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Rich new physics:
baryogenesis, dark matter, EWV hierarchy problem...
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Qutline of the talk

e Signals from PT

® Slow PT during inflation and evolution of bubbles

e DR isocurvature from PT

e DR isocurvature in CMB
Angular power spectrum

Non-Gaussianity

e Future directions and conclusions



Signals frOm PT (False vacuum GW .
\I/

e Gravitational waves

L

bubble collisions, sound waves, turbulence...
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(False vacuum GW

Signals from PT

e Gravitational waves

bubble collisions, sound waves, turbulence...

e DR energy densit AN.g = 3.0442%
&7 R4 ! Pu Adiabatic

ANcg < 0.3 (Adiabatic initial conditions) 0y=06,~0,
Planck, 2018
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(False vacuum GW

Signals from PT

e Gravitational waves

bubble collisions, sound waves, turbulence...

e DR energy density ANeg = 3.044 2%

Iy Adiabatic
ANeg < 0.3 (Adiabatic initial conditions 0y=0,=0.,
Planck, 2018
e DR Isocurvature
socurvature
ANeg < 107°(T, /Ton) ™ , OPrFSp, o =0

Buckley,PD,Fernandez,Weikert,JCAP, 2024

Bucher, Moodley, Turok, PRD, 2000
Ghosh, Kumar, Tsai, JCAP, 2022
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—> DR from PT generically has isocurvature



DR isocurvature from PT

e PT generates density fluctuations in DR

DR isocurvature
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e Comoving horizon at PT sets the scale k. = aH(T)

e Superhorizon modes scale as £°
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DR isocurvature from PT

e PT generates density fluctuations in DR

DR isocurvature

—> DR from PT generically has isocurvature

e Comoving horizon at PT sets the scale k. = aH(T)

e Superhorizon modes scale as £°

—> | Invisible to CMB if T, > Tcwugs

CMB
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DR isocurvature from PT

e PT generates density fluctuations in DR

DR isocurvature
—> DR from PT generically has isocurvature

e Comoving horizon at PT sets the scale k. = aH(T)

kS
e Superhorizon modes scale as £°
CMB
—> | Invisible to CMB if T, > Tcwmp
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DR isocurvature from PT

e PT generates density fluctuations in DR

DR isocurvature
—> DR from PT generically has isocurvature

e Comoving horizon at PT sets the scale k. = aH(T)

kS
e Superhorizon modes scale as £°
CMB
—> | Invisible to CMB if T, > Tcwmp
Adiabatic

e How to get isocurvature signals in CMB!?

1 le PT Freese, Winkler, PRD, 2023
OW Scal€ Elor,Jinno,Kumar,McGehee, Tsai, PRL, 2024
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DR isocurvature from PT

e PT generates density fluctuations in DR

DR isocurvature
—> DR from PT generically has isocurvature

e Comoving horizon at PT sets the scale k. = aH(T)

e Superhorizon modes scale as £°

—> | Invisible to CMB if T, > Tcup

e How to get isocurvature signals in CMB!?

CMB

Adiabatic

1 le PT Freese, Winkler, PRD, 2023
OW Scal€ Elor,Jinno,Kumar,McGehee, Tsai, PRL, 2024

Slow PT during inflation!
Buckley,PD,Fernandez,Weikert, JCAP, 2024
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Slow PT during inflation

e Comoving horizon can be large during inflation

comoving length

e scale factor
Inflation 1‘ RD

End of inflation/reheating



Slow PT during inflation

Start of PT

|
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e Comoving horizon can be large during inflation

>  PT during inflation can generate large bubbles

r(a) = (aHis) ™

 Slow PT:remain incomplete during inflation

Ipr < Hp

comoving length

a; (e scale factor
Inflation 1‘ RD

End of inflation/reheating
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Start of PT

~olle

e Comoving horizon can be large during inflation

>  PT during inflation can generate large bubbles

(@) = (@)

 Slow PT:remain incomplete during inflation

Ipr < Hp

comoving length

a; (e scale factor
Inflation 1‘ RD

End of inflation/reheating



Slow PT during inflation

Start of PT End of PT

I

e Comoving horizon can be large during inflation

> e PT during inflation can generate large bubbles
A
N\

< r(a) = (aHins) "
2
io)v  Slow PT:remain incomplete during inflation
.% Fpr < Hyy
‘g e PT will complete after inflation at T, < T},
O
Tpr = H(T.)"
a; e ax  scale factor
Inflation 1‘ RD e Vacuum energy of PT converts to DR

End of inflation/reheating generating isocurvature



Models for slow PT during inflation

Simple(st) model is sufficient

1 L4 A
V(x) = —=m’x* +5x° + =x*

2 3 4

False vacuum
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Models for slow PT during inflation

Simple(st) model is sufficient

1 L4 A
V(x) = —=m’x* +5x° + =x*

2 3 4

False vacuum

_ X
I'pr o< e S

3
1

Small i1 leads to small I'pt

Adding a trigger by coupling to inflaton




Models for slow PT during inflation

Simple(st) model is sufficient

1

Vi(x) =

2

2.2 [ M 3 é4
mx+3><+4x

True vacuum

Adding a trigger by coupling to inflaton

1 22,#@)3

B ¢ — ¢;
ﬂ(qb)—utanh( Ao )

Ay
ZX

¢ > @

False vacuum

PT starts at a@; when ¢ = ¢;



Evolution of bubbles during inflation

Hinft =0

x/r;

e Bubble sizes<> horizon at nucleation  7(t) = (a(t)Hing) "
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Evolution of bubbles during inflation

Hint =0 Hingt = 2

x/r; x/r;

e Bubble sizes<> horizon at nucleation  7(t) = (a(t)Hing) "

e Bubbles won’t collide during inflation, PT remain incomplete

e True vacuum only occupies small fraction of space o I'pr/

HA

inf

< 1




Density perturbations from bubbles

- Hipst = 2 -

4 - 4
°®3_ 3 S
~ ~

~ ~
K N2
1_ ,OX:AV _1
0 | | | | 0
0 1 2 3 4 5
x/r;

Biggest bubble has radius 7
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Density perturbations from bubbles

102 =
Hi it =2 z
D 5 :
4 - 4
S 3 ] 3 S
~ ~
> =
2 - 2
vpr = 1.0 x 107°
1 — — 1 YPT = 1.0 x 10_4
vpr = 1.0 x 1073
0 | | | | 0 — 48 % 103
0 1 2 3 4 5 TPr =
] Broken Power Law
CE/TZ' 10—3 _

L | L L | L | L
101 10V 101 102 10° 104
/{77“@'

Biggest bubble has radius 7
vpr = Upr/Hiyy



DR isocurvature from PT

Start of PT End of PT

N\

comoving length

* When PT competes at a.,

/’\/

! |
o
X DR
Q,\

a; Ue  Qx scale factor
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DR isocurvature from PT

Start ff PT End i]: PT
¢’
® 9o
X DR

comoving length

/’\/
<
o

* When PT competes at a.,

5dr ~ 5)(

e (Generating isocurvature

Px —7 Pdr

Sarr = Oqr — 0 # 0

s Ue  Qx scale factor
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DR isocurvature from PT

Start of PT End of PT
* When PT competes at G, Px — Pdr

¢ ¢
__|.0.].0:].8:

/’\/

&\

e (Generating isocurvature

Sarr = Oqr — 0 # 0

® |socurvature power spectrum

Piso ~ <Sdr,'ySdr,fy> ™~ PX

comoving length

a; e ax  scale factor DR inherits large scale isocurvature perturbations
from X field



DR isocurvature in CMB

A = AT/T
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DR isocurvature in CMB

e (AA) gives angular power spectrum

A = AT/T
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DR isocurvature in CMB

A = AT/T

* (AA) gives angular power spectrum:

Cy " =4m [ d(Ink) (Paa(k)[AF°(k)[* + Piso (k)| A7 (K)[?)

Paa(k) = A, Standard ACDM

(k/k)3 k<K

PiSO(k) — fiQSOAS 1 k> k,

DR iso from PT
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DR isocurvature in CMB

A = AT/T

* (AA) gives angular power spectrum:

Cy " =4m [ d(Ink) (Paa(k)[AF°(k)[* + Piso (k)| A7 (K)[?)

Paa(k) = A, Standard ACDM

(k/k;)? k <k,

PiSO(k) — fi280A3 1 k> k,

DR iso from PT

e Mapping to PT parameters

° Ag ~ypr = (Tf/TrSh)

1SO

—1
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DR isocurvature in CMB

Simulation from modified CLASS

e ki/kpivo =0.1

0.007 | t
ki/kpivot — 05
0.006 ki/kpivot =1
_ ki/kpivot = 2

| | | | | | |
250 500 70 1000 1250 1500 1750 2000
14

ANeff = 0.1 fiso = 10 kpivot = 0.05 Mpc_l

. 9 (k/k;)" k< k;
Rso(k) — fisoAs { 1 L > kz



DR isocurvature in CMB

Simulation from modified CLASS Constraints from Planck | 8+BAO

.k = 10°
B ki kpivor = 1
] ki/kpivot — 1074

e ki/kpivot = 0.1
ki/kpivot — 05

0006 7] ki/kpivot =1
_ ki/kpivot = 2

0.003 -
<]

0.002 -

0.001 -
=
<]

0.000 =
E

| | | | | | |
250 500 750 1000 1250 1500 1750 2000

4

AL
ANeff — O]- fiSO — ]-O kpivot — (.05 MpC_l —2 —ligm(A(;veﬁfiSO; 2
)3 .
Pio(k) = f2,As { (k/ fz) Z i ]/?f For ki < kpivot  ANest fiso S O(1)
Z ANeg < 107(T, /To) ~*
fagAs ~ypr = (I, /T4,) Buckley,PD,Fernandez, Weikert, JCAP, 2024
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Non-Gaussianity from DR isocurvature

e (AAA) encodes non-Gaussianity

kl ~ kg ~ kg
equilateral

Peizhi Du (USTC)| BPCS 2025
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kl ~ kz >> kg
local (squeezed limit
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Non-Gaussianity from DR isocurvature

e (AAA) encodes non-Gaussianity

k1%k2%k3 k1%k2>>k3
equilateral local (squeezed limit

e DR isocurvature non-Gaussianity needs dedicated searches!
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Non-Gaussianity from DR isocurvature

e (AAA) encodes non-Gaussianity

—_ |

k1%k2%k3 k1%k2>>k3
equilateral local (squeezed limit)

e DR isocurvature non-Gaussianity needs dedicated searches!

o Estimation based on neutrino iso NG with equil. config.

ANggfieo S2x 1077
Buckley,PD,Fernandez,Weikert, JCAP, 2024
could be stronger than two-point functions AN g fiso < O(1)

Y
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Future directions
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uture directions

Ocw bubble collisions

large-scale isocurvautre

e Dedicated study for general form of non-Gaussianity

e GWs from PT could have large-scale isocurvature

k

Peizhi Du (USTC)| BPCS 2025
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Conclusions

® Slow PT during inflation can generate large scale DR isocurvature in CMB

e DR isocurvature can put stronger constraint on AN

e DR isocurvature also generates non-Gaussianity in CMB, dedicated studies are needed

length

comoving

a; Qe Oy scale factor
Peizhi Du (USTC)| BPCS 2025
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Thank you!
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DR isocurvature constraint

Constraints from Planck| 8+BAO
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Buckley,PD,Fernandez,Weikert, 2024
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General isocurvature constraints

NDI broken power law
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