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Outline
* Gravitational waves as a testing ground for new physics

e GW from binary systems:

— Inspiral phase: test of modified gravity; guantum space-time

— Merger/ringdown phase: test of quantum horizons; exotic compact objects; dark
energy; superradiance and light dark matter

* GW and Higgs physics
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GW150914,...

The LIGO detectors observed a binary black hole merger, with masses of
SGiZM@ and QinMQ. Observed frequencies ranging from 35 to 250 Hz

and speeds of up to ~ 0.5c.
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~410 Mpc away, emitted energy ~ 3 M, in 0.2s
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GW150914,..

(# of stars in the Universe ~10%)
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GW150914,...

GW detected in LIGO detectors via a subtle (¥101 m) change in distance

between their mirrors.
A Kobakhidze (U. Sydney)




Masses in the Stellar Graveyard
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Credit: LIGO/VIRGO Collaboration




The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Gravitational wave basics




GW basics: Radiation from compact objects

Gravitational waves Electromagnetic waves
* Monopole - M * Monopole - Q
g ~ M/r3, M/r? E ~ Q/r Q/r
(Gauge invariance = Birkhoff’s theorem) (Gauge invariance)
 Dipole- P = Z M, s;  Dipole- P = ZQZ-SZ-
g~ P/rt, P/r3, P/r? E ~ P/r® P/r*, P/r

(Newton’s 3 |aw)

e Quadrupole-1 = ZMiS@' ® 5,
g~ I/r5, T/t T3, T2, T r
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Inspiral Merger Ring-
down
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[Phys. Rev. Lett. 116 (2016) 061102]

O—Zl)

Strain

* [nsriral —analytical (3.5PN)
 Merger — numerical calculation (mainly GR)
* Ringdown — analytical (quasi-normal modes)
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Inspiral phase — perturbative calculations
L. Blanchet, arXiv:1310.1528

r=d r="9R T =00

far zone (PM) >

PN expansion — (v/c)?" PM expansion — G"
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af __ T pap
h _;C”hn haﬁ _ ZGnth
7P — Z c_”TgB CRpY8 — A8
n=-—2

VQh,,O;B — 167TG7’,,?£34 + 8t2hg[32 Dhgﬁ — Agﬁ [hla T 7hn—1]
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Inspiral phase — perturbative calculations

e BHs are considered as point masses:

TH (x,1) = ——te 0} (£)0} () 0% (x — y1 (1)) + 1 4> 2

(Requires regularization)

* Parameterization M = mq + mo
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Inspiral phase — perturbative calculations

* EoM and Energy

V, T =0
Gm
a] — — 5 2n12 0(2)
12
2 G
p="11 T2 4 002)+1 2
2 27“12
, G (1 G (32G3M°v*
* Radiated flux F=3 <5Iff) 17 +0(2 )) = < o

* Balance eq. @:_}" = = /
dt
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Constraints from GW150914

N. Yunes, K.Yagi, F. Pretorius, PRD 94 (2016) 084002

E le Th Constraint
Theoretical Mechanism | GR Pillar| PN |51 xample eory Loonstraimts
GW150914| GW151226 | Repr. Parameters | GW150914 |GW151226| Current Bounds
V4 k — — 107 2 [57—
Scalar Field Activation SEP —1 1.6 x 1072 | 4.4 x 10~5 |C£-EdGB| [lem] [ ]:6 : ]
|¢] [1/sec] — — 107" [60]
Scalar Field Activation | SEP, PI | 42 1.3 x 10* 4.1 V']@acs| [km] — — 108 [61, 62]
,C_ 0.9,2.1 0.8,1.1 0.03, 0.003 ,
Vector Field Activation| SEP, LI 0 7.2x10"% | 3.4 x 108 (etse-) ( ) ( ) ( ) | ]
(Bxa, Axa) (0.42, —) (0.40, —) | (0.005,0.1) [63, 64]
Extra Dimensions 4D -4 |9.1x10 % 9.1 x10 1 £ [pm] 5.4 x 10'° 2.0 x 10° 10-103 [65-69]
Time-Varying G SEP -4 |9.1x10°° |9.1x10 11 |G| [10712 /yr] 5.4 x 1018 1.7 x 1017 0.1-1 [70-74]
Massive graviton mg =0 +1 |[1.3x107' |89 x 102 mg [eV] 1022 [19] 10722 [5] [10722-10718 [75-79]
Mod. Disp. Rel. LI 4a75| 1.1 x 102 2.6 x 102 E7' [eV™!] (time) | 5.8 x 10727 |3.3 x 10 *¢ —
. A X 0 X
(Multifractional) E7! [eV™1] (space) 1.0 x 1026 5.7 x 1026 3.9 x 10733 [30]
Mod. Disp. Rel. srt /L 0 —
oc. Tep. e LI +5.5 | 1.4 x 102 | 4.3 x 102 Masre/Lpt > 1.3 x 1032 3.8 x 1022 .
(Modified Special Rel.) TNdsrt/Lp1 < 0 2.1 x 10 [20]
. 2 2
Mod. Disp. Rel. 4D +7 | 5.3 x 102 2.4 x 10° ear/Lp > 0 5.5 x 10%2 2.5 x 1093 2.7 x 107 [50]
(Eztra Dim.) Cear /L3 <0 -
i k) >0 — - 6.1 x 10~17 [20, 1]
kip) <0 0.64 19 —
. 7. (5 —40
Mod. Disp. Rel. LI +5.5 | 1.4 x 10% | 4.3 x 10* kEV)) >0 [em] 1.7 x 10712 [22]|3.1 x 10~ 17> 10 [50, 511
(Standard Model Ezxt.) kEf/)) < 0 [cm] _
£ >0 2 3.5 x 10~5% [20,
+7 | 5.3x10% | 2.4 x10® ey [om”] 7.2 x 104 3.3 x 1073 [ ]
i8) < 0 [cm?2] —
(1)
Mod. Disp. Rel.
(HO, lzp.f h'i ) LI +7 | 5.3 x 102 2.4 x 103 ke pi, [1/eV?] 1.5 x 10° 6.9 x 10° —
oTava-Litjsniltz
Mod. Disp. Rel.
LI +4 — — ct 0.7 [23] 0.998 0.03 [63, 61]
(Lorentz Violation)
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Most of the competitive bounds so far come from the propagation of
gravitational waves. Lack of theoretical understanding of the coalescence
regime in almost all relevant modified gravity theories severely limits the
true potential of current gravitational wave observations to explore such

theories. More theoretical work must be done.

16
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Constraining quantum spacetime
AK, C. Lagger, A. Manning, PRD 94 (2016), 064033

* The idea of quantum spacetime traces back to Heisenberg and Pauli —
regularization of divergences in QFT — H. Snyder Phys. Rev. 71 (1947) 38-41

e Revival within the string theory — F. Ardalan, H. Arfaei, M.M. Sheikh-Jabbari,
JHEP 9902 (1999) 016; N. Seiberg and E. Witten, JHEP 9909 (1999) 032.

&, &Y = i or
* Particle physics constraints:  f ~u l/TGV
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NC correction to GW waveform

 Corrections to EM tensor

mi;G*A®
TH (x,t) = miy vt v 63 (x — yi(t)) + < vt 080 0,0, 6% (x — y1 (1)) + 1 & 2
. 626)0@
AO* = .
lptp

« Correction to GR model-dependent, O(¢*) -ignore

e After lengthy calculations we find NC correction to the phase at 2PN
15293365 27145 3085 5, O

Ve 4+ —

- 1 — 20 A2
503032 | 5082 U o ;1 =2v)

P4 =
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waveform regime median GR quantile log,, BSX,
parameter f—dependence single multiple single multiple single multiple
8%0 8 -0.1%01 13730 094 030 1.9+02
el [ 033 -0.579° 016 093 1.6+02
" —1 +0.3 -+18.8 4 .
6%» / -04*3 —16°1%% 096 056 1.2+02
8¢ 28 02102 2.0*3% 0.02 042 12x02
early-inspiral regime 0P, i —-1.9%1% -1.9777 098 056 03+02 37+06
8@s) log(f)  08*05 —14*1%6 001 055 0.7x04
06 13 —14% 0 12585 099 047 04:0.2
5@l fPlog(f) 8978 —19*1%1 002 057 -03+02
0¢7 P 3.820 3.2°5) 0.02 041 -00+£02
B2 log f 0.170% 0272 024 028 14+02
intermediate regime ‘[3 - ‘if Ry s _ 23402
0B f 0.17,3 -0.05,5 031 056 1.2+04
S B -0.174 0.0*19 0.68 050 1.2+02
merger-ringdown regime | 8 3 —-03*7 0.0%37 060 051 07+02 21+04
oy tan'(af +b) —0.1%03 —0.1*1 068 062 1.1+02
0PN 0.5PN IPN 15PN 2PN 25PN® 3PN 3PND 35PN
03 ! 2.0 ! ! : : ! ! 20 ! ! !
02} - 5| R
10} 21 .
i |

| -2l GW150914 (Single)
GW 150914 (Multiple)
1 —4H — 10737-3039

ws; ol w7 Jiz) B an as a4
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Constraint on NC parameter from GW150914

SpNC — 02 < 1270080 (1 — 2v) A2
oG 435355212 + 5472432 v 4 3058673

0o <20 = VA < 3.5

* Plnack-scale noncommutativity, 15 orders of magnitude stronger bound
compared to previous constraints derived from particle physics
processes.

Guadeloupe 25-29 June 2018 A Kobakhidze (U. Sydney) 20



Merger/ringdown phase

* Merger phase:
— Access to the strong gravity regime
— Numerical studies beyond GR are currently scarce

e Ringdown phase
— Linear perturbation of black hole; quasi-normal modes (QNM)

* Test of physics beyond classical black holes potentially related with quantum
corrections to classical horizons and proposed resolutions of information loss
paradox (fuzzball, firewalls, non-violent non-locality); Exotic compact objects
(gravastar, dark matter stars, NS stars with modified QCD equation of state,
etc.)
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Non-violent non-locality — merger phase test

e Black hole interior transmits information via large near horizon fluctuations,

which must be soft to comply with local QFT [S. Giddings, PRD 88 (2013)
064023].

* Incorporate such metric fluctuations into numerical calculation of waveform
[S.L. Llebllng, V1. Llppert M. Kavsic, JHEP 1803 (2018) 176]

10 . 10?
102 e~ : 107}
;Z 10'2 i - \\\ 1 ~ 107 | WAM/\
o 10i5r < mavlo-at-—ﬁ‘ ﬂT—--?‘ih-ﬁ--ﬂ"‘"-
. 107 F 9 T 105}
10} —10%}
107 10 .

'\/\/\/\/ —

~0.06|
-0.08{ = GR
------ A=0.05
040 - A=0.1 0.40 ‘ :
g.gg - A—05 0.35f === GR .
3 0.25] : 0301 v MQ=0.1 .
- 3 025 28 :
= 0.20¢ / S 020) - MQ=0.25 Ve
0.10] 7 0.15 MQ=0.5 o
383 | g b o . '.—-" w_ﬂ"'_‘_—v—-"-‘—"‘ 005 - MQ = 0.75 ﬂ‘m&w'&’lﬁ"-ﬂu‘ﬁntlﬂ?"’w
"7 300  -250 200 -150 100  -50 0 50 000 =250 -200 -150 100  —50 0 50
UM t/M
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Gravitational echoes — ringdown phase test of ECOs
e Space-time of a compact spherical object of mass M and size :

rg = ?”bh(l & E), Tvh = 2GM
ds? = —F(r)dt* + B(r)dr?® + r°dQ?

Forr>ry, F(r) =1/B(r) =1—2GM/r (Birkhoff’s theorem)
 Linear equation for perturbations (describes the ringdown phase):

{ﬁ 3 VZ(T)} Voo (r) = 0, dr, = \/F/Bdr

2
ar:

(l+1) B’ BF
—F i
Vir) ( Z 5 27°F>
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Gravitational echoes — ringdown phase test of ECOs
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Gravitational echoes — ringdown phase test of ECOs
Z00 of ECOs

T/M 184 13 3 0
E
B
0
=
~d
k-
M
/M
2+ 10710 2.00165 2.25 3 6 "o/
Planck scale clean photosphere  Buchdahl photosphere ISCO

Figure 2: Schematic classification of compact objects according to their com-
pactness (in a logarithmic scale). Objects in the same category have similar
dynamical properties on a timescale 7.

Taken from V. Cardoso, P. Pani, arXiv: 1707.03021
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Gravitational echoes — ringdown phase test of ECOs

e Perturbation dominates by quasi-normal modes — measurement of ringdown
frequency and amplitude may discriminate between some ECOs

e For trapped modes of ECOs (not for classical black holes) there are also
subdominant emissions with periodicity Tecno ~ 4M|log €| - gravi-echoes
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Taken from V. Cardoso, P. Pani, arXiv: 1707.03021
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Best fit SNR?

Gravitational echoes — ringdown phase test of ECOs

Claimed evidence for gravitational echoes:
2.50, J. Abedi, H. Dykaar, N. Afshordi, PRD 96 (2017) 082004 & 4.20 (GW170817), J. Abedi, N. Afshordi, arXiv:1803.10454

25.0 , _ . 1e39
GW150914 4.20 Fewer than 4 similar peaks in 3 days data
22.5 A GW151226 . — Time series of —XI(t, foeak)
LVTI151012 : : :
20.0
17.5 r' T s
v
15.0 )
=4
12.5 & 2
3 v
10.0 - S
07 ol
|
7.5
. . 2_
0.95 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04 1.05
techo _tmerger
Atecho 14
Criticism: G. Ashton et al., arXiv:1612.05625 \
O_
J. Westerweck et al., PRD 97 (2018) 124037 000 025 050 075 100 L35 15 175 200

t — tmerger [sec]
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BH superradiance — search for light dark matter

* A bosonic particle with mass m, ~ 1/ryy, in the vicinity of a rotating black
hole populates energy levels in the supperadiance band by extracting energy
from BH ergozone (the Penrose process), and forms a Bose-Einstein
condensate. It radiates then graV|tat|onaI waves once part|cle transitions

"atomic’ levels.

M plack hole
M solar

Black hole mass in Log,,

-22 =20 -18 -16 -14 -12 -10

Axion mass f, in Loglo(&)

A.Arvanitaki and S.Dubovsky, PRD 83 (2011) 044026 eV
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BH superradiance — search for light dark matter

. 0_13?_ m, = 10"V
_ m, = 107 8%eV

- 0—20 -~ m, = 10"7eV
10722,

024§

m, = 107 %eV
m, = 1071%eV

m, = 107 eV _
- 3

) 0-26§

1A-281
028, |

10730 il

10-510-410-310-210"" 10° 10" 102 103 104

R. Britto, et al.,, PRL 119 (2017) 131101 f(Hz)
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BH superradiance — search for light dark matter

 Light dark matter (axion, dilaton,...) mass range that cannot be accessed by
other experiments

* Other couplings: aFﬁ’, aRR, I, XFQ, ... lead to avariety of
different signatures: electromagnetic follow up for BH merger, scalarisation,
polarization of GW.

e Perhaps, these effects must be studied in complex
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GW as standard sirens — measurement of H,

| : —— p(Ho | GW170817) Hg = 7001_%,200 km S_IMPC_l
" ! Planck?!’ '
! | SHoES!®
0.04 - | |
| |
1 I
| I
| |
1 I
2003 - | |
s ' !
7} i I
) ' :
£ l |
= | I
S 0.02
T
a
|
1
|
|
0.01 !
|
|
1
1
l
0.00 - —— T | T | 1 ' ' '
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Higgs after LHC Run 1

ATLAS and CMS — +1o
LHC Run 1 -~ ATLAS+CMS —~+— ATLAS —« CMS — 20
Kz :__—_ Q. o .£
Kw — = — =
1 1 >— ! —
|KT| — e
|Kb| ——v——:— . x :
IKQI ;‘!';:— _ﬁ;——
fic, | == ——
| |KV| <1 ] | _ '
Bssum Bgsm =0 o— Besm = 0
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
-1.5 —1 —-0.5 0 0.5 1 1.5 2 —-1.5 -1 -0.5 0 0.5 1 1.5 2

Parameter value
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Many important properties of the Higgs boson still need to be verified. In
particular, precision measurements of the Higgs couplings are important to
determine the nature of the electroweak symmetry and of the electroweak
phase transition in the early universe.
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Parameterizing new physics

* High-dimensional operators consistent with gauge invariance SU(3) x SU(2) x U(1)

Cq o
= —(H'H)? = =hn’
6 = 2 HH)" = 3

* Non-linear realisation — [SU(3) x SU(2) x U(1)] /[SU(3) x U(1)gm]

O

in ()T [0
e Parameterize coset with: X (x) = e?2 o ( 1 )

* Higgs is residing in a singlet field: p(x) — h(x) + v

* The standard Higgs doublet:  H(z) = @X(az)
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Non-linear realisation

* Many new couplings — constraints from electroweak precision data, flavour
data, violation of perturbative unitarity...

» Simplified model — less constrained, relevant for the electroweaak phase
transition —

2

pe o K 3 Ay
V = — — —
o P T3l Tty

e Perturbative unitarity — E 2 few-10 TeV

* No 1-loop corrections to S, T, U parameters
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Supercooled electroweak phase transition

" Higgs potential:
Vipe, T)=V.+ Vow + Vr

= Classical potential at zero temperature :

2
g A
‘/C — — —pP¢c T
—Kk=0"k=1"—Kk=2"—%x=3 2 p —I_ 4 p

e n2=0, v=-«k/A

Guadeloupe 25-29 June 2018 ieZe (U. Sydney)

* u?<0, min[0O,v], -3m,2< vk <-m,?

* u?>0, min [V,v],-m,2<vk <0



Supercooled electroweak phase transition
* Finite temperature potential (high-T limit):

T — >\ 4 K 3 2 IU’2 T2 2 2 4)\ 4 2
V(ch, )_ Z¢c+§¢c+¢c _7+3—2(392 +gl+ =+ yt)
T2
- E(/ﬁ) + 3V 2y,m!, cos &) e + ...
K=-05 246mgev
2 ¢=0.257T
> yi = 0.69 y
Q)
O:O:I 1 T=200 GeV
ﬁ: T=160 GeV,
=
\To/
~bo0 =100 0 T00 500 300
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Supercooled electroweak phase transition

* Prolonged transition — full bounce solution — O(4) (quantum dominated) +
O(3) (thermal dominated)

* Nucleated bubbles grow substantially after nucleation

H=1/(2t), d=dy+c-t=t
(Hd) ~ 1/2
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Supercooled electroweak phase transition

 Large latent heat (large potential barrier) and large bubbles result in
enhanced amplitude of gravitational waves

* Low nucleation temperature (large bubbles) shifts pick frequency to lower
values

[=—x=1.25 x=1.5 x=1.75 = x=1.85 = x=1.9|

T GeV
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GW from supercooled EWPT

10°°

— K =-1.85m?/|v|]

Kk =-1.75 mZi|v|

9 /_ Kk=-1.50 millv|
10~
— k=-1.25 m?/|v|
O
©
G\
10713 o |
< - o
” // 6@
1007 - T
- ’/. .Jf.,m X N A X | X N .
10 21
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GW from supercooled EWPT
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1076
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GW vs trilinear Higgs coupling at HL-LHC

)\hhh ~~ 1 7)\hhh

Table 1-22. Signal significance for pp —+ HH — bbvyvy and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102|.

HL-LHC HE-LHC VLHC

Vs (TeV) 14 33 100

[ £dt (fb~1) 3000 3000 3000

o BR(pp — HH — bbyy) (fb)  0.089 0.545 3.73
S/vB 2.3 6.2 15.0

A (stat) 50% 20% 8%

arXiv:1308.6302
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Other interesting GW scenarios from Higgs

 GW from Higgs vacuum instability => LISA or aLIGO sensitivity range
(depending oh Higgs & top masses), primordial black holes dark matter
[J.R. Espinosa, D. Racco, A. Riotto, arXiv: 1804.07732]

 GW from scale invariant Standard Model with a light dilaton, phase
transition at T~130 MeV => SKA sensitivity range, ~ M primordial black
holes [S. Arunasalam, AK, C. Lagger, S. Liang, A. Zhou, PLB 776 (2018) 48]

* Supersymmetry breaking phase transition in hidden sector at ~ 10! GeV
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Conclusion
e Gravitational waves emerge as a new tool for exploring fundamental physics

 Test of various modifications of GR, guantum nature of spacetime, quantum
horizons and exotic compact objects (gravitational echos), superlight dark
matter and independent measurement of H, (dark energy) — requires more
theoretical work together with increase of experimental sensitivity

 Stochastic gravitational waves from cosmological phase transitions — may
provide insight into Higgs self-interaction and electroweak phase transition in
the early universe.
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