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Motivations

* Phase transitions can be triggered by anything that evolves.
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Motivations

* The dark matter may only
couple to the SM sector via
gravity.

* The Cosmological Constant
problem is still the deepest
mystery in theoretical physics!

* The anthropic principle may Ds1

be the only solution. SM
. . Gravity
* Landscape is required for
anthropic principle to work. DS3 DS

The String Theory Landscape

————————— — — —— — — — — — — —

* It is possible that each
sector has an independent

“.b some of the independent
landscape of vacua.

sectors.
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Motivations

. . - I
Meta stable vacuum decay Phase transition condition: H*

v ./
A
Dark landscape § £
)%
I >
v = constant a
TZ
» The meta stable vacuum waits for the Hubble H~—~q?
parameter to be small enough such that the Mp,

phase transition will complete.
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GWs from a first-order phase transition

* Phase transition starts to complete when T'/V = H*atT = Ty,.

V(T, )

T>T

Coleman 1977, Callan and Coleman 1977, Linde 1981 d <53)
T=T

E — m4e_53/T ﬁ - _dt T
14 / =I'N

Sz S3(Tw)
— = t —1t
T To + S ( N)

f determines scales of the phase transition:
(1) Phase transition completest ~ ty + 1.
(2) Bubble radius ~ g1,
(3) GW wavelength ~ g1,

53
B ~H|= |~ 150H



GW frequency

0= =4(3) = St () s () - (3) ~ 150 ferewr

~1
* Adtoday ~ Aphys ( N ) ~ % X (SSSI;N)) x —N_ 107 km X (1 Tev)
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GW strength

* The metric around flat space-time
Guv =NMuy T+ huv
» The gravitational waves are in h;;,

the traceless and transverse part of

hy.

* The gravitational potential are in hg,.

* In a relativistic system, we can use
hoo to estimate h]/'.
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f(Hz) Terrestrial detectors:
Cosmic explorer,
Pulsar timing arrays: Space GW detectors:  Einstein Telescope

IPTA, NanoGrav, CPTA  L|SA, TALI, TIANQIN, -
DECIGO, BBO ...



GW spectrum

* The metric in comoving coordinate with conformal time:
ds® = a®(n)(=dn® + (0i; + hij)da’ da?)
* The linearized Einstein Equation:

kox + 2Hh \ + kP hi\ = 1677@@26?/&%@)@)%5:"”

* The GW spectrum

kS U 7
Qaw (k) = d dny a’ ;
(k) = Gmargragr [ Om | dma®n)a’ ()

X COS k(nl - TIQ)A%U%) (Tgb (”71) :d:p(nz’»;):k .




GW spectrum

Qaw (k)

7l «H?

k- ! ! 3 3
— d d . .
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x cos k(1 — m2) A (k) (T8 ()

I a(n) does not change much.
T, vanishes fort >ty + 1.

_ Forkypys < B, then,,n, integral i%nm
independent of k.
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SM vacuum decay induced by DS evolution
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DS equation of state

* During phase transition pps > psm (PBH bound).
* Energy in DS today must satisfy the AN s bound === Today, pps <K psm

A
pPps < a~ " withn > 4.

* It can be achieved. However, to my knowledge
only kination (n=6) model is “well-motivated”.

Spokoiny PLB 1993, Joyce PRD 1997, Peebles and Vilenkin PRD 1999

* The most natural way to realize kination
domination is to make it happen right after
inflation.




Evolution of the bubbles in Hubble delayed PT

* No concept of 8 Hubble delayed PT: Thermal PT:
. I
¢ H/H ~ H % = constant v ~ exp(pt)
e Bubble radius ~ H—l (No fluid, no plasma)
Phase transition condition:
A I
— ~ H?
)%
i L A /
V : “3
AN
v ~ N\ /
| "\
CL) \ B | N\ o




Evolution of the bubbles in Hubble delayed PT

* No plasma or fluid
* No frictions to bubble expansion
* The boost can be very large

* The walls are very thin.

1 1

1 o =
2 M
* Boost:y ~ % ~ (A?p)LLTplflelS (%)4 (EW)

* The characteristic energy of each particle in
the walls approaches M.



Bubble evolution after collisions

* Long lived shell structure after collision

* EoM of the scalar field: ‘B ;. |
02 06 1 07 AV ]
F2H— — ——— — =07,
on? on  ror? (rg) +a do ‘E 0" B/ pratent
0 1 [ / N 4 —_— . 102
y? vt y? Y - e

* The shells still form spherical structures.
* Potential terms are negligible. T Ey
* High energy shells go through each other in subsequent collisions.

Thermalization is very slow with scalar potential interactions.



Properties of the GWs from DS vacuum decay

* Long lived shell structure after collision o

* EoM of the scalar field: Rl
0%¢ op 1 0? >dV

I 27—[———— —:0§0.055

On? On  ror o)t do ..

0

)/2 )/1 ]/2 14 ~0.05| !

* The shells still form spherical structures.
* Potential terms are negligible.
* High energy shells go through each other




Thermalization with gauge interactions
* Interactions that the cross section is not
suppressed by largey.
HH - WYW~
|
HH - W;W, Goldstone =7 777777"~ g
equivalence ~
HH !) b theorem l d 4 M,

* W bosons will decay into quarks.

* Once most of the energy are in the form
of quarks, thermalization will complete.

* |t needs about 41 /g* collisions to
achieve thermalization.
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Dark sector triggered SM sector vacuum decay

* GW strength

A

GM? GAp?
2D2 ~
paw ~ g~ ~ GAp*R? ~ — Ap ~ pg
GAp? Ap? A
QGW=.Q.RXIDG_W~QRX Zp N.Q.RX p ~QR>< p
PR H<pp PtotPR Ptot
A Q
Qaw = C0p x =2 ~ 3% 1078 x ——
Ptot 0.05
C = 0.01 (numerical simulation)
Ap : :
a = < 0.05 Primordial black hole bound

Ptot
HA and Tingyu Li, 2606.06587



GW spectrum

e hyx(nk)= 1671'G/ dn' G (n,7',k) a(n') Ty x (7', k)

G(n,n'. k) = yi(n,k)y2(n', k) — y2(n, k)y1(n', k) \

\ Y } lasts at least

several e-folds

Expansion of the Universe is important

* From the GW spectrum we can get the detailed information of the
expansion of the universe.
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GW spectrum

* Numerical simulation using the bulk flow model

a=5x10"% {/p; =50PeV
a=5x1072, Vp; =5 x 101GeV
— a=5x10"% Vp; =5 x 1011GeV
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Properties of the GWs from DS vacuum decay

+ Results I —
* |R: jﬁ?‘: x k3 log? Hi() + 0 (K°) 10‘“"%
e YV: QGW X k_1'73 §10_10é
» Peak: kpeqr/H = 3.08 .
'D kni

GW power spectrum from 20483 simulation

HA, Tingyu Li, Chen Yang, 2601.14366
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Phase transitions in any sectors that
were in meta-stable state

SM false vacuum
p~a° Dark Sector
‘ Vacuum decay p~a’
Highly boosted 1
shells
p~at
_ Maybe
l Redshift Thermalized to
dark matter or
Thermalized SM dark radiation
plasma
p~at

The String Theory Landscape

SM thermal
plasma
p~at

Dark Sector
false vacuum
p~a’

1 Vacuum decay

Highly boosted
dark shells

4

Maybe
Thermalized to
dark matter or
dark radiation

SM

DS3

DS1

Gravity

DS2




Backups



Motivations (Cosmologlcal phase tranSItlons)

* The temperature evolves. T e A,FEW_‘B'L“ON
TR _ - MINUTHS P o e R - N f- g ",;,, _{?, f”’ﬁ‘ :
* The Hubble expansion e T L T T A
= ‘r NFL:'EETl T j - ~  Sl EXPANS'ON OF THE
. ==+ | reacrions e ‘;T[;’R“:f Rt € . - TO ACCELERATE
a/a=H~T?/M SRR IET N n, s
is small! . o
* The evolution is mostly \
quasi-static. | \
* Phase transition happens l T
when T goes across
some typical energy GUT scale | Electroweak scale
scales.

SUSY breaking scale QCD scale

\ 4

Seesaw scale




Motivations

* No concept of 3

e Bubble radius ~ H~1 Vacuum decay PT: Thermal PT:
I
% = constant v ~ exp(,@t)
(No fluid, no plasma)

Phase transition condition:

< | H




Simplest realization of kination domination

* The inflaton field potential
becomes flat right after the end of
inflation.

* Inflaton field transits all its energy
into its kinetic energy.

“Pop = P
* n = 6 (Friedmann equations)

WV (g)

0y = 5 F+ V(@)

L - V).

Pp = Pg




GWs from a first-order phase transition

* Phase transition starts to complete when T'/V = H*atT = Ty,.

V(T, )

Coleman 1977, Callan and Coleman 1977, Linde 1981

T>T

|

mte—S3/T m ~ Ty
1 S3:3D bounce action
S m
— =41In (—)
T H
M
~ 41n (—p‘> ~ 150
m

for electroweak
phase transitions



GW frequency

0= =4(3) = St () s () - (3) ~ 150 ferewr

~1
* Adtoday ~ Aphys ( N ) ~ % X (SSSI;N)) x —N_ 107 km X (1 Tev)

TcmB TcMB TN

1
l \

LISA, TALJI, TIANQIN




Simplest realization of kination domination

* The inflaton field potential
becomes flat right after the end of
inflation.

* Inflaton field transits all its energy
into its kinetic energy.

“Pop = P
* n = 6 (Friedmann equations)

WV (g)

0y = 5 F+ V(@)

L - V).

Pp = Pg




Motivations (Cosmologlcal phase tranSItlons)

* The temperature evolves. T e A,FEW_‘B'L“ON
TR _ - MINUTHS P o e R - N f- g ",;,, _{?, f”’ﬁ‘ :
* The Hubble expansion e T L T T A
= ‘r NFL:'EETl T j - ~  Sl EXPANS'ON OF THE
. ==+ | reacrions e ‘;T[;’R“:f Rt € . - TO ACCELERATE
a/a=H~T?/M SRR IET N n, s
is small! . o
* The evolution is mostly \
quasi-static. | \
* Phase transition happens l T
when T goes across
some typical energy GUT scale | Electroweak scale
scales.

SUSY breaking scale QCD scale

\ 4

Seesaw scale




Motivations

* No concept of 3

e Bubble radius ~ H~1 Vacuum decay PT: Thermal PT:
I
% = constant v ~ exp(,@t)
(No fluid, no plasma)

Phase transition condition:

< | H




Simplest realization of kination domination

* The inflaton field potential
becomes flat right after the end of
inflation.

* Inflaton field transits all its energy
into its kinetic energy.

“Pop = P
* n = 6 (Friedmann equations)

WV (g)

0y = 5 F+ V(@)

L - V).

Pp = Pg




Simplest realization of kination domination

* The inflaton field potential
becomes flat right after the end of
inflation.

* Inflaton field transits all its energy
into its kinetic energy.

“Pop = P
* n = 6 (Friedmann equations)

WV (g)

0y = 5 F+ V(@)

L - V).

Pp = Pg




	幻灯片 1: Hubble delayed vacuum decays
	幻灯片 2: Outline
	幻灯片 3: Outline
	幻灯片 4: Outline
	幻灯片 5: Outline
	幻灯片 6: Outline
	幻灯片 7: Motivations
	幻灯片 8: Motivations
	幻灯片 9: Motivations
	幻灯片 10: Motivations
	幻灯片 11: Outline
	幻灯片 12: GWs from a first-order phase transition
	幻灯片 13: GW frequency
	幻灯片 14: GW strength
	幻灯片 15: GW spectrum
	幻灯片 16: GW spectrum
	幻灯片 17: SM vacuum decay induced by DS evolution
	幻灯片 18: DS equation of state
	幻灯片 19: Evolution of the bubbles in Hubble delayed PT
	幻灯片 20: Evolution of the bubbles in Hubble delayed PT
	幻灯片 21: Bubble evolution after collisions
	幻灯片 22: Properties of the GWs from DS vacuum decay
	幻灯片 23: Thermalization with gauge interactions
	幻灯片 24: Outline
	幻灯片 25: Dark sector triggered SM sector vacuum decay
	幻灯片 26: GW spectrum
	幻灯片 27: GW spectrum
	幻灯片 28: Outline
	幻灯片 29: Properties of the GWs from DS vacuum decay
	幻灯片 30: Summary
	幻灯片 31: Backups
	幻灯片 32: Motivations (Cosmological phase transitions)
	幻灯片 33: Motivations
	幻灯片 34: Simplest realization of kination domination
	幻灯片 35: GWs from a first-order phase transition
	幻灯片 36: GW frequency
	幻灯片 37: Simplest realization of kination domination
	幻灯片 38: Motivations (Cosmological phase transitions)
	幻灯片 39: Motivations
	幻灯片 40: Simplest realization of kination domination
	幻灯片 41: Simplest realization of kination domination

