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LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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So what are you going to
do with all this data?
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What are gravitational waves and how are they generated?

eXtreme Gravity: where gravity is

(a) non-linear and
(b) dynamical

Gravitational Waves (GWs):

Wave-like perturbation
of the gravitational field.

Generation of GWs: Accelerating masses
(t-variation 1n multipoles)

Propagation of GWs:
f Gmtot O 1
Light speed, weakly GW Spectrum: Kepler 3rd Law! - = \/ = \/

20 2

interacting, 1/R decay.
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What are the sources of gravitational waves?

', Cosmic Strings -

Relic radiation
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How do you extract information from gravitational waves?

e Strain Sensitivity of the LIGO Detectors
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Searching for needles in a haystack...

Dy,
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The model used in matched filtering is crucial

Inspiral

Merger

Ringdown
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What is fundamental physics?

For this talk: “fundamental physics” are deviations from general relativity
that can be probed with gravitational waves
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Why probe “fundamental physics” when gravity waves?
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[Will, Liv. Rev., 2005, Psaltis,
Liv. Rev., 2008, Baker, et al,

Siemens & Yunes, Liv. Rev.
2013, Yunes, et al PRD 2016]
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How do we probe the modified gravity bestiary?

Einstein-Dilaton-

Gauss-Bonnet Cascading gravity L. berenEvielien | Conformal gravity
Horava-Llfschltz
. R _q
Strings & BrAanes\ f (_) R,. RHV f (G)
DGP Some
Randall-Sundrum | & |1 L
2T gravity \ degravitation  |{; gher—order

scenarios

IgNner dimensions Non-local General RuyRHY,

KaluzaI-KIein \

| Modified Gravity

Generalisations
of S
o TeVesS

Add new field content Massive gravity
Gauss-Bonnet \ wam)l
Chern-Simons

Scalar-tensor & Brans-Dicke Tensor

I 1R,etc.

Vector

________ [

Emsteln-Aether

Lorentz violation

Lovelock gravity =~ Ghost condensates Cuscuton EB|
Galileons v
Chaplygin gases Bimetric MOND

Emergent the Fab Four Scalar' Plygin & I !
Approaches (el . rf(T)
‘ (C°“P|ed Quuntessence) : Einstein-Cartan-Sciama-Kibble :
Padmanabhan : : Fommmmsmrmsmsmmssssmssmsssssssssee el

CDT therro, Horndeski theories Torsion theories

[Credit: Tessa Baker]
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A page from the past

Nordtvedt-
o Bglicelnvset:in seftellings- will- Rastall
e°g' Shap Iro time 5t(}/9 dclosest IJ\I Qrg}r.lél\clglge.g Nordtvedt
delay Olneasured  Bergmann- Brans and constramy Rosen Lightman-
— . Wagoner \/ Dieke™ T~ | — Lee
Scalar-Tensoy’ Model Vecx r—Tensg% Bimetric
| Independent Solar WP
L System Test s
Nordstrom-
ppN parameterginctain-
ordaffoct observablas 5
2 closest/R)
it Stratified
— Tupper ratitie
P Pure calar PP
arame ZeA
Littlewood- /\
IHDﬁsteNe ¥10 1a Bergman , Lee- .
Ni Vy uch | |
[Nordtvedt &WiII, i - T Yilmaz

1 970s]
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Taming the bestiary

Einstein-Dilaton-
Gauss-Bonnet

GW strain /1, and Rynamical Strings & Branes

e Chern-Slmons

Randall-Sundrum | & |

5ShvIode

|

Cascading grayify parameter
estimation and

\ constray ﬁRE R,

T —————— . ——
B - “\

In%lT gpaw'tﬁd »
Higher dimg n5|@ls Vltatlonhlcm-
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—1R;u/

Some ‘

degravitation Hi gh er-order

scenarios

General RyyRHY,

OR,etc.
Kaluza!KIein Wa TeSt
ppE parameters affect v
GW observable M O d If‘ e d @ a f ector
2 Grayjty v
Generali$ipons Z Lorancy viation
| of #H 'y | |
" Teves — Add new field content” Massive gravity
o Bigravity
f Paramrh@d Scalar-tensor & Brans-Dick Chern-Simons\A \/
, t-Einst -tensor & Brans-Dicke Tensor
pOS @cmlmrav Ghost condensates Cuscuton -
Framesag Galileons v
Chaplygin gases Bimetric MOND
[Yunes & Pretoﬂus’ : < ent the Fab Four Scalar Pysin & metric
PRD 79 (2009)] Approaches KGB f(T) """""""""

CDT Padmanabhan
thermo.

Horndeski theories
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Effectively deforming away from general relativity

Principle of massless Lorentz Parity Diffeomorphism Dispersionless
Equivalence spin-2 field Invariance Invariance Invariance Propagation

One example: S = /\/—g KR

Test properties of General Relativity by constructing

theories that violate its pillars

Dynamical Chern-Simons Scalar-tensor theories Horava gravity

Einstein-dilaton-Gauss-Bonnet Einstein-AEther theory Massive gravity

' Yunes & Pretorius, PRD 80 (°09)]
'Endlich, Gorbenko, Huang, Senatore, JHEP 09 (°17)]
Yunes & Siemens, Liv. Rev. in Rel (°13)]
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Calculate ppE observable through deformations of GR

I. Parametrically deform the Hamiltonian. H = Hg + 6H OH = o0
[I. Parametrically deform the RR force. Frr = Frror +0Frr SF pp = O Vv ™k

[1I. Deform waveform generation. h=F,hy+ Fshy + Fshg+ ...

IV. Parametrically deform g propagation. Es — pg c* + « pg

Result: To leading PN order and leading GR deformation

e _ = B —_— —_—_ —_——— =

- - S '"‘w [Yunes & Pretorius, PRD 80 (°09)

i: / — I a ZB f ’ »h Mirshekari, Yunes & Will, PRD 85 (°12)
»} h(f) o hGR (f) (1 _I_ Ckf ) € “ Chatziioann()llll, Yunes & Cornish, PRD 86 (’12)]

— —— —_— — s _— - —— - _ = — =

Parameterized post-Einsteinian Framework
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Parameterized post-Einsteinian theory

Mapping between
ppE parameters

(3, b) to specific
modified theories

[ Yunes & Pretorius, PRD 80 (°09)]

Theoretical Effect Theoretical Mechanism Theories ppE b| Order Mapping
: L. Scalar Monopole Field Activation EdGB [140, 142, 149, 150 -7 —1PN | Bragp [140
Scalar Dipolar Radiation BH Hair Growth Scalar-TerEsor Theories [59, 1] 51] ~7 | —1PN |Bst [.w,[ 15 1]]
, Extra Dimension Mass Leakage RS-II Braneworld [152, 153] —13 | —4PN Bep [141]
Anomalous Acceleration _ o i T o
Time-Variation of G Phenomenological [137, 154] —13 | —4PN Be [137]
Scalar Quadrupolar Radiation Scalar Dipole Field Activation
Scalar Dipole Force due to dCS [140, 155] —1 +2PN Bacs [146]
Quadrupole Moment Deformation| Gravitational Parity Violation
: _ Vector Field Activation _1
Scalar/Vector Dipolar Radiation due to EA [109, 110], Khronometric [111, 112] -7 | 1PN 55550)) [113]
Modified Quadrupolar Radiation Lorentz Violation —5 OPN Br’ [113]
Massive Gravity [156—159] -3 +1PN
Double Special Relativity [160—-163] +6 | +5.5PN
Extra Dim. [164], Horava-Lifshitz [165-167],| 4+9 | +7PN
Modified Dispersion Relation GW Propagation/Kinematics gravitational SME (d = 4) [179 +3 +4PN BMDR,
gravitational SME (d = 5) [179] +6 | +5.5PN | [145, 156]
gravitational SME (d = 6) [179] +9 | +7PN
Multifractional Spacetime [165—170)] 36 |4-5.5PN

[Cornish et al PRD 84 (°11), Gair & Yunes PRD 84 (°11), Chatziioannou et al PRD 86 (’12), Sampson et al PRD 87 (’13), Sampson, et al PRD 88 (°13), Sampson et
al PRD 89 (°14), Huwyler et al PRD 91 (’14), Yunes, Yagi & Pretorius PRD 94 (°16), Tahura & Yagi PRD 98 (°16), Quiao et al PRD 100 (°19), Zhang et al PRD 100
(’19), Moore & Yunes CQG 37 (°20), Bonilla, Kumar & Teukolsky (°22), Mezzasoma & Yunes PRD (°22), ...]
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pPpE constraints with gravitational waves

4

10 |'
Almost - L]
the 10! - ‘ .
same = O
as [} Z : % §

100i] —
2
[ L L1l

1071 =
1 ® Gw150914
- V GwWI151226
) Il GwW170104
1072 = t Q Gw170608
R0, or  GW170814
- ¢ Combined
- 6 <> Combined (SEOBNRv4)
10_3 T T 1 T 1 T T 1 T 1 — = = - = =
R A R RN R\ — ‘ ' : ' : '
PN AR SN SIS A -1 0 1 2 3
v order [(related to b) l
|
[LIGO, PRD 100 *(19yf\nomalous Scalar Dipole Lorentz Parity [Yunes, Yagi, Pretorius, PRD
Acceleration Radiation Violation Violation 94 °(16), Editor’s suggestion]
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Mapping ppE constraints to specific theories

Mal‘gitna,lized First constraints on quadratic
posterior . . . .
distribution of oravity with gravitational waves!

\/ ®EdGB

0.25

—— . \/OéEdGB < 1.7 km

—— GW190728 1
0.20

0.15F
0.10 F

0.05F

0.00 I S B .\,

12 14
90% C9nﬁdence Max \/ AE4GB [Nair, Perkins, Silva & Yunes,
l1imat .. Phys.Rev.Lett. 123 (2019) 19, 191101,
for Vahdlty of Perkins, Nair, Silva & Yunes,
small coupling Phys.Rev.D 104 (2021) 2, 024060,
approximation Lyu, et al, Phys.Rev.D 105 (2022]
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Beyond ppE tests of general relativity

X : X
Forward Propagation

Reduce

CE
+
KLD

Backpropagation
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Neural post-Einsteinian (NPE) framework

X

(2]x)

!
fi

4
Dt

Forward Propagation

L
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[Xi, Narayan &
Yunes, in prep]
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NPE 1n action

4 NN R TGR prior bound
. //, ¢ \\\
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[Xi, Narayan & Yunes, in prep]
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Bayesian Parameter Estimation with NPE

T T L Il
- E i --- EdGB LO injection --- EdGB LO injection
! | ——— EdGB NNLO injection -—- EdGB NNLO injection
L EdGB LO recovered by VAE EdGB LO recovered by VAE
L EdGB NNLO recovered by VAE EdGB NNLO recovered by VAE
L EdGB NNLO recovered by PPE |
iy 1 !
[ [ I
—I-‘ L OPN | -1PN -4PN
| :
[ [ l
I I l
I [ )
Rl .
il | | !
I I
! I
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[ I
[ I
[ I
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[ [ I
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|1 Ol !
[ I
[ I
I :E:'jbs I
| | : :I ;i_l-%"_l__ | I | T | : | | I | I |
0.4 0.5 0.6 0.7 0. 0.9 1.0 1.1 2.1 23 25 26 28 30 32 34 35 3.7 39
|Z| — distance from GR arg(z) —— type of GR deviation
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Summary and Outlook

Gravitational waves are beginning to place strong constraints on

“fundamental” physics in extreme gravity

But what’s next?

Look for new physics

Many more detections (stacking) (e.g. screening mechanisms)

Detectors with higher
sensitivity
(2021-2028)

Look for physics in new sources
(e.g. dipoles in EMRIs)

A few very loud detections

(SNRs in low 100s) Look at new agonistic tests

(e.g. polarization tests)

and much more!
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