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First order phase transition

Scalar field theory in flat space
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First order phase transition

« Appropriate boundary conditions
* O(4) symmetric case
« We can determine the bounce solution |
« Analytical continue back to Minkowski space|
 Thin-wall solution \‘
 Bubble expands into the false vacuum
« At the speed of light

r

e Transition rate 7 — Ae /R

« Gravitational waves (GW) can be produced during
the first order phase transition.




First order phase transition during inflation

Inflation sector:
dominates energy density
e.g. single field slow roll

¢

spectator sector.
Not driving inflation



Two field case

Vi(¢.0)

* B = —dS,/dt describes how fast the v (¢,0) = -

phase transition happens

 Determines the size of the bubble

and the wavelength of the GW
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Typical values of (3
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Bubble configurations

At the end of phase transition Thubble = B ~ (107 —107") x H, ™!




GW from first order phase transition during inflation

* First order phase transition happen during inflation

* The first order phase transition will produce bubbles

* Bubbles will collide and generate gravitational waves
* IR

* Intermediate

« UV dpaw ~ kA
dlogk dlogk,

Instantaneous source




GW from first order phase transition after inflation
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How GW propagates in spacetime

!

: 2a
- Greens function hf; + —h!; — V’h;; = 16nGna’c;; source
a

- Redefine variable  h;;(r,x) = a(7)hy(7, %)

aH

* The new variable satisfies  hj; — (V2 + F)hij = 167G ya’o;;

e The solution is hz-j('r, X) = /dx'dT'G’R('r, 'ix — X')167TGNa3 (T’)O‘ij(T’,X’)



Green’s function

e the retarded Green’s function satisfies
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e Fourier transform Gh(r, 7' k) + (k2 = a) Gr(t, k) =6(1 — 1)
e Define g(n, n') = kéR(’r, 7 K)
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Green’s function

~

o 20’ -
» Green's function 7/,(r,k) + %h;j(frj k) + k2R (1, k) = 0
+ Define 7,7 k) = i/, (e (k)
- Boundary condition g@0)=1, £(0)=0

 Solution  &(n) = Eatsin(n + ¢)

After inflation



Examples

« During inflation « After inflation  a(t) oc ¥
| £() = T(@) V72t esel(n) (1= )~ sin (41~ g + ] )
Ode Sitter  a(7) = —7—
Eik) = 2279 /7f ese(r@)k® 20 (@) "
» H
Go = (_ ?> N s
[ORadiation domination
I [t P (T p S] -
OAlternative ) —: (t) =a(;) E(n) — 1277 56=£, f—a? Ho
. kTR (31 COMatter domination
o) " () |

— 3 Sin n ) 3f Gend He?nd
5(77)———2<cos77— p ) gozﬁ’ f:T



How GW propagates in spacetime

Co-moving scale
A

\ /
I
N,
N
A
AY
\ S/
A /
Ty = {H*u.}_l — A f.r“
&q- A
-
A !/
Fi
A
\ /
\ !
5\ !
———T ————— T ——————————
. \ /
; bubble \ /
A~ —
' a \‘x /
AV
Tx

uv




Observational Signatures

* The observed energy density at conformaltime

1 2
167TGNO,2 <h",Lj (T7 X))

Sensitive to the detailed
evolution of the universe when
the modes re-enter the horizon
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* The differential spectrum is
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Sensitive to the detailed evolution of the
universe when the modes exit the horizon



Observational Signatures

* There is oscillatory signatures in the intermediate frequency
* The slope can help us distinguish different scenarios
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Observational Signatures
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Inflationary histories t? vs dS
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Inflationary histories two stage dS
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Post inflationary histories
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Post inflationary histories
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Post inflationary histories

dS x (MD-)RD
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Post inflationary histories
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Post inflationary histories

dS x RD-t?-RD
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Post inflationary histories
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Combined
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Slope

* IR k3 ‘ég) |2 Only depends on post-inflationary histories

e Intermediate

2
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[58(/{)90 (k)} Depends on both inflationary and

post-inflationary histories
« UV
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Stochastic GW Background

A stochastic background of GWs can be created by the
superposition of a large number of independent sources

* Analogous to the cosmic microwave background (CMB):
electromagnetic (EM) record of the early universe

» A stochastic background of GWs is very different from
transient GWs (binary inspirals, burst events) or continuous
periodic GWs (coming from pulsars). These other sources
are sending GWs from specific locations in the sky

A stochastic background will be coming from all directions
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Stochastic GW Background sources

e Inflation Quantum fluctuations of GW that went outside horizon and became classical

e COsmic strings one-dimensional topological defects

 First order phase transitions Gw from bubble nucleations

* Pre big bang models an extension of the standard inflationary cosmology
* Binary black holes cws

* Binary neutron stars cws

e Su pPernovae if a supernova has some asymmetry, then GWs will be produced

e Pulsar and magneta I'S Non-axisymmetric spinning neutron stars are
expected to be a detectable source of GWs



Observed GW frequency
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Observational Signatures
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Observational Signatures

* B mode
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Conclusion

« We consider gravitational wave signatures from first order
phase transition during inflation

* They can generate oscillatory signatures, which can be
distinguished from gravitational waves from first order
phase transition after inflation

* From the slope of the gravitational waves generated, we
can infer both the inflationary history and post
inflationary history



