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Motivation—Gravitational Waves
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Motivation—Grand Unified Theory

: : : brok
Unification of symmetries Ggyr — Gom

} Cosmic Phase Transition } topological defects

Unification of gauge couplings } GUT Scale  Unification of matters } Proton Decay

Unwanted topological defects: monopoles and domain walls. The both defects must be diluted through inflation.

Case I: GUT breaking before inflation Case 1I: GUT breaking during inflation
m l
"""" > GUT breaking GUT
. » GUT Phase Transition
Inflation ... » Diluting monopoles and domain walls Inflation GWs from GUT PT
| . T .
® Seesaw Mechanism ¥ Super-high scale PT
G.cG X U( 1) ........ > . - ‘ “““
1 SM Matter-antimatter asymmetry GWs from SHSPT
........ > - strinos f 1) breaki G, C Ggy X U(1)
l g(\?;m;c strings 1jomt l.]( .) breaking | SM Are GWS from GUT PT
> MO COSHIE SHIe. l during inflation observable

e Test Seesaw Mechanism, 1908.03227
’ 9
Standard Model e Tost GUT. 1912.03695, 2005.13549 Standard Model today and used to test GUT"
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PT at inflation PT at RD Phase Transition at a,  fie. ~ —H,
d
hlnf(T k) hm(T k) = hR'D(T k) Inside Horizon: A < 1/#
evolution I 1n51de hOI’lZOIl evolutlon for f > 10 1 HZ dpéy 1
' Inflation + RD . MD AD dlogk  a*(r)

e —————————————————————————————————————————

in o X Tare —N,  Reheating (Rh) fp aqk X T*
Phase transition during inflation: Ap > Ay

A unique gravitational wave signal from phase transition during inflation

Haipeng An,'? Kun-Feng Lyu,** Lian-Tao Wang,>% and Siyi Zhou’ Match at reheating: hg.lf(f’ k) | — th(T, k)
! Department of Physics, Tsinghua University, Beijing 100084, China Rh Rh
“Center for High Energy Physics, Tsinghua University, Beijing 100084, China
’Department of Physics, the Hong Kong University of Science and Technology [ . . . .
) ? o
Clear Water Bay, Kowloon, Hong Kong S.A.R., P.R.C. # Frequency 15 redShlfted by lnﬂathn
4 Kavli Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106, USA .
® Department of Physics and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA ¢ GWS Sp ectrum haS SpeCIal featl.lres
°Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
"The Oskar Klein Centre for Cosmoparticle Physics €& Department of Physics,
Stockholm University, AlbaNova, 106 91 Stockholm, Sweden . o o
Super-High Scale Phase Transition (SHSPT), A > 10° GeV
We study the properties of the gravitational wave (GW) signals produced by first order phase
transitions during the inflation era. We show that the power spectrum of the GW oscillates with . . 4
its wave number. This signal can be observed directly by future terrestrial and spatial gravitational ® SHSPT durlng RD ‘fpeak > 10 HZ) UnObservable tOday
wave detectors and through the B-mode spectrum in CMB. This oscillatory feature of GW is generic
for any approximately instantaneous sources occurring during inflation, and is distinct from the GW ) SHSPT during inﬂation: GWS iS possibly Observable

from phase transitions after the inflation. The details of the GW spectrum contain information about
the scale of the phase transition and the later evolution of the universe.

Haipeng An, et al., 2009.12381, 2201.05171 New Physics: GUT, Intermediate Symmetries of GUT, Seesaw Model,

New Gauge Symmetries, Flavor Symmetries, Extra Dimensions, SUSY
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GWs’ Evolution in inflation 72?(1‘, K) = 167Gy, (K) X CZ_I: { a, H, ( Ay 1) cos[k(t — 7,)] + (d*H* + a_) sin[k(z — T*)]}

H,_ = H; ; ~ constant ko \a() k> a(7)

Propagation and Redshift Inflation Finished  Outside Horizon a(?) A > 1/H
t, <t<ty, fa, Inside Horizon a(H)A < 1/H
k
WY VWVWWW > 1, Far UV
arnt
k k
AVAVAVAVAVAVAVAVE BEEAVAVAVAVAVAVAVAV «l<——,0UV
arn H ay H,
. < 1,1IR
ay H,
GWs from instant sources during inflation evolving in RD, MD, AD Matching Conditions
hi(z,K) = 162G\5(K) X |hy(z,K) + Iy (7, k)| hg is Haipeng’s result hlnf(T k)| = %ED( k)|
5 ( k) _al%h 1 5% Sln[kT — y€] v { [ (1 )] Sln[y(l—G)] } Rh Rh
T, R) = COS —€ ~
0 a(t) aH, = Y y 0,hM(z, k) = 0,h5P(7, k) -
—aﬁh ye 1 —¢€ 1 +ye\ .
hy(z,k) = X cos[kt + y(1—-2¢)] — sin[k7 + y(1—2¢)] Conventions
a(r) a,H, 3 v

hy dominates GWs in UV and IR, /2; dominates GWs in far UV. Y = a, H, =e M, e=—"<1
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Inflated GWs Spectrum — GWs produced during inflation

A 4 GWs in flat ti dogw _ 200K | (k) :
at S 1n flat spacetime = O::
dpcw _ dpGw o CZRh « S(t.k) , correlation P dlogk r V IY
dlogk dlogk  a*(1) ~instant source  Uninflated GWs for f > 10~'* Hz — in-horizon evolution
0 _ Y ~ ey N h2 d flat Cl4
v Howt) = 1 Bawll) f=f-Rb ;;dflgifft)from inflation hZQGW(f) B dIIOGWk 8 % decreasing by a”
deformation function Ak Pc 4108 a

. 2
S(f) = S(tg.2mayf) = So(f) +S5{(f)  Sy(f) = { cosyl =)l _ sty — )] } S, from Ay, is Haipeng’s result

y? ¥
1 sin[2y(1 — €)] 2—€ cos[2y(1 —¢)] €’ (1 S, is correction in our work
— + 2€ — 1 F € : — + 1 . —10
2 y4 2 y2 for adapting € 2 e

Sl(f)=y€><{

y y3 y

Specific feature — S(f) Oscillates!

y:1: S1 <S5y —

When € < e~ 1Y, S, dominates GWs in

e IRy 1)and UV (y > 1 Aye < 1).
Otherwise,
S, 1s important and S(f) is correct.
001 1 T o W™ Hence, Our result is applicable for any NV,
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Inflated GWs from short-time source

for more realistic, Short-Time Sources at 7, FUV: ye> 1, S"9V(f) ~ e* = allag,
F+A, 2 5+A /2 _
_ 1 f | R UV: ve < 1 <y, SUV(f) ~ 1/3*
S(f)=X dt*S(f)=I dy S(f) ) |
t Ji—A 2 y I5-a,/2 y=—2d0f . (1 —€) + cos[2y(1 — €)]sin[A (1 — €)]/A,
- . . o SN(S) = -
, Y~ . _  Siscomplicated but analytic 2%
h°Qaw(f) = h*Qagw(f) X 5(f) IR: y< 1, SR(f) ~1/9
. a, A _ . iy
A, conformal duration of sources A, =——"-=y  The duration A damps oscillation but don’t affect envelope.
*
- [ b I
0.01}
S o4 e=e 1f e=¢?
o _ a, N\, 1t
VIS
10—6_ 0 4 L 4 L
i 0.05 1L 1L
— 0.2
10—3:— | | | | 3F El3
0.01 1 100 0.01 1 100 0.01 1 100



Inflated GWs from Phase Transition during inflation & ARl Rtz

Hangzhou Institute for Advanced Study, UCAS

hQew(f) = hZEGW( )X S(f)  After having S(f), we will study the uninflated GWs spectrum.

Plasma 1s unnecessary during inflation,

a ) aals i ) avVa VAS a kl_.- a aya a
y J

prESET SRS Y M i ¢ so sound waves and MHD turbulence are negligible,
phase transition field: bubble collisions; and we only consider bubble collisions during inflation.
GWs from Phase Transition in flat spacetime
I. Envelope Approximation [11. Simulation JCAP 09 (2008) 022
The energy-momentum is mainly a=28>b=1 bubble wall velocity: v,
contained 1n envelope of bubbles beak 0.62 effective factor about fluid: x
and vanishes in intersection. * 2 A= ppr!/Prag 0.715a + 0.181\/5
1.8 =0.1v,, + vg rad () = 1 =
PRL 69 (1992) 2026-2029 L 0] Dpr H, 8 +0.715a
Qpeak XK‘2—2X X )2 _ P A
PRD 47 (1993) 4372-4391 GWx ~ 042 + 12 P F: ng =— & (10,107)
DRD 49 (1994) 2837-2851 e ow e 1
I'V. phase transition during inflation — few radiation
II. Broken Power La\zfeak (a + b)(f. 11255y v, =1,a > o0,k — 1= strong phase transition
Quo(f,) = © - tion:
GW*\Jx GW PN 4 phase transition parameters: duration of phase transition: 1//

vacuum energy density: ppr = pg — Pt
Uninfalted GWs Spectrum from Phase Transition

2 1/3
fPeik = 37.8 MHz —If (1015’((} V) (—1(;*0> W Qaw(f) = 1.27 X 10—6< *) PeT (at. )({f )
* ¢ p Prot Ex a(flfeeakyathb + b
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Inflated Uninflated Parameters of inflated GWs from PT
2 2’0
1078 | h QGW(f ) = h QGW(f € *) X5 (f ) e inflation parameters:
-7 deformation reheating temperature Ty,
~10 redshift O e-folds number of sources NV,
10 0,{-2
> \/ N, =5 I “% . ® phase tragsition parameters:
@ 1012 7 ¥ 7 PT velocity p/H,,
ci : PT energy density ppr/py
1 0—14
016 = Ty, = 1015 GeV
pPT/ptot = 0.1
-18
10 T Lol 1 N\ 'B/H* =5

10° 10* 001 1 100 10* 10° 10° 10" 10™ 10"
f [Hz] ¢ Uninflated frequency from GUT PT 1s beyond observation.
, @ Inflated GWs of GUT PT are observable and have oscillations.
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Inflated GWs from GUT Phase Transition: TRh =10 GeV

10—8 E? ' : -: w:' | IIIIIII! | lIIIIII| I?E E? ' : _: ‘ | IIIlIII.l:' IR I?;
E I LWVK 3 E L LWVK -
3 TianQin Ry El3 TianQin Fy E
10710 | ‘NANOGrav15 LISA. F Y : B 05 : o b : .NANOGrav15 LISAY F Y : S 05 -
;_ 5 Ta|j| 3 - ; ;_ Ta|j| - _:,
10-12 i uhres 1E Ares -
= =‘ AION El | 3 P E
2 3 £=5;; — =0.1]
T = H, 3 E CE" |} Ptot :
< 4o-14L AEDGE . =
3 : ,OPT/Pt t End 5/1{ E
10-16 /\ DEC S dE P
N, = 36 — 25 ' — 102 E N, = 25 — 2
: . = B/ V= 10-2 3 o — 20 -
: A / / / 0 | ) ;
— _3 1 E —
_18 107 = — 100 =
10 - ] IIIlIIIl L | III| L L1 III| ] IIIIIII| L1 IIIII ] IIIII| | IIIIIII| ] IIIIIII| ] IIIIIII| ] lIIIIIIl E ] Illm If\llllll | | Rk ,m ) | 11 IIII| ] IIIIU{\ Illlllll ] Illlllll ] IIIIIII| E
10 1078 107° 10*  0.01 1 100 10 1010 10 107° 10*  0.01 1 100 104
f [Hz] f [Hz]

Large N, only affects frequency, ppr/p; Only affects amplitude, and f/H, affects shape and amplitude.

Inflated GWs from Phase Transition of New Physics below GUT Scale

Our method and results are applicable for these phase transitions. Super-High Scale Phase Transition, A ~ Ty, > 10° GeV

Iry, only affects GWs’ frequency and e [ntermediate Symmetries of GUT ® New Gauge Symmetries

doesn’t change shape and amplitude of spectrum. . Seesaw Model/U(1)p_; e Flavor Symmetries
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Scanning peak frequency of inflated GW from PT in parameters space, T, and N, /H,_ and ppr/p;

Inflation Parameters Phase Transition Parameters

60_ o o | 0.100 .
- GW wavelength out-horizon today _ :
[ Hy~ 107'8 Hz ] : -
50 [ N 0.050j : s Feak [10—9 Hz|
: ) : § y
n - :m — .
40_— i .
I i :_g - 5.1
§ 0.0101 ;2 short-time sources 48
S) Iq:, PpIH, > 5
0.005 " S
i . <
s Q.
. €
n (O
] . ‘g
I Excluded by monopole problem | i
I i T T R T R 0.001 | . ——
100 10™ 102 10"3 104 10™° 10'° 1 5 10 50 100
TRh [GGV] 6/H1nf
Monopoles Problem Limit n, ~L> ~H> M, .~ 10Ty, short-time sources fpeak ~ H, a,la,

4
£ om0 N ( IRn ) o315 <1 ® Tk, and N, decide the peak frequency, and //H, and ppt/p,,. don’t affect.
1 ny

10> 015 GeV o Inflated GWs of SHSPT are observable after solving monopoles problem.
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Scanning peak spectrum of inflated GWs from PT in parameters space, Ty, and N,, f/H, and ppr/p,,

Phase Transition Parameters Inflation Parameters

0.1007/1 : — 60"
0050_ Q ) h2ﬂ%e&/k
10.”7
< 10.78
= 0.010
&

0.005

0.001 5 ll 110 1810' 1011 1012 1013 1014 1015 "'J|'656
dotted lines: numerical solutions 8/H, T [GeV]
solid lines: analytic solutions 9, I,
W2Qaw(f) & fSy(f) wmml)y freik ~ 62.7 MHz x (_)1/6( ) « ¢~
owl/) <50 / 100/ \10!5 GeV

¢ Phase transition parameters decide peak spectrum.

H P 100
2 ~peak iy * \24q PT \2 1/3
e GWs spectrum in some parameters space are observable. Qly = 627X 1077 X (—> i <p_) (g_)
12 ﬁ tot >
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Results
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¢ After solving monopole problem, GWs from GUT phase transition during inflation,
if 1t 1s first-order, can be redshifted and deformed to oscillate, and thus might be
observable today and in foreseeable future.

® The general correlation between inflated GWs and uninflated GWs 1s established for
short-time sources, which 1s applicable for any e-folds number of sources.

® There are three region — IR, UV and far UV for inflated GWs, where IR and UV usually
aren’t extremely depressed, and FUV 1s depressed by ai/ aéh.

¢ The inflated GWs from phase transition have

p 1/6 T b\ 2+ ) 2 100 1/3
fPeak ~ 627 MHz X (—*) ( — ) X e N, hPQPN ~ 6.27 x 1077 X (-*) L Y
100 1015 GeV B P 2,

where some parameters’ regions can be tested today and in future as shown on the above.

e For inflated GWs from short phase transition, phase transition parameters decide peak
spectrum and inflation parameters decide peak frequency.

13
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Conformal FLRW Metric ds’ = az(T) dr? — (5 + hZJ(T X))dx’dx] Traceless and transverse gauge

E.O.M of CGWs h”(T K)+ 27 h (T K) + kzh (T K) = 167ZGNa2(T)0 (7, K) F is conformal Hubble factor

‘ hInf(r, K) = coskr + krsinkr, sinkr — krcos kt Inflation, AD: # = — 1/t
(T k) — l] 1 hl(T k) + C ij, ZhZ(Ta k) hRD(Ta K) = COkSTkT ) SlZTkT RD: #Z =1/t
BMD(; ) = coSs kT + kt sin kt | sin kT — kTt cos kt MD: % = 2/1
(kt)? (kt)?
dIOGW 1 k 3 1 [ dT ~ 2 9) h : dp GW =
Energy density of SGWB = — |hi(t,K)| , " Qaw(f) =
By Tenoty dlogk  64m3Gy V a2(t) ), T /79 W e dlogk |y /
Inside Horizon  k* > = , AK i - ]’;‘?'I(Ta K) ~ i’!{ sin(kr+¢) : dPw X : Waves!
a H / S a(r) dlogk a*(7)
depressed by a

S " ! fde
Outside Horizon k% < < , A >S— E hout(r k) ~ £, (TO, k) + hl (7o, k)J i
H / . a’(7)

. Constant amplitude



S &
« i
QY 7

4Capgyy OF

Production and Propagation of GWs
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2 || 1< 0 (HZ) RD 108 ~ 10-16(HZ) RD
a <2 a’ 16 18
) | — ~ <2107~ 107"°(HZ) MD H ~ < 10710 ~ 10718(HZ) MD
2 a a
| —] A 10~18 (HZ) AD 10~18 (HZ) AD
The GWs of all frequency 1s 1nside-horizon evolution during RD
GWs in this frequency range are inside-horizon evolution during RD, MD and AD!
Large-Surveys Space

Detectors G

Interferometers |

Frequency [Hz|] [o-18 10-16 10-4 102 10-° 108 10® 10* 102 10° 10> 10* 10¢
hInf(T k) hm(T k) ~ h D(z, k) Matching Conditions of Waves

evolution _

inside horlzon-evolutlon during next periods

h'(z k)| = h; (1, k)

. s Rh Rh
: Inflation ' RD MD AD -
Sources Reheating (Rh) Rh Rh

16
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Phase Transition Potential and Monopoles Proble

Phase transition potential Monopoles Problem
o — field of PT, ¢ — inflaton

- ~ T3 o -3
monopoles density n, ~ L_° ~ H,

I. Cubic coupling potential

A
Vor(@, 0) = D(¢p* — ) 0° — ji o 404 monopoles mass M_ =~ aGUT ~ 10Ty,
GUT

possible physical origins
SO(10) : 45x45%x45=1+45+...

SUGB): 24%x24%x24=1+ 24 +... energy density proportion of monopoles today
The cubic term must be gauge singlet possibly 871Gy AR € —Ny i
from adjoint representation of GUT groups. oo = M ono n,
3H8 n
[1. Coleman-Weinberg potential PRD 7 (1973) 1888-1910
, oy A, Ky o2 CMB observation Q_ <1072
Ver(h,0) = D(@" = Py o™+ 70"+ To'log -5
Monopoles problem limitation
I1I. High-dimension operator potential O T 4
1 " £ mono ( Rh ) o315 <
Ver(, 0) = D(¢* — ¢g) 6° + Za“ - 6% 4 = o 10-5 1015 GeV ~

PRD 71 (2005) 036001, JHEP 02 (2005) 026, JHEP 04 (2008) 029, JHEP 07 (2018) 062
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