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Implications of the LIGO/Virgo gravitational ~
wave detections for fundamental physics

and cosmology.

p Ed Porter [APC/CNRS] for the LIGO/Virgo Collaboration
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¢ GW Astronomy

ﬁ.\
\(

@ Advanced Detector Observation Runs

©

2 Fundamental physics using BBH mergers
& Fundamental physics and cosmology using a BNS merger

& Neutron star equation of state
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GWs and GW detection vuRéG )

THE GRAVITATIONAL WAVE SPECTRUM
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GWs and GW detection
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GW Interferometers

AL ~ hL ~ 1072'10%m ~ 10~ 3¥m

AG
VIRG




Compact Binary Coalescence

LIG
VIR

We use matched filtering as a method for both detection and parameter
estimation. This method is phase sensitive and requires waveform models

from both analytical and numerical relativity.
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ADVANCED DETECTOR

OBSERVATION RLINS
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Black Holes of Known Mass
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http://www.ligo.caltech.edu

GWI17081Y7

Masses in the Stellar Graveyard

in Solar Masses

Known Neutron Stars
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BINARY BLACK HOLE
MERGERS
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BINARY PULSARS VS GWS VIR@

¢ EM observations of binary pulsars give dPo./ dt - 10-14 - 10-12

¢ Confirm GW luminosity at leading order with excellent precision

¢ Most relativistic (J0737-3039) has almost constant dPo./ dt
Q von/c~2x10-3 and t. ~ 85 Myrs
¢ GW150419 had dPor»/ dt ~-0.1 (30Hz) = -1 (132 Hz)

¢ Just before merger the two BHs orbited each other 75 times/sec

Q@ Vorn/ ¢ ~ 0.5 just before merger
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PHENOMENOLOGICAL IMR TEST V|Rlﬁ%

Look for dominant effect deviations from GR at different PN orders
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MODIFIED DISPERSION Vlk@
¢ Assume a dispersion relationship of the form '
E_‘2 = p?c? + Apc®, a > 0

¢ modifying the GW group velocity as
vg/c =14+ (a —1)AE*2%/2

¢ which changes the phase of the GW
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MASSIVE GRAVITON Vf@

1.0

¢ GW150914+GW151226
Ag > 1 x 1013 km N
my < 1.2 x 107*2eV/c*  Zo 3
< S
£ 0 :
c. a
¢ GW150914+GW151226+GW170104
0 5
Ag > 1.6 x 10" km
m, S 77X 10—23 ev/cg i [T TR /181(011(3111) 0% 108 108 10"

¢ Not as good as some static bounds [1g> 1022 km from weak lensing),
but still better than solar systems (13> 1072 km) and binary pulsar tests

(1> 101°km)
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GW POLARISATIONS VIR

¢ |n generic metric theories, GWs can have up to 6 polarisations
coming from the 6 independent components of the Riemann tensor.

e Test possible due to inclusion of Advanced Virgo

(e)
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GW POLARISATIONS el

Different polarisations produce a different response at the detector
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GW POLARISATIONS el

Is this really surprising...?

Whitened Strain [102 1]
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Abbott et al, PRL 119, 141101 (2017)

GR templates match the phase of the data extremely well!!

Already heavily constrains how much non-tensorial polarisation there can be!
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BINARY NEUTRON STAR
MERGERS
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BNS REMNANT el

Q:So what is the remnant of the merger?

A:From GWs - we don’t know. High frequency signal dominated by photon shot noise
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Q: So what is the remnant of the merger?

BENS REMNANT

aG
VIR

A: From EM - unclear! Some people believe prompt collapse to BH, others
believe in the formation of a transient hypermassive NS
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GW170817 & GRB170817A V,?gg
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SPEED OF GWS V,E&;

The time delay between the GW and GRB detections over 1.3x108 Lyrs
was (N.B. analysis allows for +/- 10 secs])

At = (1.74 -+ 0.05) S

Defining the fractional difference between the speed of light and GWs as

We find the following constraint

—3Ix 107 < Ac < 7x 10716
C

Large consequences for cosmological theories

Abbott et al, Ap]J Letters 848, L13 (2017)
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SPEED OF GWS ! IMPLICATIONS

Cqg =C Cqg FC
p (
General Relativity quartic/quintic Galileons [13, 14]
- quintessence/k-essence [42] Fab Four [15, 16]
<
= Brans-Dicke/ f(R) [43, 44] de Sitter Horndeski [45]
= Kinetic Gravity Braiding [46] G @' ¢” [47], Gauss-Bonnet
s Derivative Conformal (20) [18] quartic/quintic GLPV [19]
= Disformal Tuning (22) DHOST |20, 48] with Ay #0
gl DHOST with A; =0

Viable after GW170817 Non-viable after GW170817

& with extension to: Einstein-Aether, Horava gravity, Generalised Proca, TeVeS,
massive gravity, bigravity, multi-gravity, MOND-like theories

arXiv:1710.05901, 1710.06394, 1710.05893, 1710.05877....

3oth Rencontres de Blois, 3-8 June, 2018 Can

32



©

©

©

©

©

P
EQUIVALENCE PRINCIPLE V,E@

L+~
C

Shapiro delay is defined as At; = —

/T U W)l

e

Y is the PPN parameter parameterising a deviation from Einstein-Maxwell theory

At
Conservative bound on A7Y = |yew — YEMm| < QE
S

is —26x107"<Ay<12x107°

Newer result (S. Boran et al, 1710.06168) using more sophisticated dark matter
halo model gives

Ay <39x1078

implying that MOND-like dark matter emulator theories are ruled out, as the GWs
would have arrived 1000 days before the EM emission
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Astrophysics

Cosmology

HUBBLE’S CONSTANT
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HUBBLE’S CONSTANT
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HUBBLE’S CONSTANT Y 3

l l Planck
: : SHOES
0.04 - : I
) : :
Q [ |
2 | |
w | |
-— | |
g 0037 : :
= I |
= | :
o) | |
— | |
~ 0.02 4
=
S
o
T
Q 0.01 -
0'00 | 1 l 1 1
50 60 70 80 Q0 100 110 120 130 140

H, (km s~ Mpc)
¢ N.B. No cosmic distance ladder needed!!

¢ GW astronomy measures luminosity distance directly over cosmic scales

Abbott et al, Nature (2017)
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NEUTRON STAR
EQUATION OF STATE

traditional neutron star

quark—hybrid

hyperon
s

ar neutron star with

pion condensate
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matter 2SC 11 =3
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EQUATION OF STATE ik
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" Ozel & Freire, Ann.Rev. Astron.Astrophys 54, 401 (2017)
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MAXIMUM NS MASS

| | | | | | |
J0453+1559%¢
11756-2251c ’0‘ 6 | 1 1 1 1 1 b |

JO737-3039B

JO737-3039A Double
Bl Neutron Stars 5 o DOUb|€ —

Neutron Stars

Likelihood
w
1

Recycled _
PSRs

J1909-3744 " lo] Pulsars

Tpalslo e Slow PSRs

-
-~
-
g

(&)

11614-2230 ' g

B1516+02B : ~—

JO348+0432 »

nus2008 — - == _ ] ]
> =

4;13(1%0?52

*5(}8].'7332‘5% ! '—el_’T'_i Bursters 0.8 1.0 1.2 1.4 1.6 1.8 2.0
SAN RS e _ __

ST 10545
B2303+46 1—0—{ S|
XTE JI855-026 F—e—— ow
IL.MC X-4
SAX JI802.7-2017 e
Cen X-3
OAO 1657-415 ]
EXO 1722-363 I e i
Vela X-1 b e

60 05 10 15 20 25 30 J0348+0432 : 2.01=0.04 Mo

Ozel & Freire, Ann.Rev.Astron.Astrophys 54, 401 (2017)

3oth Rencontres de Blois, 3-8 June, 2018 C

adv: IQIQ
DN

39



EQUATION OF STATE el
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BNS Waveforms v.'ﬁ@

For BBH systems, we can use a point particle approximation
* Inspiral comes from post-Newtonian theory
* Merger comes from numerical relativity
* Ringdown comes from black hole perturbation theory

For BNIS systems, the pp-approximation breaks down early in the inspiral
* Need to include tidal effects of matter into the GW phase

16 (my + 12m,)m3A, + (my + 12m,)mi A,
1 2

A =
13 (my + my)?

A = (2/3)ky[(c*/G)(R/m)P
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EQUATION OF STATE VIR

3000 -
. x| < 0.05
30 < f/Hz < 2048 2500
my € (1.36,1.6) Mg \
ma € (1.17,1.36) Mo 2000 %
~ \ 4{;; Less Compact
A1.4 <900 = 1500 - : N, -

<
\ More Compact

1000

500 E
0 r T T S T T 1
0 500 1000 1500 2000 2500 3000
Ay

Assume low spins - consistent with NS observations

Abbott et al, PRL 119, 161101 (2017)
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PhenomPNRT
PhenomDNRT
SEOBNRT

TaylorF2

---------------------

1000 1200 1400 1600

New analysis beginning at 23 Hz with better modelling
sky error reduced to 16 deg?
Bound on A;- A; is 20% smaller

2-sided 90% CI does not contain O

Abbott et al, arXiv:1805.11579 (2018)
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EQUATION OF STATE VI g

e Assume 2 NSs with identical EOS 2000~

e 2 EOS methodologies :
1500 A

e EQOS-insensitive :
i- Aa(AS) q)

; < 10004
. A-C

e Parameterised EOS :
i. Spectral parameterisation

e 90% ClI for A;- A2 shrinks by ~3 )
0 250 000 750 1000 1250

Abbott et al, arXiv:1805.11581 (2018)
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EQUATION OF STATE ViR

Now assume spectral parameterisation + minimum NS mass = 1.97 M@
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Abbott et al, arXiv:1805.11581 (2018)
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EQUATION OF STATE

EOS-ins

Spec.Param + min. NS mass

Ry = 108772 km

Ry = 10.7F

2.1
1.5

km

Ry =11.9711km
Ry = 119711 km

Abbott et al, arXiv:1805.11581 (2018)
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EQUATION OF STATE ViR

Spec.Param + min. NS mass
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GW + EM gives much tighter constraint
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CONCLUSIONS VIRG

6 BBH mergers (including first triple detection with Advanced Virgo) + First
detection of a BNS merger

Confirmed that BNS mergers = SGRBs = kilonova

Multi-wavelength follow-up: the era of MMA has truly begun

cg=c

Consequences for dark energy cosmology and dark matter emulator theories
Measured Hubble’s constant

No deviations from GR observed!

GW observations now allow investigation of NS-EOS - already a number of
models ruled out!

More to come in 03...
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