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Question: Can GWs from FOPTs impact structure formation?
If so, can we infer bounds on the FOPT parameters from SF?
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» Short review of cosmological first order phase transitions
(FOPT) and gravitational waves (GWSs)

> Short review on structure formation (SF)
» Physical idea

> Methods

> Results

° Summary



* Shortintro to FOPTs |

Particle (scalar) model
LD 9,00 " —V ()

Vveff(qba

T)

=VO(9) + VI (9) + V1" (9)
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] Veﬂ-‘(ﬁba T)
Particle (scalar) model A

LD 9,00 " —V ()
Verr(6,T) = VO (8) + VI (¢) + VIV ()




] Vveﬂ"(gba T)
Particle (scalar) model A
£ 8,00"¢" =V (9) it
Varl.T) = VO () + VO (9) + V3 (9) T .
EETINS




Particle (scalar) model
£ 8,90"¢* =V (g)
Verr($,T) = VO () + VO (0) + V" (9)




Particle (scalar) model
£ 8,90"¢* =V (g)
Ver(6, T) = VO () + VO () + ViV (9)




Particle (scalar) model
£ 8,90"¢* =V (g)
Ver(6, T) = VO () + VO () + ViV (9)

pvac
Strength Q= j

Prad
Duration 5—1 ()

Scale/Temperature Ty, /T

[Review: C. Caprini, D. Figueroa, Class.Quant.Grav.
35 (2018) 16, 163001, arXiv:1801.04268]
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 Bubble nucleation in supercooled water

Nucleation in old phase

Source:
https://www.youtube.com/watch?v=_9N-Y2CyYhM



‘Bubble nucleation in supercooled water |
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Nucleation in old phase Bubble expansion

Source:
https://www.youtube.com/watch?v=_9N-Y2CyYhM




. Bubble nucleation in supercooled water |
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Nucleation in old phase Bubble expansion New phase

Source:
https://www.youtube.com/watch?v=_9N-Y2CyYhM
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Perturbed equations:
0G ,, = 8nGoTy,
* . VV(STMV — O
. ‘ evolution equations for density
contrast p(l)



1 Linear structure formation

. G d with CAMB
Perturbed equations: k=o.umfcnerate "
- -
102_
0G ,, = 8nGoTy, ~
) VYT, =0
» » . K .
‘ evolution equations for density o
contrast (1) 3
~ (0 1 P
p ~ p( ) _|_ p( ) 5@) : IO(O) (k,t) .
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' Linear structure formation  pl

Current power spectrum P(k) [(h~! Mpc)3]
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. Generated with CAMB
Perturbed equations: k=0.1/Mpc

102

5G = STGOT,, —
VT, =0 7

‘ evolution equations for density

—

= Cosmic Microwave Backgrouind
@ 2dF galaxies

¥ Cluster abundance
= Weak lensing

4 Lyman Alpha Forest

T T T [T

el

contrast e o) o) =
=@
10—2.
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bl
0.001

el il
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1

=0 [M. Tegmark, M. Zaldarriaga, 2002,

Phys. Rev. D, 66, 103508]



~ Linear structure formation

Current power spectrum P(k) [(h~! Mpc)3]
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Generated with CAMB
k=0.1/Mpc

102

5G 0 = 87GST,, —

VT, =0 7

‘ evolution equations for density

contrast i =
) = g5 (ks 1) o
1072 4

e

E.g. : affected by neutrino free
streaming
=> supression of small scales

[M. Tegmark, M. Zaldarriaga, 2002,
Phys. Rev. D, 66, 103508]
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- Linear structure formation  m§

. Generated with CAMB
Perturbed equations: k=0.1/Mpc

0G ,, = 8nGoTy, o~
- . VYT, =0
. ‘ evolution equations for density

102

100 -
(0) (1) contrast p(l) bt
pp+p @) = p(o)( 1) -
Wavelength A [h=! Mpc]
104 1000 100 10 1
10* P Ty 10772 4
:;i 10 E 3
g 1000 ! .
E 1 E.g. : affected by neutrino free Baryon acoustic oscillations (BAOS)
S 1o r'_:‘osmic Microwave Backgrolind ; Streamlng . k2 4 (0) (0)
S v o S => supression of small scales Oy + 256 =—4rG (py’ 8a+ py, Ob
2 10k = a/2 3
3 E = Weak lensing
é 4 Lyman Alpha Forest .
=) wiggles on MP spectrum
Te bt vl 0l AT BT - | .
0.001 0.01 0.1 1 10 [M. Tegmark, M. Zaldarriaga, 2002,

WAVSIALEFY BR] Phys. Rev. D, 66, 103508]
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> FOPT - GW - Density Pert. - Structure ?

> Cosmological perturbation calculation to second order in
the density perturbation
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> FOPT - GW - Density Pert. - Structure ?

> Cosmological perturbation calculation to second order in
the density perturbation

> Framework using the so called 1+3 covariant formulation
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Density perturbattions in the environment of a S

Density
FOPT GW perturbations

t =ty

> FOPT - GW - Density Pert. - Structure ?
[C. Tsagas, A. Challinor, R. Maartens,

> Cosmological perturbation calculation to second order in _
arXiv:0705.4397v3]

the denSity perturbation [G.F.R. Ellis, H. van Elst,

> Framework using the so called 1+3 covariant formulation ———J coasisomene = o orvar

[G.F.R. Ellis, M. Bruni, Phys. Rev.
D 40 (Sep. 1989) 1804-1818]

[D. Pazouli, C.G. Tsagas, Phys.
Similar calculation | Rev. D93 no. 6 (2016) 063529,

superhorizon
P




>

Density
FOPT GW perturbations

FOPT - GW - Density Pert. —» Structure ?

> i Modified structure?

t =ty

Cosmological perturbation calculation to second order in

the density perturbation

Framework using the so called 1+3 covariant formulation ———p

The transition occurs in the radiation dominated era

Similar calculation
Matter dom. &
superhorizon
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[C. Tsagas, A. Challinor, R. Maartens,

arXiv:0705.4397v3]

[G.E.R. Ellis, H. van Elst,
Cargese lectures 1998, arXiv:gr-
qc/9812046v5]

[G.F.R. Ellis, M. Bruni, Phys. Rev.
D 40 (Sep. 1989) 1804-1818]

[D. Pazouli, C.G. Tsagas, Phys.
Rev. D93 no. 6 (2016) 063529,
arXiv:1512.02932]
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> Cosmological perturbation calculation to second order in [C. Tsagas, A. Challinor, R. Maartens,
arXiv:0705.4397v3]

the denSity perturbation [G.F.R. Ellis, H. van Elst,

> Framework using the so called 1+3 covariant formulation ———J coasisomene = o orvar

> The transition occurs in the radiation dominated era [G.F.R. Ellis, M. Bruni, Phys. Rev.
D 40 (Sep. 1989) 1804-1818]

> Takes place on sub-horizon scales _
[D. Pazouli, C.G. Tsagas, Phys.
> FOPT completes within a Hubble time Similar calculation | Rev. D93 no. 6 (2016) 063529,
Matter dom. & arXiv:1512.02932]

superhorizon
P
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FOPT - GW - Density Pert. —» Structure ?

> Cosmological perturbation calculation to second order in [C. Tsagas, A. Challinor, R. Maartens,

. . arXiv:0705.4397v3]
the density perturbation [G.FR. Ellis, H. van Elst,

> Framework using the so called 1+3 covariant formulation ———J coasisomene = o orvar

> The transition occurs in the radiation dominated era [G.F.R. Ellis, M. Bruni, Phys. Rev.
D 40 (Sep. 1989) 1804-1818]

> Takes place on sub-horizon scales _
[D. Pazouli, C.G. Tsagas, Phys.

Similar calculation | Rev. D93 no. 6 (2016) 063529,
Matter dom. & arXiv:1512.02932]

superhorizon
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> FOPT completes within a Hubble time
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" General observations.

> Takes place on sub-horizon scales £k Z Q. H ,
> May complete within a Hubble time  3—1 < pr—1



> Takes place on sub-horizon scales

> May complete within a Hubble time 5‘1 < H*_1

.

T Ge_'h-erdl,.Qbsle'rvqt'ions i

k2> a.H,

Can only impact scales (and smaller)
at which the transition occurs

scale of MR
equality

109 /
B
= 1000
=
a,

1

1
0.01 10k 552



T Ge_'h-erdl,.Qbsle'rvqt'ions i

> Takes place on sub-horizon scales £k 2 Q. H ,

> May complete within a Hubble time 5‘1 < H*_1

.

Can only impact scales (and smaller)
at which the transition occurs

Ipc?

= 1000

P(k

scale of MR
equality

/

0.01 10 F w5
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i scale of MR
> Takes place on sub-horizon scales  k 2> a, H, equality
> May complete within a Hubble time ~ 3—1 < H*—l /
Can only impact scales (and smaller)
at which the transition occurs "
= 1000
T
i 6 12
FOPT needstooccur t, : 10°s—10"“s 1
at late times: T ~ (100 — 1) eV o1 0 e
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 Generalobservations g

_ scale of MR
> Takes place on sub-horizon scales  k 2> a, H, equality

/

> May complete within a Hubble time 5_1 < H*_1

Can only impact scales (and smaller)
at which the transition occurs "

= 1000
&
FOPT needs to occur ¢, : 10%s —10'?%s 1
at late times: T ~ (100 — 1) eV o1 0 e
5
Peak wave number of Seak = 2T H,a,

GW energy density

*



| GWinduced density perturbations

Step 1: Perturbation theory A, : gDap Z, =aD,©® 0w = azhocﬁ
in 1+3 framework p
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GW lnduced denS|ty perturbatlons A

Technicalities:

Step 1: Perturbation theory A, : gDap Z, =aD,©® 0w = a%aﬁ
in 1+3 framework p Analytic estimate: [C. Caprini, R.

Durrer, T Konstandin, G. Servant:
Phys. Rev. D, 79:083519, 2009]

1
§/€2(5(2)(/ﬁ), 7) =8 Qaw(k, T)

Step 2: Apply to FOPT

2
situation 5 )”("37 T) +
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GW lnduced den3|ty perturbatlons [

Technicalities:

. a 27
Step 1: Perturbation theory A, : ;Da,o Z,:=aD,0 0a = a"hag
; Analytic estimate: [C. Caprini, R.
In 1+3 framework Durr)e/r, T Konstand[in, G.pServant:
Phys. Rev. D, 79:083519, 2009]

Step 2: Apply to FOPT
situation

Step 3: Calculate
transferfunction and
MP spectrum




Technicalities:

Step 1: Perturbation theory A, : %Dap Z, =aD,©® 0w = azhaﬁ

in 1+3 framework

Step 2: Apply to FOPT
situation

Step 3: Calculate
transferfunction and
MP spectrum

Step 4. Interpretation

GW mduced densuty perturbatlons [
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Analytic estimate: [C. Caprini, R.
Durrer, T Konstandin, G. Servant:
Phys. Rev. D, 79:083519, 2009]

1
§/ﬁ)2(5(2)(/ﬁ), 7) =8 Qaw(k,T)

0" (k,T) +

2

0 52) ~
rw =1+ (550)  — B(k) ~ T2(R)P(R)

Second order baryon acoustic
oscillations driven by GW from FOPT
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~Impact on linear MP spectrum [l

O™ 102 w—m—mm—m—m—m_momoooooremo—mmem e
10731 1035 = . rs = —F
-- H,
"o 10744 % 10~ R
s S

£ 10754 8105
S S
'R 1074 ‘& 107°
t, =5.10%s - — = 3.00
7 * 7 oa=2.5 —7] Ta
10 _—e e e i _ 10 — a="15 10 rg = 2.75
t.=5-100sg — a=25 —— 13 =12.50
10—8 + . ; 108+ - - 1078+ . ;
102 101 10° 10! 102 10! 100 10! 102 101 10° 10!
. 1 : 1 . 1
k in M k in Mpe k in T

Changing scale Changing strength Changing duration

Blue line: Cosmic Variance Bound
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 Limits from cosmic varionce |8

k in Mpec™!
102 10! 10° 107 100 1013
10_5 g i i i .djl -‘I I -
81 S ~ . ALISA |
10— 4 & \ |
j CMBABBN
G i S G e ety =53x 10 5 107 4 g T‘ .
E‘- _________ - 3 = ,
P e = —w t.=1x10"5s | @ 1
6 (f"’ g t :.=5}(1{}m5 e o o o ,-—af i “El ‘ ,
- - 3 .
o =130 e s 5 - \ ,
G : g .
o, A0 S \ |
5 L2 ] e .
e g 1 '
o] = S
10— 3 .
+ = \
10-11 \J
3
5 10 15 20 25 30 35 40 || . ' . - . v
Strength a 1071 10716 19723 10710 10-7 104 i
f in Hz

Particle models that can achive this: e.g. conformal models



S Summary- .

* GWs from FOPTs can seed density perturbations at second
order

e Effect is bound to the scale at which the FOPT occurs -
late FOPTs

* Only very strong and long FOPTs can have significant impact

* Cosmic variance bound leads to new limit on very small GW
frequencies
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" 1+3Decomposition

Spacetime decomposition:

a
a:dx

U hab ‘= Gab T UgUp

dr

1+3 approach 3+1 approach

Stewart & Walker Lemma:
Gauge invariant

S(l) N S(l) i GQGS(O)A/ if zero

J. M. Stewart, M. Walker, Proc. R. Soc. Lond. A 341 no.
49, (1974)

NN

Motion of test particle

volume expansion

1
vbua = Ogb + Wab + g@hab - Aaub

shear vorticity acceleration
density perturbation volume gradient
a
Ay : —Dgp Z, :=aD,0
p

1
anAa = gAhab + A(ab) + A[ab]

P. K. S. Dunsby, M. Bruni, G.F.R. Ellis,
Class. Quant. Grav. 14 (1997) 1215-1222
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: 2 1 3
Ziagy = —3 07, — 5 kpA, — 3 KQgp — Q [
— (aba - wba) Zy — 2a, (02 — wQ) — 2aAZAb

—Qa [2 (0’2 — w2) _b Ab — AbAb] Aa

1
ey
3 -+

1
§R(P+3p)—A

A, + al A,
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- Transferfunction |

Estimating the linear density perturbation from the linear MP spectrum:

GW production Equality Today
t =t t=teq s
'Po(kg ‘ Polk) :
10 ' 10 '
Linear matter-power /\ PR /‘i\
spectrum E D% (aeq)
y 1071 0k [10-27% 0k
//o- o D kg = 0.015 (7] Froq = 0.015 [gel]
o ﬁ“\
-
IC; _ & H
5*(7‘3% P
Density 10 i ;
perturbation P
10-° f
[103F  T10t &
keq = 0.015 [5sc)
12)
=0 | monto- 22
T (k) ¢ p ; ;
Linear matter-power P PCQ(SC ) LN = Pa(n’«)l%?gt:)’l‘%z)(k)
t 103 i : 1 ] _
spectrum . : Pealk)
+ GW-effect g0 - /\ w—> |
[10731  Tiob & [10-31 10tk
foeq = 0.015 [ kg = 0.015 [7ee]



_ Bxamples forlate PTs

J. Frieman,C. Hill, R Watkins: Phys. Rev. D, 46:1226-1238, 1992
|. Wasserman: Phys. Rev. Lett, 57:2234-2236, 1986

A. Patwardhan, G. Fuller: Phys. Rev. D, 90(6):063009, 2014
Xiao-chun Luo, D. Schramm: Astrophys. J., 421:393-399, 1994
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