence will appear from 2-loop order.
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Classical scale-inv. U(1) model
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Thermal resummation

At high T Prescription

e.g. NG boson
— — 2 2
g 2 (g/le)zTQ

to leading order:  Amzg = i

where I is a 1-loop thermal function.

Vese is no longer £ independent due to Am?% # 0
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Impacts of § on v/T
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Impacts of § on v/T
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Onset of PT

- Tc is not onset of the PT.

- Nucleation starts somewhat Vi
below T¢.

“Not all bubbles can grow” :

} :
\O St _
¥ # N /¢\ ] T=Tc /

04

expand? or shrink? ey~
0 50 100 130 200 230 300
volume energy vs. surface energy P [GeV]
X (radius)3 X (radius)?

There is a critical value of radius -> critical bubble



Nucleation temperature

- Nucleation rate per unit time per unit volume

3/2
By~ (S3(T>> e T
2ml [A.D. Linde, NPB216 ('82) 421]
S3('1"): energy of the critical bubble at T

- Definition of nucleation temperature (T)

horizon scale ~ H(T) ™!
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Ss(Tw) 3, (53(TN)
2

T'n
= 152.59 —21ng. (Tn) — 41
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Roughly, S3(T)/T=<150 is needed for the PT.



Impacts of E on Ty
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Impacts of E on Ty
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Impacts of E on Ty
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Impacts of E on Ty
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Gravitational Waves from 1st-order EWPT

GWSs are induced by the Ist-order EWPT.
Sources of GW §

(1) Bubble collisions,
(2)Sound waves,
(3)Turbulence

See e.d.,
Refs. [C.Caprini et al, 1512.06239(JCAP), 1910.13125 (JCAP)] §

2 important parameters: [Grojean, Servant, hep-ph/0607107(PRD)]

latent heat (@) , duration of PT ()

o= B and (= H*T*dT ( T )

aA%ﬂr 7'('2 A
o e(T) = AVeg — T—— and pra(T) = 259.(T)T7,




Gravitational Waves from 1st-order EWPT

[C.Caprini et al, 1512.06239(JCAP)]

QGWh2 - Qcoth o sthz Al Qturb h2

Dominant source is sound waves:
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/ e T D

E o a/(0.73 4+ 0.083+/a + «) for v,, ~ 1. .

- « and B depend on <.

- How much ¢ dependence can affect GW?



Impact of & on gravitational wave
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£ dependence of V¢ propagates to GW spectrum significantly!



Impact of & on gravitational wave

10_6 R ] B L ] [ R e B ) P e W P SR L R A
1O T CSULL s s

e

g =0

9

f |He]

£ dependence of V¢ propagates to GW spectrum significantly!



Impact of & on gravitational wave

10_6 R ] B L ] [ R e B ) P e W P SR L R A
1O T CSULL s s

e

g =0

9

f |He]

£ dependence of V¢ propagates to GW spectrum significantly!



Impact of & on gravitational wave
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Impact of & on gravitational wave
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Summary

- We have evaluated the gauge fixing parameter ( £ )

dependence on GW from the lst-order phase transitions.
- Effective potential is & dependent.

- Such & dependence can propagate to nucleation

temperature and eventually gravitational waves.

Qsw can change O(1) in magnitude varying & =0-5.

- Gauge-inv. method with consistent thermal resummation
IS necessary to get reliable results.






Thermal resummation

[Many refs: see, e.g., Parwani (92), Buchmiiller et al (93), Chiku, Hatsuda (98), etc.]

Perturbative expansion gets worse at high T.
g n sub-bubbles

g4T3 92T2 el
m m2

Dominant thermal terms are added and subfracted in the
Lagrangian:

1 1
s e Con [ﬁR +Amg|SI® + S Am 2 Ly, (i0) 2" + §Am%Z’NTW(z'a)Z’V]

1 1
o [LCT —Amg|S|® — S Am; 2Ly, (i0) 2" - §Am2TZ’“TW(i8)Z”’]

kik

where Too =10 =150=0, 13 =g — _ka :
Lok

L,LLI/:P/W_T;Wa P,uz/:g,uz/_ 22 9

[N.B.] Resummed Lagrangian preserves the gauge invariance.
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o ECT —Amg|S|® — S Am; 2Ly, (i0) 2" - §Am%Z’“TW(i@)Z’i)

where T —To—T,-0, T .—g —k; new counterterm

ik,
k2
[N.B.] Resummed Lagrangian preserves the gauge invariance.
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Impacts of E on &t on B
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