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Eis L LIEC EC GO €0 Eaui s

LIGO announcement @ 2016/2/1 |

- Black hole binary

36MO + 29Me —462MO
with 3.0M® radiated in GWs

- Frequency ~ 35 to 250 Hz

- Significance > 5.10
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Eis L LIEC EC GO €0 Eaui s

LIGO announcement @ 2016/2/1 |

- Black hole binary

36MO + 29M2

- Significance > 5.10
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PRI A | RCHNE DAY
FCI L DIBMOIEICY

Next will come Gravitational-wave “COSMOLOGY”’

- Space interferometers (LISA, BBO, DECIGQO,...) are planned in the future

What kind of cosmology can we search by GWs !
- Inflationary quantum fluctuations

- Preheating

- Cosmic strings, domain walls

- First-order phase transition

5431



PRI A | RCHNE DAY
FCI L DIBMOIEICY

Next will come Gravitational-wave “COSMOLOGY”’

- Space interferometers (LISA, BBO, DECIGQO,...) are planned in the future

What kind of cosmology can we search by GWs !

- Inflationary quantum fluctuations Many particle-physics candidates

- Electroweak symmetry breakin
- Preheating s 4 :

- SUSY breaking

- Cosmic strings, domain walls
- PQ symmetry breaking

- First-order phase transition - GUT breaking
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TAKE-HOME MESSAGE

“Classical conformal” models
can lead to first-order PT

with large amount of gravitational waves
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TAKE-HOME MESSAGE

KEY

Making BIG bubbles
in the early universe
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0. Introduction & Conclusion
|. GWV production in cosmic phase transition (General)
2. GWs produced in classicaly conformal B-L model (Model specific)

3. Conclusion
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|. GW production in
cosmic phase transition

10/ 31



RO SRE | € H

Field space

false vacuum true vacuum
(thermal trap)

— ~T >

[

released
energy

Quantum tunneling

Position space

| . Bubbles nucleate

e

false @
.

3

e

Bubble formation & GWV production
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RO SRE | € H
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3. PT completes
when bubbles collide

Bubble formation & GWV production
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RO SRE | € H
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Bubble formation & GWV production

wall
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localized around walls
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RO SRE | € H

Bubble formation & GWV prod. occurs and completes when...

[ ~ H*
( I : Bubble nucleation rate per unit time & vol. / H :Hubble parameter )

After produced, GWs evolve just by redshifting
GWs

Redshift :%
NG N TN

present
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BlIG bubbles produce LARGE GWs

Why ?
BIG bubbles = LONG time from nucleation to PT completion

— LONG time for GWV sourcing

.~~~ _ Hubble radius

]. d 4 ' AN
Qv — 06V .&\Wamplitide  “BIG bubbles  “.7 At the transition

-+ GW frequency
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How to make BlIG bubbles

t4 : typical transition time
(when [ ~H 4)

Tayl
- Taylor expansion r el r* B(t Z t*)

around t

Typical bubble size ~ B!

- [ changes significantly with timescale B'I

- Then, bubbles can expand only for ty ~ tx + (a few) B'I

(because many bubbles start to nucleate here and there after this time)

t =ty t=tyt [3" t=t*+(afew)[3'|

O = o B 5 e
O D N7 0
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How to make BlIG bubbles

t4 : typical transition time
(when [ ~H 4)

Tayl
- Taylor expansion r el r* B(t Z t*)

around t

Typical bubble size ~ B!

- [ changes s

BIG bubbles
|

SMALL B
]

SLOWLY changing nucleation rate
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2. GW production in
classically conformal B-L model



G ASSIC AL LT COHNECIRIAE

What is “classically conformal” ?

- Classically no mass scale & violation of scale invariance by quantum effect

Rough sketch

A Vo~ A(@)o*

Motivation [Bardeen ‘95] \/ .
>

- Naturalness problem M
Al e o ()

i
0|2|H|? produces the EWV scale

(Coleman-Weinberg mechanism)
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CLAGSICALLY CQOINPLIRPIAL

Bl MOIDE]

Gauge & matter content [iso et.al, 09]

- Matter :

Gauge couping gp_r.

/ (equivalently, ap_r = g%_;/4n)
- Gauge - SU(3)CXSU(2)L XU(l)y XU(].)B_L

SU(3)c|SU(2)L |U(1)y |U(1)B-L
|l 3 2 |+1/6| +1/3
unl| 3 1 | +2/3| +1/3
dal| 3 1 |-1/3 | +1/3
Ll o1 2 | +1/6| -1
el 1 1 -1 -1
vel 1 1 0 -1
H| 1 2 | -1/2 0

20/ 31



ECIEEDCEIA BERIAVICIR

Zero temperature potential

- Quartic terms + No mass terms

Viree = Aa|H|* HA@* | N|®|%|H|? + no mass terms

(“classically no-scale” assumption)

- Scale is induced by the running of \ (determined by 95-L)

4 Vy ~ Ao 4 \(¢)

A <0 ARl
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ECIEEDCEIA BERIAVICIR

Finite temperature potential

- Thermal mass + Quartic V ~ ¢g%_;T2¢? + A\(max(T, ¢))¢*

V A
9p_1T°¢° Ap* (A < 0)

Ly
thermal|mass 0
>

M
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ECIEEDCEIA BERIAVICIR

s . T is the only mass scale
Finite temperature potential

relevant to tunneling

- Thermal mass + Quartic V ~ g%/, T°¢* 4+ A(max(T, ¢))o"

v
0% e At (A < 0)
/ All dimensionful quantities
1) :
| ,  hormalized by T
M /
% 4
As temperature changes, ... V/T e

e
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ECIEEDCEIA BERIAVICIR

Finite temperature potential

- Thermal mass + Quartic V ~ ¢g%_;T2¢? + A\(max(T, ¢))¢*

v
N Ap* (A < 0)

</
¢
. M >

_ 4
As temperature changes, ... Yol T2 A A <0)

SR
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ECIEEDCEIA BERIAVICIR

Finite temperature potential

- Thermal mass + Quartic V ~ ¢g%_;T2¢? + A\(max(T, ¢))¢*

v
T Ao (A < 0)

U i
| \/¢,

M

_ 4
As temperature changes, ... Yol T2 A A <0)

, e
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ECIEEDCEIA BERIAVICIR

Finite temperature potential

- Thermal mass + Quartic V ~ ¢g%_;T2¢? + A\(max(T, ¢))¢*

v
= VA Ap* (A < 0)

Eign
| \/¢,

M

- As temperature changes, ...

potential structure at the origin SLOWLY changes (~ beta function)
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S LOWLY—CHAN G | N G 95_T°¢>  A¢*(A <0)
NUCLEATIONRAIE . Sy,

Nucleation rate is calculated with “bounce method”
[ ~ O(T4) edimensionless

S3/T depends only on couplings (since it is dimensionless!)

o
Al

S /T - 10
Note : Usually does not hold since m/T (m : mass scale of the potential) enters

Nucleation rate [ changes SLOWLY (with beta function)
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S LOWI_Y—CHAN G | N G o TR N (A = 0
NUCLEATIONRAIE . Sy,

Nucleation rate is c2 adawith “hanince method”

SLOWLY changing nucleation rate
|

BIG bubbles
|

LARGE GWs

Nucleation rate I changessSTOvVvLT {with beta function)
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RESULY L ARGaE (VWG

Peak frequency & amplitude of the GW spectrum

M = (@) = : Above this = Landau poles below Mp
: Below this = Successful PT does not occur

B :Gauge couplingat scale M . of ¢o this = Excluded by Z’ mass constraint

Jpeak [HZ] QGw peak (at present)
Qp_JI. Xp-L
002, - 0.02,
0.015% 0.015E
001! 001}
0.007} 0.007}

. . . . » M[GeV] ' ' ' ' ' M[GeV]
1000 10* 10° 10® 107 10® 10° 1000 10* 10> 10® 107 10® 10°



RESULY L ARGaE (VWG

Detectability in the future

dp_L
0.02;
0.015 50—
001
0.007 o — SEILSI/S;A
— f . DECIGO
l :BBO

| | ' ' - M[GeV]
1000 10* 10° 10® 107 10%® 10’

(Regions below dashed lines are detectable)
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CONCLUSION

The era of GW cosmology will come

Classically conformal models lead to PT with large GWs,

and can be tested by future experiments

Key “No mass scale” at the classical level
— SLOWLY changing nucleation rate (~ beta function),
— BIG bubbles
— LARGE GW amplitude

31731



Backup
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CaVy PROIDVIC LGN [N
COSHIC PHIAGE LRANGH LI

GW spectrum just after the transition

: Pwall :
Qew| ek ~ 102) i jVra,o

(Number of bubbles)l/3 in one Hubble patch

""""" e unity if walls are the dominant energy component

s ﬁ_l : typical bubble size

~ -
-----

< > H*_l : size of the Hubble patch (around the transition time)

33/ 31



CaVy PROIDVIC LGN [N
COSHIC PHIAGE LRANGH LI

Estimation of the transition rate ,
- Bounce calculation V

F~OoT4 ST 53~ /d% (%(/5’(7“)2 + V(¢))

- Estimation of 3 > Vo

\ 2 |
[~ [ ablt-t) 5o d(S3/T) Hd(SB/T)
- Swicridi o dinT Vthermal
(temp.-dependent)

34/ 31




GW ERODUCHON
DL L aossIC AL LY COINEQRIGAL Bol PCOLIE

By the way, phase transition occurs at all?

- Phase transition needs TH*~1 — S ~ 100

(F S O(T4)€_S3/T S M46—53/T—|—4ID(T/M) — M4€_S)

For small ap_r,
transition does not complete

For large ap_r,
transition typically occurs at

T/M‘swmo <l (O =)
— large a expected

S = 8§3/T-4log(T/M) ap_r = 0.008 0.016

160,
140}
120

100} - -+

\

80!

60!
1071

Transition fails

Transition succeeds

10 10 10* 001

/™M
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GW PRODUCTION
DL L aossIC AL LY COINEQRIGAL Bol PCOLIE

x &P

M = () = : Above this line = couplings hit Landau poles below Mp
: Below this line — successful PT does not occur
XB—L :valueat M  ==:|eft to this line = excluded by Z’ mass constraint

@ B/H
ap_1, ap_1.
0.02: 002p 4 .-
// o 100 / ____
0015g==~" L1 .- 0015 —1t— .-~
___________ 10% [ _d--[50[" T
-""-—-.—— 5 ——————————— -’—“ -—" ‘a‘
001+ | .- Sl e 001 | __. 20
i —_'1010 """"" o —-‘_‘__-"'":710.- 5 .
0.007k---F"" 0.007F-""[.---"~
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GW PRODUCTION

DL L aossIC AL LY COINEQRIGAL Bol PCOLIE

Rough estimation of GW amplitude

- Present GWV spectrum

~quadrupole factor ~radiation fraction today

Y 1’4 B =2 =
hQQGW,peak ~ 0(10_2)0(10_5) (H) (

duration time /
e

ek
e e

Hz|

4
1 +oz> 10~

: eLISA
— : LISA

: DECIGO
: BBO

sw  Detector sensitivitie
10_7,

10—11 L

y;
10_13 3 /
/

f[Hz]

107* 0.001 0.01 0.1 1 10 100

cf. SM with myg ~ 10 GeV — B/H ~ O(10°), a ~ 0(0.001)

37/ 31



