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Extreme gravity, dynamical spacetime: tests of General Relativity

v
Solar system: e 107° —10"*
Binary pulsars: Y ~1078
C
LIGO/Virgo: v > 0.1
&

* Given current tight constraints
on GR (e.g., Solar system, binary
pulsars), can any GR deviation be
observed with GW detectors!?
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PN templates in stationary phase approximation: TaylorF2
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Waveforms encode plethora of physical effects

* Binary black hole merger

inspiral ringdown

Spin effects / / \
SN —~ S tail effects BH absorption quasi-normal modes
M+ \_‘/0/'

ma2
(credit: Hinderer)

e Compact-object binary with matter or in modified theory to GR!?
merger
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Bounding PN parameters: inspiral

e GWI150914/GW122615’s rapidly varying orbital periods allow us to bound
higher-order PN coefficients in gravitational phase.
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First tests of General Relativity in dynamical, strong field

e GWI150914/GW122615’s rapidly varying orbital periods allow us to bound
higher-order PN coefficients in gravitational phase.
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Some modified theories to General Relativity

Theory QppE
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Bounding phenom parameters: intermediate/merger-RD

(Abbott et al. PRL 116 (2016) 221101 )
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Inspiral-merger-ringdown consistency test: GW 150914

(Abbott et al. PRL 116 (2016) 221101 )
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Inspiral-merger-ringdown consistency test: GW 150914 & GW 170104

(Abbott et al. PRLI 18 (2017) 221101)
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How to test GR and probe nature of compact objects:
building deviations from GR & BHs/NSs

* Do current GR waveform models include all physical effects! Not yet.

* Will GR deviations be fully captured in perturbative-like descriptions

during merger-ringdown stage?! Likely not. (e.g, Yunes & Pretorius 09, Li et al. |2,
Endlich et al. 17)

e Need NRAR waveforms in modified theories of GR: scalar-tensor theories,
Einstein-Aether theory, dynamical Chern-Simons, Einstein-dilaton Gauss-
Bonnet theory, massive gravity theories, etc. (e.g, Stein et al. 17, Cayuso et al.l7,

Hirschmann et al. 17)

* Need NRAR waveforms of binaries composed of exotic objects (BH &
NS mimickers), such as boson stars, gravastar, etc. (e.g., Palenzuela et al. | 7)

* Including deviations from GR in EOB formalism.
(Julie & Deruelle 17, Julie |7, Khalil et al. in prep 18)



Probing nature of remnant through quasi-normal modes

* One frequency and damping time (or quality factor) of ringdown signal cannot
determine values of (I,m,n) corresponding to mode detected, because there are
several values of parameters (M, j, I, m, n) that yield same frequencies and
damping times.
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* Multipole frequencies and decay times will be smoking gun that Nature’s black

holes are black holes of GR. We can test no-hair conjecture and second-law black-
hole mechanics. (Israel 69, Carter 71; Hawking 71, Bardeen 73)

* Note that those conjectures refer to isolated, stationary black holes, not to
dynamical back holes (in a binary, merging).



Black-hole spectroscopy using damped sinusoids

* BH spectroscopy: measuring multipole QNMs.

(Dreyer et al. 2004, Berti et al. 2006, Gossan et al. 2012, Meidam et al. 2014, Bhagwat et al. 2017,
Yang et al. 201 7, Brito, AB, Raymond |8, Carullo et al. 18)

e Plausible assumptions: likely we detect zero Wemn = Wi (14 6Wemn )
overtone & ¢ = 2, 3. (Gossan et al. 2012) Tomm = TSR (1 4 57pmn)
GR mock signal non-GR mock signal
(500 M, 0.61) (500 M,,, 0.61)
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(using Einstein Telescope or third-generation ground-based detectors) (Gossan et al. 2012)



Probing remnant of GW 150914 through quasi-normal modes
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* Starting from 5 msec after merger,
posterior distributions of frequencies
and decay times from damped
sinusoid and IMR waveform are
consistent.

QNM decay time (ms)

® First (low-accuracy) verification of
black hole uniqueness properties (?)

(Abbott et al. PRL 116 (2016) 221101 )

® Bayesian analysis with damped-sinusoid

template to extract frequency and
decay time, starting at different times
after merger.
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Probing remnant of GW 150914 through quasi-normal modes
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* IMR (I = 2, m=2) posterior obtained
from full Bayesian analysis of
GW 150914, plus information from
NR to obtain final mass and spin from
component masses and spins.

® First (low-accuracy) verification of
black hole uniqueness properties (?)

(Abbott et al. PRL 116 (2016) 221101 )

® Bayesian analysis with damped-sinusoid
template to extract frequency and
decay time, starting at different times
after merger.
(Abbott et al. PRL 116 (2016) 241102 )
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Black-hole spectroscopy by making full use of GW modeling

(Brito, AB & Raymond 18)

* We build parametrized inspiral-
merger-ringdown waveforms

(PEOBNR):

- QNM’s frequencies and decay
times are free parameters;

-(2,2), (2,1), (3,3), (4,4) & (5,5)
modes are present.
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® Merger-ringdown EOBNR model
reproduces time & phase shifts
between NR modes’ at peak.

e GW150914’s frequency and decay
time recovered “without ambiguity”
on a priori unknown starting time of

QNM ringing.



Trying to extract 2 quasi-normal modes from GW 150914 event

(Brito, AB & Raymond 18)
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* Posterior distributions of
frequency and decay times
of two QNMs employing
pEOBNR against data.

®(2,2) mode resolved,
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Measuring at least 2 QNMs with LIGO & Virgo

e et us assume we had GWV observations and did not find deviations from GR.

* We can bound quasi-normal mode frequencies & decay times by combining
several BH observations.

Wemn = Wik (14 8wWimmn) Temn = Tt (1 4 6Temn) (Brito, AB & Raymond 18)
one event GW 1509 14-like
with LIGO & Virgo @ design
sensitivity 10F
S
8
3
S
GW150914-like events with LIGO
& Virgo @ design sensitivity
0 05060 568690 100
Number of events
e About 30 GWI150914-like events
are needed to achieve errors of 5%.

We will soon verify more accurately
black hole uniqueness properties.



Testing no-hair conjecture with several events @ design sensitivity
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Remnant: black hole or exotic compact object (ECO)?

horizonless objects
wormhole

Gravastar

exterior: Schwarzschild vacuum

boson stars, fermion stars, etc.

(e.g., Giudice et al. 16)

black hole

(Cardoso et al. | 6)
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® |f remnant is horizonless, and/or

horizon is replaced by “surface”, new
modes in the spectrum, and ringdown
signal is modified: echoes signals
emitted after merger.

(Damour & Solodukhin 07, Cardoso, Franzin & Pani 16)
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GW polarizations in gravity

* Generic metric theories of gravity have 6 geometrically distinct

polarizations
Z hoa(x A=1---.6

(Will 72) T T
6 amplltudes 6 polarization tensors

tensor vector scalar
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Detector antenna patterns for different GW polarizations

b [T * Angular responses of a

differential-arm detector
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Testing extra GW polarizations with two LIGOs & Virgo

detector tensor
examples of antenna patterns:
.. 1
hi (t’ XI) — D}J hij (t’ XI) F,(9,0,) =— 5 (1 + cos® V) cos 2¢ cos 2¢
. 1] A tensor — cos ¥ sin 2¢p sin 29 |
— E ha(t,xr) (D; eij)
A T Tdepends only on Fb 1(19 © L/)) — ::l Sil’lz 9 cos 299
geometry, ['4 ANARA 2
depends on scalar
GW source

* Two LIGOs are nearly co-aligned, approximately sensitive to the
same linear combination of polarizations.

* Five (differential-arm) detectors would allow to extract all
the 5 polarizations (2 scalar polarization are degenerate).

* Observation of GW 170814 with two LIGOs plus Virgo allowed to test
pure tensor polarizations against pure scalar (vector), finding Bayes
factors 1000 (200). (Abbottetal.PRL 119 (2017) 141101)



Tests of Lorentz Invariance/Bounding Graviton Mass

* Phenomenological approach: modified dispersion relation. GVVs travel at
speed different from speed of light. (Will 94, Mirshekari, Yunes & Will 12)
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(Abbott et al. PRLI 18 (2017))
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Constraints on speed of GWs & test of equivalence principle

e Combining GW and GRB observations: (Abbott et al. AP 848 (2017) L12)
A
Ac At 4x1075 < 28 <7 10716
C D C

assuming GRB is

) assuming observed
At = teM — taw eGnC/{;tseignlacl) s after time delay is entirely At ~1.7s

due to different speed
Ac = cow — ¢

e Strong constraints on scalar-tensor and vector-tensor theories of gravity.
(Creminelli et al. | 7, Ezquiaga et al. |7, Sakstein et al. | 7, Baker et al. |7)

* EM waves & GWs follow same geodesic. Metric perturbations (e.g., due to
potential between source and Earth) affect their propagation in same way.

1 4+ ph
Ot = U(r())dl
s=——51 [ Ue®)

gravitational

(ShGPIrO I964) Potentia| of M|||(y (Abett et al. AP_I 848 (20[ 7) I_IZ)
Way outside

sphere of 100 kpc

—2.6 x 1077 < YGW — YEM S 1.2 x 1076



Solving two-body problem in General Relativity (including radiation)

(Abbott et al. PRL 119 (2017) 161101)

1 837G
R,u,/ — §g’uyR — —4T,UV
¢ e GW170817:SNR=32 (strong),
3000 cycles (from 30 Hz), one
* GR is non-linear theory. minute.
Complexity similar to QCD.
last minutes

modeled by AR

* Einstein’s field equations can
be solved:

- approximately, but analytically
(fast way)

- exactly, but numerically on
supercomputers (slow way)

Frequency (Hz)

Time (seconds)

* Synergy between analytical and numerical relativity is crucial.



Numerical-relativity simulation of GW 170817

(numerical simulation: Dietrich @ AEIl and BAM collaboration)

Minerva:

High-Performance Computer Cluster
@ AEI Potsdam (~10,000 cores)




Analytical waveform modeling for GW 170817

inspiral merger
e post-merger
ANAANANAN
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Probing equation of state of neutron stars

T

Neutron Star:
2> Apa ENG MSs2
SLy4 H4
- mass: |-3 Msun 2 : N :
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* NS equation of state (EOS) affects
gravitational waveform during
late inspiral, merger and post-
merger.

VWA

tidal interactions

(credit: Hinderer)
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Probing equation of state of neutron stars
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* Tidal effects imprinted on * A\ measures star’s quadrupole
gravitational waveform during deformation in response to
inspiral through parameter A\. companion perturbing tidal field:

Qij = —A&ij



NS deformation in external tidal field

* In presence of external potential, (hon-rotating) NS acquires a deformation:
self-gravitating fluid is perturbed from equilibrium configuration

. . Newtonian tidal
* Quadrupolar tidal field: gij — aq;aj Uext deformations

* Gravitational potential generated by perturbed NS lequilibrium configuration

U(t,x) = -G / g3y PHX) p(t,x") =p(r") + dp(t, x)

‘X _ X/‘ perturbationsT

* Multipole expansion around CM:

outside NS
1 1 x-x' Bnin; —dij) , , L /
\X—X’]_;I r3 273 Tidj - nz_fr r>r
Gmns G(Bnin; — ;)
U(t, X) — - ZQTJS *J Qij + ...



NS deformation in external tidal field (contd.)

* Total gravitational potential outside NS:

Ul(t,x) = Gms

3G

r

273

nianij—l—C’)(

r4

1

)

1
+ 5T T Eij + O(x?)

* Considering quasi-static perturbations (tidal force frequency much smaller
than NS’s eigenfrequency of normal mode of oscillation, i.e., f modes):

Qij = —AEij ko
GmNS 1
U(t,X) — - | 55’63 Lj Tj
2GmNS
goo = 1 r - Eij Ty X

_3 O
2 R
%%, (RNS>
.
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PN templates in stationary phase approximation: TaylorF2
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Probing equation of state of neutron stars

* Where in frequency the information about (intrinsic) binary parameters
predominantly comes from.

(Harry & Hinderer 17, see also Damour et al . |2)
1.0 - :

—+=— signal-to-noise ratio
——— symmetric mass ratio

S
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!

——— chirp mass
——— spin-spin parameter
spin-orbit parameter

&
N
\

tidal parameter

<
K
\

Normalized integrand per log( f

&
O
\

i — T
10! 102
Frequency (Hz)

* Tidal effects typically change overall number of GW cycles from 30 Hz
(about 3000) by one single cycle!



State-of-art waveform models for binary neutron stars

* Synergy between analytical and numerical work is crucial.

| |

’ /
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500 1000 1500 2500

(Dietrich & Hinderer 17) time

(Damour 1983, Flanagan & Hinderer 08, Binnington & Poisson 09, Vines et al. | |, Damour & Nagar 09,
| 2, Bernuzzi et al. |5, Hinderer et al. |6, Steinhoff et al. 16, Dietrich et al. | 7-18, Nagar et al. 18)



Strong-field effects in presence of matter in EOB theory
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Unveiling binary neutron star properties: masses

mo (Mg ]

0.8

0.7

0.6

K B x| <0.05

B x| < 0.89

M = 1.188509%p

1.25 1.50 1.75 2.00 2.25
mq [Mg]
(Abbott et al. PRL 119 (2017) 161101)

2.50 2.75

* Degeneracy between masses
and spins.

* Fastest-spinning neutron star

has (dimensionless) spin ~0.4.

* Observation of binary pulsars

in our galaxy indicate spins are
not larger than ~0.04.



Constraining Love numbers with GW 170817

Depends on EOS & compactness
(Abbott et al. PRL 119 (2017) 161101)
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Constraining Love numbers with GW170817: new analysis

(Abbott et al. arXiv:1805.11579)
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Including dynamical tidal effects in EOB model

* Dynamical tides: NS’s f-modes can be excited toward merger.

* Tidal force frequency approaches eigenfrequency of NS’s normal
modes of oscillation, resulting in an enhanced, more complex tidal response.
(Kokkotas et al. 1995, Flanagan et al. 08, Hinderer, ... AB et al. 16, Steinhoff, ... AB etal. 16)
(Hinderer, ...,AB et al. 16)
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Systematics versus statistical errors for GW 170817

x| < 0.05

EOB with dynamical tides

(Bohe’, ... AB et al. 15,
Hinderer, ... AB et al. 16,
Steinhoff, ... AB et al. |6)

\4

EOB with adiabatic tides

\4

(Damour et al. 14,
Bernuzzi et al. |5,
Nagar et al. 18)

Low-spin prior, x; < 0.05

SEOBNRv4T

TEOBResumS

PhenomDNRT

Detector frame chirp mass M2
Chirp mass M

Primary mass m1

Secondary mass mg

Total mass m

1.197570 0001 Mo
1.186 70 001 Mo
(1.36, 1.56) Mg
(1.19, 1.36) Mg
2.7370 01 Mo

1.197510 0001 Mo
1.18610 001 Mo
(1.36, 1.53) Mg
(1.22, 1.36) Mg

2.7310 0 Mo

1.197515 5001 Mo
1.18610 001
(1.36, 1.57) Mg
(1.19, 1.36) Mg
2.7370 01 Mo

Mass ratio ¢ (0.76, 1.00) (0.79, 1.00) (0.76, 1.00)

Effective spin Xes 0.00+3:%2 0.00799! 0.00+3%2

Primary dimensionless spin x1 (0.00, 0.03) (0.00, 0.02) (0.00, 0.03)

Secondary dimensionless spin x2 (0.00, 0.03) (0.00, 0.03) (0.00, 0.03)

Tidal deformability A with flat prior (symmetric/HPD) 2807550 /28071250 34073520 / 3401330 3107340/ 3107350
A

(Khan et al 14,
Dietrich et al. 18)




Boson stars as black-hole/nheutron-star mimickers

/d‘lx\ﬁ [——vaq)v o — (!<I>\2)}

* Boson stars are self-
gravitating configurations
of a complex scalar field
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’ Mcdaniel 18)
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* Black holes: A=0 ol
N | Boson star
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* Boson stars: Apin ~ 1




The new era of precision gravitational-wave astrophysics

* Theoretical groundwork in analytical and numerical
relativity has allowed us to build faithful waveform

models to search for signals, infer properties and test
GR.

e EOB theory combines AR (PN, PM, GSF) & NR
results in suitable manner to improve waveform accuracy.

* We can now learn about gravity in the genuinely QWWM

highly dynamical, strong field regime.

* We can now unveil properties of neutron stars unaccessible in
other ways.

* To take full advantage of discovery potential in next years and decades
we need to continue to make precise theoretical predictions.

* Analytical relativity work still needed to cover the entire parameter
space. New opportunities for theoretical physicists to contribute!



