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The two Standard Models
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The two Standard Models
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The big problems in particle phenomenology

68.5%
dark energy

 What is the particle nature of dark
matter?

26.6 %
dark
matter

 What is dark energy?

e What is the mechanism for
baryogenesis?

* What is the theory for neutrino
masses?

49 %
ordinary
matter

? Inflation

 What is the origin of the large scale
structure?

* Had the Universe experienced A
inflation? Any alternative scenarios? P

@ Fluctuations




The scales of particle physics

constant scale scale scale mass

N SR SO S AR S

10 GeV 107”° 10°° 107! 10" 10" 10"

|
|
|
|
Cosmological QCD electroweak GUT Planck
|
|

|

|

: Leptogenesis, Heavy DM,
: SUSY Breaking,
:

|

|

Composite Models ...
| !
LEP, TEVATRON, LHC
and Future Colliders




Early Universe as ultra high energy particle
ohysics labs

* The large scale structure of the Universe (Cosmological Collider
Physics) Chen, Wang, ... Arkani-Hamed, Maldacena, ... Xianyu, ...
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Early Universe as ultra high energy particle
ohysics labs
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The causality problem

Same temperature and similar fluctuations.

Age of the Universe




Causality problems usually indicate big
discoveries!
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Age of the Universe

Inflation theory

A

End of Inflation

Accelerating Expansion




Motivations for inflation

1. Solves the causality problem B i R RS

2. Solves the flatness problem k. R ady Y

3. Solves the magnetic monopole
problem

4. Generates the seed of large scale
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Current status of measurement
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Slow roll inflation
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Evolutions in the early universe

* Inflation: coupled to spectator sectors

—

Unification Breaking Phase transitions

* Thermal expansion: temperature coupled to SM sector 2| 2]

—



Phase transitions in spectator sector triggered
oy the evolution of the inflaton field

. inflaton field : spectator field
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Consequences of the phase transitions
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GWs from first-order phase transitions during

inflation
* Cosmology 101

Robertson-Walker Metric with conformal time and flat space

2 —_ 2 2 2 2 2

Perturbation of the metric

— O+

GWs are in the traceless and transverse part of



GWs from first-order phase transitions during
inflation

* How to calculate GWs?
* In E&M: O, " = J*
* We solve the Green’s function first.
* We convolute the Green’s function with the source.

* In GR: G/u/ — 87TGTMV

* We linearize the Einstein equation: = 04 . GW is

* We solve the Green’s function first. (instantaneous and local source)
* We convolute the Green’s function with the source.



GWs from first-order phase transitions during
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GWs from first-order phase transitions during

inflation
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After inflation

. is the initial amplitude for the GW oscillation after inflation.
* All the modes start to oscillate with the same phase.
e Example, in RD, the oscillationissin 7/

h' ~ sinfkr’]

The end of inflation

7




First-order phase transition during inflation

Vi(¢.0)

4 becomes smaller during

r _ : :
°c — 4 = 4 bubble nucleation rate per unit volume.

- r _
e Phase transition completes: —x % 1



First-order phase transition during inflation

Vi(¢.0)

4 becomes smaller during

« =——2 determines the
rate of the phase transition.

* Phase transition completes if
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Spectrum of GW from a real source

dpGW/dlnk dpcw/dink

smeared
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Redshifts of the GW signal
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Redshifts of the GW signal
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Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
dependent




Spectrum distortion by inflation

Radiation domination Quasi de Sitter

Model
dependent

Model
dependent
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First-order phase transition during inflation

* Assume quasi-dS inflation, RD re-entering, and fast reheating
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First-order phase transition during inflation

* Primordial stachastic GW signals

Instantaneous reheating Apyac/pint = 0.3
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GW:s from topological defects

* GWs directly from second-order phase
transitions are small, usually cannot
be detected.

* Phase transitions can produce
topological defects:
 Domain walls
* Cosmic strings
* Monopoles

10-5




Formation of domain walls

* Tachyonic growth
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Formation of domain walls

 Matching to classical nonlinear  #(k,7) = axa(r)?f'(k,7) + a' ,a(r)2f™* (k, ),

evolution 5(k,7) = awf(k,7) +al f*(k,7).

Quantum _  Classical , ,

essemble essemble F(k,7) = a(r)"Re[f (k,7)f"(k,T)]
L 1 |O-k‘2 2 F(k7 T) ?

W(O-kaﬂ-k) — p exXp | — ‘f(k, 7_)‘2 o 4‘f(k7 7-)‘ Tk — ‘f(k, 7_)’2 Ok :|

We randomly generate the and  accordingto as
the initial condition for classical lattice simulation.
Polarski and Starobinsky 1996,

Lesgourgues, Polarski and Starobinsky, gr-qc/9611019
Kiefer, Polarski and Starobinsky, gr-qc/9802003



Formation of domain walls

* Symmetry breaking via a second order
phase transition.

* We numerically solve the nonlinear
evolution of field with 1000 x 1000 x
1000 lattice.

* At the beginning there are fluctuations,
dying out after a few e-folds.

* The configuration becomes comovingly
static after a few e-folds.
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Calculation of GWs

* In Minkowski spacetime, static

source cannot radiate due to 2;
energy-momentum conservation. .
* During inflation, energy < o1
conservation is badly broken, so 0.0
the even static source can 0.1}
produce GWs. S025

~ 167G N ¢ ~ g .
hli(k) = — / dr'K (k)T (7', k)
— 00 The dominant contribution



Numerical results for GWs

HA, Chen Yang, 2304.02361
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Induced classical scalar perturbation

* Interactions

1
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Induced classical scalar perturbation

* I[nteractions

1 1
L=—59"0,00,6 — 59" 9,00,0 — V(9,0)
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Induced curvature perturbation

* We solve the following equations of motion

numerically with a 1000 x 1000 x 1000 lattice

- 2~ 1 9*Vp) .-
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Power spectrum of

* After the collision of the bubbles, field oscillates and keeps producing

e The production of lasts about %, longer than 1.
10°
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Secondary GWs

 After inflation ¢ — &, ¥
* Expand the Einstein equation to second order:

his 4+ 2Hh;; — V2hi; = —4T,/™Sim

Sij = 200'0;® — 200'9;® + 4¥9°0; ¥ + 8'D9;® — §'®9; ¥ — 8" VY, + 30°V9; ¥
4 2(:2
— (U +H®P) O, (¥ + HP ® - 2y ®— U
3(1+w)H28( + HP) 9; (V' + HP) — — [3H(H ")+ V] 9;0,( ).

Scalar induced GWs

Matarrese, Mollerach, and Bruni, astro-hp/9707278
Mollerach, Harari, and Matarrese, astro-hp/0310711
Ananda, Clarkson, and Wands, gr-qc/0612013
Baumann, Steinhardt, Takahashi, Ichiki, hep-th/0703290



Secondary GWSs
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Comparison between primary GW and

secondary GW

* Primary
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Observation from PTAs

Correlation coefficient, I'
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Observation from PTAs

HA, Boye Su, Hanwen Tai, Lian-Tao Wang, Chen Yang, 2308.00070

* The slope is around 2 in the IR region
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Our model

Observation from PTAs :
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Computational challenges

* 1 double : 8bit (c++)

e 100073 -> 8GB 1 field

 Complex field: (minimal)

e 2(phi)+2(pi)+9(Tij)+9(hij,sin)+9(hij,cos)+2(Fourier, auxi)+1(fft) ~ 250 GB

* Two scales are important: the wall thickness and the size of the universe
* We need larger box to get more accurate GW spectrum.



Observational challenges: astrophysics
'I:O reg ro u n d Gravitational Wave Sensitivity Curve Plotter (gla.ac.uk)
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http://gilsay.physics.gla.ac.uk/gwplotter/

Observational challenges: astrophysics

foreground

Gravitational Wave Sensitivity Curve Plotter (gla.ac.uk)
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http://gilsay.physics.gla.ac.uk/gwplotter/

Observational challenges: astrophysics
foreground

* Its better that the primordial GW spectrum has features.

* We need to accurately simulate the primordial GW spectrum and the
foreground.



Computational challenges

e Two scales are important: the wall thickness and the size of the universe

* The bubble walls are usually boosted.
* We need larger box to get more accurate GW spectrum.

* It cost a lot of memory to do the simulation:
* 1 double : 8bit
* 100073 -> 8GB 1 field
* Complex field
e 2(phi)+2(pi)+9(Tij)+9(hij,sin)+9(hij,cos)+2(Fourier, auxi)+1(fft) ~
250 GB
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Primordial non-Gaussianity (quantum fluctuation)

$00® + G004
&3 + 63

* The evolution of g induces the evolution of . (=-H {

Vg, 0)

(
UA ¢

. also contributes to the curvature perturbation, and the interaction
in the sector is strong.




Primordial non-Gaussianity (quantum fluctuation)

e 3pt function in the symmetry breaking phase

N\ 7/
N\ /7 O
7/

N

|
|
, |
7/ |
\ 7/ |
\x/ /A\
P I R Hy~ |=

7 Y
7 “\ / N\

* Relevant operator, important in the IR.



Primordial non-Gaussianity

----------------------------------------------------------------------------------

 Calculate the three-point function using
the in-in formalism.
to

Q(t Z / dt N dtN 1 dtq

— 00

<[HI(751)-,. [H}(tg)’ . lHI(tN); Qf(t)} o~
S. Weinberg, hep-th/0506236




Primordial non-Gaussianity

 Calculate the three-point function using
the in-in formalism.

to

Q(t Z f dt N dtN 1 dtq

I
- : 10°V, 4
<[HI(751)-,~ lHI(tQ)a"' lHI(tN)aQI(t)} H> i Hr~ 6 93 0
S. Weinberg, hep-th/0506236 AN,
| 3 (% dr H® A7) /! s
el = [ T bk

Dominated in the region _ _ -'.i N
b el s Rl (1 77) () () o]




Primordial non-Gaussianity

B.x%3 ¢ L A, \3 e

fNL — (_) ( ) ( 8 ) I(A*) IOOE Planck 2018 <«—— PBH bound
- H Pinf SE* i -
f—— ... LSS
ANE (M £ H\® ( ApY? a [
ngﬁNFPV ngﬂ — _&;_' ﬁ? ' — — IE ?
€ 0 plnf %E E ...............................
| ~ 0.100f 21cm ]

0_010£ —— A/H=40 ——pB/H=20 l

 —— B/H=30 ——f/H=10_
0.001

1013 1011 10-° 107 1075 0.001
peak
QGW

HA, Qi Chen, Yuhang Li, Yuan Yin, in progress



Consequences of the phase transitions
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Producing superheavy DM

* Where does the latent energy go?
e particles produced during bubble collision and thermalization.
* If the phase transition is symmetry-restoration, particles can be DM.

0]

*
Latentenergg

density I
v




Producing superheavy DM

* Today’s dark matter energy density —~—+—————
10 Terrestrial GW detectors
‘ 0.100
pg% [~ Apvace 3(Nyx—Nattar) = Space - based GW detectors
o001
Ap . . §§ 1 -5
1 - N 28 10
QDM ~ e xX € - =
Pinf 107
n(O) —————————————————————————————
n=-2 x~10"" 10-°
My - - - ‘
10-18 10°8 100 1012
A _1/3 ~1 GeV H (GeV) ~1015 GeVv
fpe,a,k 1 Pvac (H H2)1/‘3
today 2 . inf : .
T Pinf HA, Xi Tong, Siyi Zhou, 2208.14857



Baryogenesis during inflation

-3

* Conserved numbers must be diluted as , even for spontaneously

broken symmetries.
* For a U(1) number to survive inflation, it must be broken explicitly.
* |n our model: )

Lams = —L 60" — Y0
¢ X 0 AN
U | 0 1 0 00, e
z |1 1 4 1= (XX = X™X)
e Explicit U(1) breaking term: 2 + . . Trivial if no

explicit broken.




Baryogenesis during inflation

* We use the phase transition of as a switch:

* Inthe ,breaking phase: 2 - (2) , a tadpole for

V=9L = a®|x|> — a|@ix|* + ia’n(xx* — x*x) — o’ (m|x|* — Avi(x + X))

|

Chemical potential

itial ber d . n(ini) — . 9 ,UQ _ 2”A2U§
Initial U(1) number density: x | T T eMU, = mi_l_gﬂgﬂg

does not dilute with inflation!



Baryogenesis during inflation

* We use the phase transition of as a switch:

* Inthe srestored phase:

* No tadpole for , the U(1) breaking interactions become
perturbative.

* We need to consider the washout effects from the explicit
breaking term.

* We need to further engineer the model to transfer this U(1)
number to the baryon number.

* The phase transition happened in a very short period ( ), the
change of U(1) number during the phase transition can be neglected.



Baryogenesis during inflation

* Today’s baryon number

7’2,(0) - Q;LAQUi 2_3
= i + 9HAp? 2

0 _1/2
n = ﬁ ~ 10~9 x (1 H ) / ) & e,0 « o—(3Ne—29)

HA, Qi Chen, Yuan Yin, 2409.05833



Baryogenesis during inﬂation

----------------------------------------------------------------------------------

. . . /'/ I J/ //
* Cosmological collider signal o p— [ R p—
Bodas, Kumar, Sundrum, 2010.04727 VA A R |
¢0 Gbo g | | Z :
® - {
[t .
Pkt J i 5, - /" Reheating Surface
o———~0 o——0 T
Pke \u \u
5F ] 05¢' =1
o 4¢ v =10 ---- v=15 i
T — \/mgﬁ;/HQ—Q/él a3
— 2
< qf
N
Meg = My, + | S|
_2F,




Redshifts of the GW signal

Instantaneous

rehe

Radiation

Reenters horizon

Out of horizon End of inflation

Phase transition



ntermediate stages between inflation and
reheating

Instantaneous
reheating
|
|
\ ' |
i —4 | —2 | —2 —4
oW | |
|
|
|
|
|
i -3
o | | 0 | | _
Radiation ! 0 | i . 6 4
\ i :
|
____________________________________________________________________________________________
1

Phase transition Out of horizon End of inflation  Reenters horizon



Why do we need inflation?

LOG Blerg/cm? SrHz)
; 3

100 10 1 1 .01
WAVELENGTH (cm)

Bell Laboratory Penzias and Wilson 1964

Wilkinson Microwave nisotropy Probe

NASA 2001-2010

Cosmic Background Explorer

NASA 1989-1996

European space agency
Planck spacecraft



The causality problem

Same temperature and similar fluctuations.

Age of the Universe




Causality problems usually indicate big
discoveries!
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Causality problems usually indicate big
discoveries!

Animals with
brood pouch

BILE

Alfred Wegener:
Continental drift
hypothesis

ostrich emu



Age of the Universe

Inflation theory

A

End of Inflation

Accelerating Expansion




Backups



Spectrum distortion by inflation

Radiation domination Quasi de Sitter

Model
dependent

Model
dependent



GW from instantaneous and local sources
(qualitative study)

* E.0.M. of GW ds® = a®(7) [—d7m* + (8ij + hsj)dz*dz’]

2a/ 2 2 2
hglj + ?hgj -V hz'j = 167G pna Oij

* For an instantaneous and local source,

oij ~ 0(x)0(T — 7"

Traceless and transverse

* E.O.M. in Fourier space

2 /
P (7,k) + “ B (1K) + k>h(r, k) = 167G na " T5(r — 7')
a



lon

inflat

ing

order phase transition dur

T-

Firs

Vi(¢.0)

B/H =15

30

b/

,,,,,,,,,,,,,,,,,,

o i e

0.

|

uoioell wnnaoeA mau

4 becomes smaller during

2 determines the rate

of the phase transition.

* Phase transition completes if



Calculation of GWs

With domains, the dominant contribution to
happens aroundIn '/ ~2to 3.

Without domains( - | |), the dominant
contributionto  stops around

In '/ ~2,and the magnitude is much
smaller.

5 167Gy [° The dominant contribution to GWs is
B / from domain walls.



Formation of domain walls

* Landau-Ginzburg type

3 — ya deg  23/2eY/2m2H My,
KZ(B) — c —
V= _%mgﬂaz — %04 (B) dr ®o(Te)
m2ﬁ — y(f2 —m?2 Murayama & Shu, 0905.1720
c
H2 2 2
Inflaton field S Mgz <M
* Kibble-Zurek mechanism ¢ for critial
]. _ 2 )\ 4
Vikz = —§m%<za,c l(T — TC)O' —+ ZO’
* kz determines the average distances
between the domain walls.
Kibble 1976, Zurek 1985 \_/ \/




Formation of domain walls

 Stop of the tachyonic growth

A
B2 — a2mi (7 — 7o) + 5 (0%(7, %))

i

Growth exponentially

* Only modes with smaller than about
can have a chance to grow
exponentially.

w? (t,k)




Outlook

* The fate of the domain walls.

e Other topologcial defects.

* Application to high scale particle physics models.
e Baryogenesis (work in progress)



Spectrum distortion by inflation

Radiation domination Quasi de Sitter

Model
dependent

Model
dependent




Primordial Black Holes

HA, Boye Su, Lian-Tao Wang, Chen Yang, work in progress

e PBHs will form if A2~0.01

* The power spectrum is highly non-Gaussian

Hii=10"*GeV, B/Hn=5

—— Gaussian

0
L0 - non-Gaussian 1012
1072
100
107% =
o s 1078
E: 1076 \%-F
o
= 10—18
10—8_
10710 1 10—28
10-—12

-1.0 : : ; ; : 2.0




GW -

‘rom instantaneous and local sources

(qua

itative study)

e The conformal time between the h' ~ sin[kr’]

source and the horizon is fixed.

* The p

hase of at the source is fixed. /\ \

e The value of atthe horizon L JRNATTAN T W AWALY DO

oscillates with .
. is the initial condition for U\N

later

evolution. ,

kty =0



Observation from PTAs

* Hellings-Downs curve

(2a(8)2(8)) = C(Bap) / 4 Su(f)

Angular correlation
2y —(Av, /v,)(t) = AT, /T,
0.3}
0.2}
S
o 0.1} /
0.
-0.1¢




Summary for FOPT

Evolution of
inflaton

Phase transitions in
spectator sector

Curvature
perturbation

!

Secondary
GW

h Qaw

dp
dlogk [g‘g)(k)géc(k)] : k3 [1 + 8(kpAyp) cos 2k(T, — 10)]

d-—-————— - ==

f
-1
k‘p ~H kp ~ A10
—— B=5Hy, At =3.1%1073, £ = 1.2x107% Hz
B = 5Hint, Aer = 2.8x1073, fig = 7.9x10% Hz
107 -
"—'h"“"\-\
107" H
10-13 i i L A el | s -‘- ¥ 5= €
1.x10°° 5.x10° 1.x107® 5.x10%  1.x1077
f(Hz)



Redshifts of the GW signal

Instantaneous

Radiation

Reenters horizon

Out of horizon End of inflation

Phase transition



Redshifts of the GW signal

Instantaneous

Canceled

Phase transition Out of horizon End of inflation

()~ ()
Q'y Aout B

Reenters horizon



GW:s produced in flat space-time

N >

inf

A

v

lat 2 5 8
dpéw - Hing y B k;
Apyacdlog ky, B 338 1 2.81@2-8

Huber and Konstandin, 0806.1828
Hinf > ’ Bk?gS
3.8 3.8
B ) B335+ 2.8k3

QgggszR(




First order phase transition during inflation

dS, dS, 20
* 6:%:d10g/jgﬂcx ¢(1_ ;LQ)
C2¢2
5 dS4 1/2 Mpl
7 2
= U dlogwﬂl %)
c2 P2
¢pPT J
do _ N
®end \/2_6Mpl ™~ lu'gff/AQ
o] dS, A? 1
— ~ X —— X —
H dlog ,ugff ,ugff Ne
It is natural to have / 10 .

005 010 015 020 025 030

AN



First order phase transition during inflation

. g =251 dS42 X 20 pog = —(p* — *¢?)
2 €
dt dlog g | (1 _ Cg¢2)
) s | 44 (2€)Y/2 x Mpi
o 2 2
ol )
Vi(¢,0) Sa
140
120
¥ 100
teos i 80
T 60,
" U:_: a0l
oW 207
Vi(4.0) :_%( 2o + 204+8% 6 005 010 0.5 020 025 0.30

CosmoTransitions



First order phase transition during inflation

Vi(¢.0)

dSy dSy 20
* b= dt | dlog 12 8 p?
it |o(1- 45)
15 | dSy 1/2 My
‘ _— 26 X
T o . ~ e /A
qbend \/Q_GMP]. ’
15 dSy A2 1
H " |dlog 2. |~ 12, ° N
0g lueff lueff €




First order phase transition during inflation

o] ‘ dSy A? 1
* T~ > | X T2 X
H dlog pZg pig  Ne
g 3800
" H Ne
. ﬁ 500
H N,

: e-folds before the end of inflation

S S S S S Y RS S E NF //\
005 010 0.15 020 0.25 0.30 Heft

vy 1 % ~ O(10) — O(100)

1
Vi(g,0) = —§(M2 — c*¢*)o® + yidias WUG



de Sitter inflation as an example

* What is the spatial configuration of ?

* In Minkovski space 16rGNT

— 14 h

_ o(r—71"—7)
h dmr

Shell with radius | — |




de Sitter inflation as an example

 What is the spatial configuration of ?

* In de Sitter space

sink(r —7')

k

his(T,K) = =16nGNHT;;70(T — 1) [

1 1 1 .
+ (E — A:ZT’) cosk(t —71') + Py sink(r —7')



de Sitter inflation as an example

 What is the spatial configuration of ?

* In de Sitter space .

—_— PR /_
(77— [x])

sink(r —7')

k

his(T,K) = =16nGNHT;;70(T — 1) [

1 1 1
+ ( ) cosk(t —71') + sink(r —7')

k21 k24 k317!
\ J
|
Lo — ' — |x)
47‘(‘ T T X




de Sitter inflation as an example

 What is the spatial configuration of ?

* In de Sitter space

T 1
h(t,x) ~ —6(t—7 —2)+ —0O(r—7" —2x
(7, %) ~ )+ -6 )
( Y J l Y J
Similar to Minkovski Intrinsic in de Sitter
Decreases with both and constant

Vanishes out of horizon



de Sitter inflation as an example

1
c At -0 h(T,X) ~ E@(‘T” — )
A ball of GW, with radius | |
 uniformally distributed inside the GW balls.

All the balls have the same radius.




Quasi-de Sitter inflation as an example

1

YT T Hr

16nGNHT; ;T 1 1 1 .
hij(1,k) = — - J [(kf_kT’)COSk(T_T/)+ (I—FkQTT/)SIHk(T—T/)]




De Sitter inflation as an example

1

T

16nGNHT; ;T 1 1 1 )
hij(T,k) = — . J [(sz — kT,)COSk(T—T/)—i— (1+ k27'7'/)81nk(7__7-/)]




De Sitter inflation as an example

1

T

16nGNHT; ;T 1 1 1 )
hij(T,k) = — . J [(kT — kT,)COSk(T—T/)—i— (1+ kQTT/)SIHk(T—T/)]




After inflation

. is the initial amplitude for the GW oscillation after inflation.
* All the modes start to oscillate with the same phase.

* Example, in RD, the oscillationissin  /

N\

0.05 0.10 0.50




After inflation

. is the initial amplitude for the GW oscillation after inflation.
* All the modes start to oscillate with the same phase.

* Example, in RD, the oscillationissin  /

h' ~ sinfkr’]

The end of inflation

| =\

1) R




First order phase transition during inflation

 Signal strength is also sensitive to intermediate stages

Kination domination

10_9 " — inf=1011GeV V// CE T
[ N.=20 EPTA
10—11 |IPT%KA )
- === H.=10"GeV Y\ DECIGO
= 1071 N.=10 1
U |
S 1077 prHe=20 '
_17l  B/Hips=50 |
10T gm,.=100
10—19 | .
10712 1077 0.01



First order phase transition during inflation

With kination domination intermediate stage

T L I L] T -~ T 1 T e L]
=9 - ~ Tlanqm il
1077 F — Hy=10"Gev
i ¥ 1: T i] g 1

N,.=20 EPTA
]_0_11 L |' PTA -
L - Ho=10"GeV
= 107131 N,=10 I
U B
S 107°F piH,=20 '
-17 Bl Hiy=30 |
10T gre=100
1077+ i
10712 1077 0.01

f(Hz)



Power spectrum of

5000

Planck best-fit

H % 4000
-1 60— Ne inf .
— N
ktoda.y (2000 Mpc) X € X 1014 Gev 5 3000
+
2 3 2 S 2000F
A A Mpl Hinf L =
ref — — | = D
€ \ %o B Pinf 1o \
c— S scl)o 1600 15100 20|oo 2500
-9 |
10 Multipole moment £
] 3
10—10_: 10 l —I Tianlai—BIS I
3 -l - SKA1-MID-BIS
1 —— Tianlai—PS
1071 4 : - SKA1-MID-PS
E 10 Tianlai—PS—window | LEE) )
» e SN
10-12 | ~ =t ey e e e
1 B _ L _10n-5 \‘f
10-13 4 Hint 50, Pint 10 S
k=1,=0.01
10714 { = Phase Transition
] —— Phase Transition + Background
100 10! 102
Qphys / Hint 1 10 100 1000

7¢ [Mpc]

HA, Boye Su, Yidong Xu, Chen Yang, work in progress. X4, Hamann. Chen, 1607.00817



Slow roll models

. V@)
* We usually assume a potential.

e Useittocalculate ,

l" |
Measured by No measurement
CMB and LSS
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Slow roll models
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* We usually assume a potential.

e Useittocalculate ,
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Measured by No measurement
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