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Introduction

INTRODUCTION

On August 17, 2017 at 12:41:04 UTC, the Advanced
LIGO and Advanced Virgo gravitational-wave (GW) de-
tectors made their first observation of a binary neutron
star inspiral signal, called GW170817 [1]. Associated
with this event, a gamma ray burst [2] was independently
observed, and an optical counterpart was later discovered
[3]. In terms of fundamental physics, these coincident
observations led to a stringent constraint on the differ-
ence between the speed of gravity and the speed of light;
allowed new bounds to be placed on local Lorentz invari-
ance violations; and enabled a new test of the equiva-
lence principle by constraining the Shapiro delay between
gravitational and electromagnetic radiation [2]. These
bounds, in turn, helped to strongly constrain the allowed
parameter space of alternative theories of gravity that
offered gravitational explanations for the origin of dark
energy [4-10] or dark matter [11].

® 2017/8/17 12: 41 04 (UTC),

aLIGO & V|r 0|

Sk o T T,

Ak GW170817 A

EWRYEOE S H 5
@ﬁ%ﬁﬂ?%?wiﬁﬁﬂ@ﬁ
DT oz,
c BHEXDREDE

s BRTR—L Y ARNE

o iR IE

L

2SN

SHVEA

Ny g




Introduction

In this paper we present a range of tests of general rela- ® 0) VV 17 17
tivity (GR) that have not yet been done with GW170817. < jz T, G 08 I

Some of these are extensions of tests performed with SQL L TCZ *L i C ’f—_|_7b 7h«f LY 73\
previously discovered binary black hole coalescences [12- H 5 7"— 7?2 7|<E ;(]L I i}i D 4:5@ nE 75:

18], an important difference being that the neutron stars’  _, "
tidal deformabilities need to be taken into account in the  aff] L/ %) o
waveform models. The parameter estimation settings for

this analysis broadly match with those of [19, 20| which @ IZ|II B 7 ~Z v 7R — }[/ﬁi

reported the properties of the source GW170817. 'TZIST ThN-BEFOEE $ g(?) A
0 Normalized amplitude .  EERTEAIE. EHEE
ﬁ/:ET}l/ ICEWTHAICLDF
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Three types of tests are presented. In Sec. II, we study © 32D 4(5& ':'Ejj_ / f % Al L2 °©
the general-relativistic dynamics of the source, in partic-

ular constraining dipole radiation in the strong-field and @ 2% < ‘St N 7!@ S(TJ' Eﬁ E/‘] 72;: j] %L'—\ EF%-: (Z
radiative regime and checking for possible deviations in gﬁi j] i}% 1)) d | DO | e ra d iation
N

the post-Newtonian (PN) description of binary inspiral - N e
by studying the phase evolution of the signal. Sec. III /f RN /f 1% UD'Tle‘E ’E'f t},ﬁ\lj ED
post-Newtonian imA 5 D3 1

il 5
v'dipole radiation
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v’ post-Newtonian description
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focuses on the way gravitational waves propagate over @ 3%( 3. ﬁﬂﬁ%ﬁ (E D ES

large distances. Here we look for anomalous dispersion, R — 140
which enables complementary bounds on violations of lo- /EZ D 'TK }ﬂx / ™ 7& _—_L| < %)

cal Lorentz invariance to those of [2]; constraints on large . o _ L
extra spatial dimensions are obtained by comparing the @ ﬁ o 7Ld: 6]\ ﬁ&@ %E?fz'é ?E 17U \\
distance inferred from the GW signal with the one in- [ 2] @)Ej}jﬁ_ O—L VWAL

ferred from the electromagnetic counterpart. Finally, in E EZ 7h, }.( _J' _g_ %) %I BE 7@ jﬁ% E /] 7,3\
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Sec. IV constraints are placed on alternative polarization
states, where this time the position of the source on the

sky can be used, again because of the availability of an
electromagnetic counterpart. We end with a summary
and conclusions.

Gravitational-Wave Polarization
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Constraints on deviation from the general-
relativistic dynamics of the source

Testing GR via the dynamics of a binary system in-
volves constructing a waveform model that allows for pa-
rameterized deformations away from the predictions of
GR and then constraining the associated parameters that
govern those deviations [13, 15, 16, 21-26]. For previ-
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Constraints on deviation from the general-
relativistic dynamics of the source

govern those deviations [13, 15, 16, 21-26]. For previ-
ous observations of coalescing binary black holes |13, 15],
these tests relied on the frequency domain IMRPhenomPv2
waveform model of [27-29], which describes the inspiral,
merger, and ringdown of vacuum black holes, and pro-
vides an effective description of spin precession making
the best use of the results from analytical and numerical
relativity [30-37|. The phase evolution of this waveform
is governed by a set of coefficients p,, that depend on the
component masses and spins. These coefficients include
post-Newtonian (PN) parameters and phenomenological
constants that are calibrated against numerical relativity
waveforms to describe the intermediate regime between
inspiral and merger, as well as the merger-ringdown. To
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Constraints on deviation from the general-
relativistic dynamics of the source
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test GR, the waveform model is generalized to allow for A
relative deviations in each of the coefficients in turn, pn — (1 + 5pn) pn

i.e. by replacing p, — (1 + dp,) pn, where the dp,, are - - = — A
zero in GR. The dp,, are then varied along with all the pa- t IE g El'fg A %) o — — T 5p (3 ‘j: G R
rameters that are also present in the case of GR (masses, (¢ Lj: O 6 2{7’3 %) o

spins, and extrinsic parameters), and posterior density

functions (PDFs) are obtained using LALInference [3§]. 6 ﬁn | - T LB FA A -
For GR to be correct, the value dp,, = 0 should fall within ® ' ‘j: G R C ﬂ Ae 73‘ £ -HE iEjZ, L‘-

the support of each of the PDFs. }\E ) T'ﬂE% HX U ’3 %) o %Tﬁfﬁﬁ
(PDFs) | LALInterface %&£ >
57,
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Constraints on deviation from the general-
relativistic dynamics of the source

In this work, we modify this approach in two ways. oz 0) XT N \'L— nx TGD\$
First, we use waveform models more suitable for bi- ,f \_j(TJ' L e 2 %E;'gﬁg)ﬂ%ﬂzjj—;ﬁé

nary neutron stars. Second, whereas the infrastruc- )EH LY 7!—_
ture [25] used to test GR with binary black holes obser- =©

vations [13, 15] was restricted to waveform models that - = \ I
depend directly on the coefficients p,,, we also introduce 1> &5 (,j:\ ct U @E I:I:I Ii%_i._ (1

a new procedure that can include deviations to the phase  Jig | /= 2 £ T )L & AW TW5s

evolution parameterized by dp,, to any frequency domain - L
waveform model [39]. We conduct independent tests of —

GR using inspiral-merger-ringdown models that incorpo- N
rate deviations from GR using each of these two prescrip- @ 278 j: 'f?‘ % ﬁ Pn El:y Tﬁ D

tions; by comparing these analyses, we are able to esti- \ 5 |
mate the magnitude of systematic modeling uncertainty <l 7L" 2 7& 'f—L?l(E %E D —a_ 7ha 7& p n

in our results. T % LT };_l /EZ%&%E:DZ@ /EZH’/:E 7_
LICER) Aftonsd K212 L7z,
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Constraints on deviation from the general-
relativistic dynamics of the source
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The merger and ringdown regimes of binary neutron 7L:‘ /r < AN /r 7k :6 N

stars differ from those of binary black holes, and tidal %7 7}x — JL [ Z [d 72 \,\‘;ﬁﬂ ‘;9 &Lj]% N\

effects not present in binary black holes need to be in- ~ S
cluded in the description of the inspiral. Significant work ;h' %) I’Z\g 75 27) % ©

has been done to understand and model the dynamics of

binary neutron stars analytically using the PN approxi- ® PN 7& )EH e N ﬁjﬁljﬂl()fl' E/‘] [ _§7l§ E
mation to general relativity [40]. This includes modeling F=4 71N i M=ol = ==

the non-spinning [30, 31| and spinning radiative/inspiral j(j ::\I_T 7& ﬁtF Lﬂ 1S EFI I%%@E @ E\E‘Eﬂ
dynamics [32-37] as well as finite size effects [41-43] for jj ¥ Iiﬁfl: LET [//ﬂf; L&D &

binary neutron star systems. Frequency domain wave- —3— A %77 < @Eﬂ.;‘% 75§‘ ?i—;b *LT g 7’—:0
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Constraints on deviation from the general-
relativistic dynamics of the source

o —TEMEE LU X % FEKRE R
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binary neutron star systems. Frequency domain wave- U )\*LT VAN 7 I\ \Lii E D 7__\ -
forms based on the stationary phase approximation [44] 73 Y -
have been developed incorporating the abovementioned & ﬁqﬂlﬁ_ = TK}EH é *L < g 7L\' ©
effects [45-47| and have been successfully employed for _ N - TTT ook
the data analysis of compact binaries. A combination of e *L & O\D ﬁqﬂlﬁ_ E/\] 73\ Eﬂ-ﬁ—b%_m % t N
thlese analyticeil resultsf ‘{)Vith the results from numer(ical EF' ’Ii?r Eﬁi_&% D 7;‘;&1 Ej‘ﬁ ;(TJ Eﬁ V4
relativity simulations of binary neutron star mergers (see > 2 N A
[48| for a review) have led to the development of efficient = \—_L _.[_/ / _E‘l > D %Egj* _IL:I HeE L N
waveform models which account for tidal effects [49-51]. ;ﬁﬂ ‘,9 j(\j] % 7& E}E Hﬂ T § A g‘j] % E/\] 7';;:
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Constraints on deviation from the general-
relativistic dynamics of the source

We employ the NRTidal models introduced in [51], 52] o ZD; j( Tl EFI li%EL RX_'
as the basis of our binary neutron star waveforms: fre- ﬂ'/d) ~N— 2 t L < N RTidal &

quency domain waveform models for binary black holes -

are converted into waveforms for inspiraling neutron stars b % %léﬁﬁ —é_ %) o

that undergo tidal deformations by adding to the phase

an appropriate expression ¢r(f) and windowing the am- @ -7 = vy /7 ,j— — )[/‘L_ E=XONED EZ*&%E

plitude such that the merger and ringdown are smoothly

removed from the model; see [52] for details. The closed- ijz, /EZ H—/ T ) =N tJJ 7AN 'f_L7F H o7 (f)

form expression for ¢ (f) is built by combining PN infor- 7:—,: jJD A\ I/:\fle_( e ) > 7 ﬁ rj V2 75\
mation, the tidal effective-one-body (EOB) model of [49],

and input from numerical relativity (NR). The form of A L—X(Z HX V) |§//_:|E\ M5 LI
ﬁ@’747F7%L¢7tT
AN /f 7 }[//Riﬁ/ ZELE L 72,

The EOB model is a relativistic generalization of the
well-known Newtonian property that the relative motion of ) )
a two-body system is equivalent to the motion of a particle o ¢r (f) & PN , Tl dal Effective-

of mass y = M,Mp/(M, + Mp) in the two-body potential One‘BOdy (EOB) :E7_"\\)l/\ ;&'ﬂﬁ
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Constraints on deviation from the general-
relativistic dynamics of the source
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and input from numerical relativity (NR). The form of E‘Eﬂi - THU STWD i/}ﬂ_ =l :k &
¢7(f) was originally obtained in a setting where the neu- > ?h, 7= H DT » 5 o

tron stars were irrotational or had their spins aligned

to the angular momentum. Nevertheless, a waveform - > =+ FHANA A °
model that includes both tides and precessing spins can ¢ L_:::E) B\Iéj_lb & —3/_\\ /$\H /9/)(jj %_f\:' Ak
be constructed by first applying ¢7(f) to an aligned-spin ﬂ%:@_%ﬂ 7& = EL\ }&' H’j T I)LIE N

waveform, and then performing the twisting-up proce- N CIN NprT N

dure that introduces spin precession [53]. We consider i —a_ AE D }HU - 7L" Hid?{ = ¢T(f )

two waveform models that use this description of tidal 7& \f%']__ )EH [/ N % *Lf)‘ l;) Y= \/}—,S-j': E
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Constraints on deviation from the general-
relativistic dynamics of the source

o DOBHODHHUTFEFEEET I
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The first binary neutron star model we consider is con- 7£ % l@ﬂq L/ 7L: :(:) DT 3-75 %) o Z *L
structed by applying this procedure to IMRPhenomPv2 ?& Ph enomPNRT (\:_ H? VS;‘O

waveforms. Following the nomenclature of [19], we refer

to the resulting waveform model as PhenomPNRT. Param- o — < T2 6 3 |
. . R . . \ — ~ % T2
eterized deformations dp, are then introduced as shifts ® /NT X Q /ﬂ{’ L’ 71 xﬁ/ p n

in parameters describing the phase in precisely the same |3 N 7\\ 7 Y 7 =) I/\Lii E D i;%él\
way as was done for binary black holes. This will allow v Ia [/ < ﬁLL 4@ 72 éfﬁ A ﬂ ,a_ 285
. A N A

us to naturally combine PDFs for the dp,, from measure-

ments on binary black holes and binary neutron stars, X — ﬁ ~ 7 l\ e LT ﬁ]\ é ﬂ A o

arriving at increasingly sharper results in the future. Be-
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Constraints on deviation from the general-
relativistic dynamics of the source

arriving at increasingly sharper results in the future. Be-
cause of the unknown merger-ringdown behavior in the
case of binary neutron stars, which in any case gets re-
moved from the waveform model, in practice only devia-
tions d¢,, in the PN parameters ¢,, can be bounded. The

set of possible testing parameters is taken to be

{0-2,0¢0,041, 02,003,604, 505, 66,556, 6¢7}(,
1)
where the §¢,, are associated with powers of frequency
f(=5+m)/3 and 5@9 and 5@&2) with functions log(f) and
log(f) f1/3, respectively; d¢5 would be completely de-
generate with some reference phase ¢. and hence is not
included in the list. In addition to corrections to the

oFRNEFEEEDHAICIE
merger-ringdown DIRBDFHWLH
RKHTH VY EFEETIVICIEEE
NTWirWhizoH, EBRIZIE PN
INT A —BZ DT I 64, DMZH
BEDDIF L5,

O TARNRTA—X&I|Z
{8p—2,6@0,0p1,002,843, 804,00, 6¢6, 685,647}
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Constraints on deviation from the general-
relativistic dynamics of the source

o FO{E# & 5 PN O&ZREIC
- 1PN 02T, 4> AR/NA )L
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included in the list. In addition to corrections to the o) *L % ct ) C: [/ 7LC0
positive PN order coefficients, deviations at —1PN are in-

cluded because they can constrain the presence of dipole o - O 5 P N L— IR -( ‘j: E% %D D tF%
. e AN

radiation during the inspiral (discussed below). We do

not consider deviations at —0.5PN order because they do Iﬁd“%j‘ﬁ 7’_')\ I\Q }Eﬂ 73: LN T\‘% Z\_ T Ly

not arise from any known physical mechanism. d¢_5 and F21N
01 represent absolute rather than relative deviations, as EN L o

both are identically zero in GR.
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Constraints on deviation from the general-
relativistic dynamics of the source
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We also employ the SED.BNRV4 w.aveform model, whic.h }I( _J_ =4 33 T oL — gy %:i: % % T%E Jj

is constructed from an aligned-spin EOB model for bi-

nary blgck holes augmented with information f.rom NR él\;b—d— 7": :E) DT 27) % .
simulations [54]. Using the methods of [55], this model

is evaluated in the frequency domain, and then we add

the tidal correction ¢ (f) as described above; we re- 2D :ET) 1 j:ﬂ /BZﬂc& Eijz,f ﬂ:lz'ﬁﬁ

fer to the resulting waveform model as SEOBNRT. Unlike é *L\ /Eﬂ /9 %%IE ¢T 7& Sjﬁl—t D 7'7—
%TWito%®%%®ﬁ%%?
JL7%Z SEOBNRT & BES,



Constraints on deviation from the general-
relativistic dynamics of the source

fer to the resulting waveform model as SEOBNRT. Unlike
PhenomPNRT, the SEOBNRT model is not constructed ex-
plicitly in terms of PN coefficients ¢,,. Instead, we model
the effect of a relative shift §¢,, following [39] by adding
to the frequency domain phase a term 8¢, ¢, f(~5tm)/3
or 5(,0(8) (O f(=5+n)/3 log(f), as applicable. These cor-
rections are then tapered to zero at the merger frequency.

® PhenomPNRT & & - T,
SEOBNRT =75 /LiZ PN &% en
Z BRI EDL T I SN T
W5,
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Constraints on deviation from the general-
relativistic dynamics of the source
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FIG. 1. Posterior density functions on deviations of PN coefficients §p, obtained using two different waveform models
(PhenomPNRT and SEOBNRT); see the main text for details. The —1PN and 0.5PN corrections correspond to absolute devi-
ations, whereas all others represent fractional deviations from the PN coefficient in GR. The horizontal bars indicate 90%
credible regions.

o Figl ld. —>® PNIED X 64,
Fig. [T| depicts the PDFs on §¢, recovered when only — A\Z5(V | 5 A IFE 6o, D PDF,

variations at that particular PN order are allowed. We

find that the phase evolution of GW170817 is consistent g W17 17 Oy —p
with the GR prediction. The 90% credible region for each }.(_J_G é: 08 Q __g_ % LL?IE %E & ﬂx?lﬁ
X

parameter contains the GR value of d¢,, = 0 at all orders
other than 3PN and 3.5PN./| The bounds on the positive-
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Constraints on deviation from the general-
relativistic dynamics of the source

with the GR };rediction. The 90% credible region for each ® G W 1 7 O 8 1 7 D J)L 71:)\ V\) {[ %'c l;) *L 71—_

parameter contains the GR value of §¢,, = 0 at all orders

other than 3PN and 3.5PN.[ The bounds on the positive- FD PN /7 X — ﬁ f.EIJ BE [ X . \Lii

PN parameters (n > 0) obtained with GW170817 alone .
are comparable to those obtained by combining the bi- E J T 7 ’_J_\ — b <GW1 509 14,

nary black hole signals GW150914, GW151226, and GW151226 GW170104) 75\ 6

GW170104 in [16] using the IMRPhenomPv2 waveform .
model. For convenience we also separately give 90% up- IMRPh enomPv? ;\ Ri' ﬂZ—'E 7_—\ JL %

per bounds on deviations in PN coefficients; see Fig. 2. <
E->TIRon/EREHEAED
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FIG. 2. 90% upper bounds on deviations |0¢,| in the PN co-
efficients following from the posterior density functions shown
in Fig. [I.



Constraints on deviation from the general-
relativistic dynamics of the source

The PI?FS shovan ix? Flg m.were CO.IlStI'I.lCted usipg the ® Flg]_ D P D F ‘i [19] T;FIJ }EH [_/ 7'—: $

same choice of prior distribution outlined in [19] with the

following modifications. We use uniform priors on d¢, _UEETR (. N X DD CJ: ’3 7’;;: 'ﬂ&_[—_E 7& j]l:l Z\_ 7":
that are broad enough to fully contain the plotted PDFs.

Due to the degeneracy between §¢y and the chirp mass, :E) 2, % 1§ - T &) *L 7L: o

a broader prior distribution was chosen for the latter as

compared to in [19] for runs in which 6@, was allowed to @ 0¥, [ZD LY '( / =! ';D *Lf: PDF Ct L)

vary. All inference was done assuming the prior |x;| <

0.99, where x; = ¢S;/(Gm?) is the dimensionless Spi?l _l_/\}_l_ L\ . T 7|§§/\E t L/ 7L\_o

of each body. This conservative spin prior was chosen

to allow the constraints on d¢,, to be directly compared A > Vs
with those from binary black hole observations, which ¢ &PO D PDF% —Jz&b % t ? j:\ ﬁ/"ﬁﬁ

used the same prior [13, 15]. Nevertheless, throughout 75\ 273 % PDNE 7_ v —/ TTE ?E }L_ <
EN->TW3,
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Constraints on deviation from the general-
relativistic dynamics of the source

i papes e s the w6 objeets 10 be mentron stars, o U 20 Ly S DX HTIE 2 2D
’ N 10 [==| <y — ——
and following [19] we limit our prior on the component fZlSZf)‘ I:Fl l_i?i Thd % 'f}i/tE L.
tidal parameters to A; < 5000. (For a precise definition }$H }& INT X — ﬂ 7& A; < 5000 > L
s mothvared by ressonable sstrophysical assumptions 152 o i3 E T 2 & IAE
- ‘WZ—L__W)HH BEZxERE L ICBENG

regarding the expected ranges for neutron star masses
and equations of state [42, 56, 57|; higher values of A Ffl'% EE% L5 'f}iﬁEo

are possible for some equations of state if the neutron
star masses are small (~ 0.9 My). The extra freedom . I:I:l |¢¥EEE A/ X Y (~ 0.9 M)

introduced by including 0, leads to a loss in sensitivity 7/7]_ - 'Ij( jj_ ;ri—t |2 J: - T. ‘ 3 i A 75\
. . . . N\ —

in the measurement of tidal parameters; in particular, _ -
the tail of the PDF for the tidal deformation of the less :E) > & j( g WZ & :(:) 37) U PR o
massive body As touches the prior upper bound in many

of the tests. The correlation between ¢, and Ay means @ 0 @n 75_’ é ’;) _ iE\é' )P —a_ - /$H ;& /N

that the upper bounds for [64,| would be weaker if we > — 2 D= X }"_ A3 /%-6 TLF ,) EH_
did not impose our neutron star prior of A; < 5000. S =1 /75\
NS DEFIFPDF @

L‘—\ EE
. B = — )L A ShES = i‘é?\)o
SIS A A F—IAERISET 2 2 EAS L

_ ©DF ) EHINT A —ZDFH|R %
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Constraints on deviation from the general-
relativistic dynamics of the source

® PhenomPNRT & SEOBNRT |(Z
- TENDH > T, FHHEWHHED,
Certain  differences are present between the
PhenomPNRT and SEOBNRT waveform models and

0N , L= & e
the wav they are used. First, PhenomPNRT allows for ® PhenomPN RT ‘j: AEr }ﬁ% @—
pre::(?s:irzlgtspin ::(mﬁgu‘rte;t.i(m's, \;Fereaj th:; S;TZDBN}:J’I.'t 151 Ej_‘, 7& ]\ﬂ ,;) *L % 75? . S EO BNRT [ g
restricted to systems with spins aligned with the orbita o« NN N — — .
angular momentum.  Second, continuity conditions N 75\@11@—% @-E)ji C\:- lE—l [-/ I_':ITJ g
enforced in the construction of PhenomPNRT waveforms () J}T& Z\_ 5 o
cause deviations from GR in the inspiral to affect the
behavior of later phases of the signal, whereas the N _ G | —
tapering of deviations in SEOBNRT ensures that the ® Phenom PNRT ‘j: /EZH-; % Liiﬁ"fll I
Inerg(;—riligl_{d(;fn of thetlu'mﬁ-ﬂ}ring wave'form is exm:tt.lfl 'g_ A ﬁiﬂ?r_ T /r v AN /f 1% 7f)§\ GR
reproduced. However, this discrepancy is not expecte ~ N o
to affect measurements of 4, significantly, because the 75\ ) —g_ 7h/ % 75\\ S EO B N RT Lj:'flﬂi E
signal is dominated by the inspiral, and both waveform ’a_ﬂ 7& /J\ é CLTWw ZETGR
models are amplitude-tapered near merger. Third, the 7& _

EHEICERT S, LhL, 2O
BRI BES B, B
BOESDIZEAENA > R4
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Constraints on deviation from the general-
relativistic dynamics of the source

O REVHRKRDOMERE—X > b

AUBEME—X > b &EE/R—
. ,. o IWDHy 7V %@L T 2PN
models are amplitude-tapered near merger. Third, the

- - N
spin-induced quadrupole moment [38]|, which enters the 0)1—L¢E ]\ > C < % 75\
phase at 2PN through quadrupole-monopole couplings, PhenomPNRT 84 F2 D E R

is computed using neutron-star universal relations [5Y] in

PhenomPNRT and is assumed to take the black-hole value E/] 73\ Eé{/% 75 b El-l— [-/ N S EO B N RT
in SEOBNRT. Finally, in the PhenomPNRT model, fractional T\ ‘j: 7‘\ -3 v 7 ,—J—\ — )L T\ D 1 [E 7& 'f }i

deviations are applied only to non-spinning terms in the o
PN expansion of the phase, i.e. terms dependent on the AE —3_ % o
bodies’ spins retain their GR values, while in SEOBNRT,

fra‘ctim?al de?fiatifz)lls. are applied tq all_ term»s a4t-_ a giV.E?I.l ® PhenomPNRT TTlZ ﬁ'—L 7|;E D PN

post-Newtonian order. One can convert between these E F;I:ﬁ DD 7‘;;: L\I/E\ D J)L _a;\ #’L
ZANTWTRE MREFET 58
2IE GR ERILICLTWLWD AN
SEOBNRT TIZE£THIEIZT
Z ANTWD,



Constraints on deviation from the general-
relativistic dynamics of the source

02DDINTA—RDEY FlE, &
@MﬁﬁE%t%b# EhtEa L
L S ITRh SEET 5L CRRTE
f::; l_pa(.;':n?el-.lt%::ilz;:itotl:s‘ po:; I(;:);l b(\)-'mr;ui;;‘n; LtLllllatl :l:; %) o Flg 1 ’2 Lj: P h enom PNRT o /X

total phase correction be the sam‘e with either choice; 3 X — Q ODHR U jj— (2 jt_l-}/_ﬁ\—g— %) o

the results shown in Figs. [I] and [} correspond to the

parameterization used by PhenomPNRT. Nevertheless, the @ L 7 L N EE%]J (CAE D &Lj]%f)‘ ]\
different treatment of the spin terms may still exl)laill %) 1. 5PN D E Y4 > DIE D ?& LY
the discrepancy seen at 1.5PN, where spin effects first g — .

enter.  Either parameterization offers a reasonable DL Ct 2 :(:) D :E) L mfd‘ LYo
phenomenological description of deviations from GR; . .

the generally close correspondence at most PN orders ® U —a— ﬂ@ INT A — ﬁ @D HR U jj_f :E) N

lmtw:tzf:} results fr:;tln the }:W(') inodel: Hu.ii(:a'tcs' lthat the GRA B D ’g“\\ yanre }'(TJ' LT éf@ E]"\] VAN IE%Q
uantities measur can be mterpreted 1n Sinilar ways. = =p S
K ; o WHVERERZE 5 Z %,

For more details on each waveform model we use, see
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Constraints on deviation from the general-
relativistic dynamics of the source

The long inspiral observed in GWI1T70817 (relative to
previous binary black hole signals) allows us to place the
first stringent constraints on d_5. Binaries comprised
of compact objects with additional charges that charac-
terize couplings with fields other than the metric will
generically support a time-varying dipole moment. Such
systems will emit dipole radiation in addition to the en-
ergy flux predicted in GR (given at leading order by the
quadrupole formula). Provided that this additional flux
is a small correction to the total flux, the dipole radi-
ation mainly induces a negative —1PN order correction
in the phase evolution. Writing the total energy flux

® GW170817 T#qH Jéﬂtﬁﬂ%ﬁﬁﬁ
DA > AL ZIID . HT 5z,
IZWHIRZ DI 5 2 EATE 7=,

© OV MEET, XMUwy
UANDIZIZHYy TILT BFv—
2O e. —IRICHIRF £ — X
v MARFERET S, TDEA.
GR TFRBanNsd T x/ILF¥F—HE
(MEBRARDRERXRTEZ 5N
D)ZHNA TR FE I B 5 72
Ay
CDONRIEEBET T R ILF —I(C
XL T/hE W EF L, BURFI
BHEEIC -1PN OIMEEEZ /NS
CTBEENADTZAD,



Constraints on deviation from the general-
relativistic dynamics of the source

in the phase evolution. Writing the total energy flux
as Faw = Far(1 + Bc? /v?), the leading-order modifica-
tion to the phase due to theory-agnostic effects of dipole
radiation is given by §_» = —4B/7 [6IL, £1]. Combining
the PDFs shown in Fig. [[] obtained with the PhenomPNRT
and SEOBNRT waveforms and restricting to the physical
parameter space I3 > 0 corresponding to positive outgo-
ing flux, the presence of dipole radiation in GWI170817
can be constrained to B < 1.2 x 1077, For compari-
son, precise timing of radio pulses from binary pulsars
can constrain |B| < 6 x 107% [i1]; this much stronger
constraint arises, in part, because of the much longer ob-
servation time over which the inspirals of binary pulsars
are tracked.

o eI IILF—RNHEESR
Fow = Far(l + Be? [v?)

EE, BRI XK o WERTF IR
FDMERIZ K D AUEDEIEDRE
Rt 6p_o=—-4B/T Th 5,

® Fig.1 ®PhenomPNRT.
SEOBNRT n"u& 7= PDF %
HAEhE T, £ xILF—D
MNDIEICHE S &5 B =20 Z{RE
L T. GW170817 & X1+ n &Y
I B < 12x107°. O#|R%ZDIF7=,



Constraints on deviation from the general-
relativistic dynamics of the source

o LkEE LT /NI —EED/S
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can be constrained to B < 1.2 x 107°. For compari- @& C 0D §§ \z\ﬁ%u IKECJ: A RAR/NA Z )L
son, precise timing of radio pulses from binary pulsars N:= +EE/= S 4 — -

can constrain |B| = 6 x 107 [G1]; this much stronger 2 ”‘JIE « EH# FlEﬁ 1TA 2T &
constraint arises, in part, because of the much longer ob- %) t . % 75‘ j( g LY °

servation time over which the inspirals of binary pulsars

are tracked.




Constraints on deviation from the general-
relativistic dynamics of the source

Though our bound on the dipole parameter B is weaker ®B [z SRJ —3_ % Iﬁ'ElJ IZE j: T TIZ % % :[:)
than existing constraints, it is the first that comes di- | \ AN EI /\
rectly from the nonlinear and dynamical regime of grav- 2 Ct ) %\E—I’ L 75 > /N 7 |\ 18 =
ity achieved during compact binary coalescences. In this 17-1-( T o *L % 3 IE%? ﬁ/ T éjj E/] 7Lcl~ E jj
regard, we note that for general scalar-tensor theories iE' D ,Ij(/u\ 7’_—)\ b IE‘EI: % //\J TE é ﬂf\_ ,J]QI] &5

there are regions of parameter space where constraints
from both Solar System and binary pulsar observations T @ :E) DT 27) %) o
are satisfied, and yet new effects appear in the frequency

:a.ngfﬁ;]f GW detc(;tors,- tsuf:.h T;m s;;ic;;ta;lcous s?alagiziz- o _0D /I‘E\\ . —ﬁ E/\] A ho7—7

1011 or resonant excitation y O a massive neld, N N =/ —

or dynamical scalarization [63-67). T/ -;— ) bI% il OJKJ A -(I \ j)gl?% /7%\\ A

v’ Spontaneous scalarization éEj] EZ%“H__HE ’E“@%)BFEZE%/\éj Ty s L
2ANT—1H BT, ¢=0 ARLETH R IXEX DR,
BOEEE D& WIHRARZ DL DB/ T XA =4
’\Eﬂm‘%% ENE R D,
(v 2,845 ° spontaneous scalarization
DHEEIFAIC . resonant excitation of a massive

v"Resonant excitation
EDXﬁ7—%#%OT\%§

w@ﬂ&ﬁf77/7$—w
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field
v Dynamic scalarization - dynamical scalarization
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Constraints from gravitational wave
propagation

o EIRDIEMIFGREBIEET]
BROETINDDD LN,
The propagation of GWs may differ in theories be- T#’L@j( ? é ‘Z;t\ Tﬁ}ﬁ@" %) EI:E%—E

vond GR, and the deviations depend on the distance that -
the GWs travel. The search for such deviations provides - '@Zﬁ —3_ %
unique tests of relativity, particularly when the distance

inferred thrm(;gh GWs can be compared with an .Lllj:cu- o 2D —a_ *L@} -f#f:i j:j‘a }l(—_l- @tl:—_]-}mjl
rate, independent distance measurement from EM obser- =

vations. In GR, GWs propagate non-dispersively at the 73‘ 4(5& ':'E = 79‘ 5 ° EH- - Ejj ’&’ 71‘—)\
speed of light with an amplitude inversely proportional ?&E é *L % EE F@J‘E (‘_’_ . % ;f"L t 5EEZ

to the distance travelled. Using GW170817, we carry out _ ,;E, Eu_ . _ - -
| 25 RO 12 JZO’C?EE_L CIEFES

Eﬁﬁﬁb‘?ﬁﬁf = 555,
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Constraints from gravitational wave
propagation

e GW170817 # H\ T, MBxdi#mh
SDTNDERRDI-HIZ. BERK

to the distance travelled. Using GW170817, we carry out — 1 — 73 P
two different types of analyses to study the propagation D 'fK%X - E’éﬁ —3_ %) 220D %L-M(ﬁ_ 7& 172

of GWs, looking for possible deviations from GR’s pre- 7= °
dictions. The first method implements a generic modifi-

cation to the GWs dispersion relation, adding terms that o 1o E Li E j] ;\BZ D 'fﬁ }9 e Tlg_l—_E
N — [I=

correct for a massive graviton, and momentum depen-

dent dispersion that could be apparent in Lorentz vio- %j:”] A %) :E) @ T\ 7 7 |\ ~C
lating models [68, 69]. The second modifies the distance E75\ H A i/-,}E]_']_ D I/E\ (\:_ O—L > /

relation GWs follow in GR by adding correcting factors
accounting for the GW’s gravitational leakage into the S(—PF/]—\ Ii b\EBZ*LT LY % T 7T 7_ } L IE*L
large extra dimensions of higher-dimensional theories of Eéﬂ E{ZET_ Ii 7& jJD 'g— %

gravity [70, 71].
© 2DHIE, M TDEN KD

PEREE & DBARIC, REIRITAD
gravitational leakage (C2WWT®D
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Constraints on Modifiea
Dispersion

=EA — N N D
o XTI TIX. BRI E TE
H. ELL 7B,
2 _ 2.2
In GR, gravitational waves propagate at the speed of BT = p-c
light and are non-dispersive, leading to a dispersion re-

lation E? = p?c?. An alternative theory may generi- @ 'ﬂ%J—_EE jj IEE{IF_E D) ﬁj\%& Bgf% 'ft [ X

cally modify this as E? = p?c? + Ap®c®, where A is U — N -

the coefficient of modified dispersion corresponding to _7[1(]2 L‘/J\@ Ct 2 c‘-%—@-— %) o
the exponent denoted by « [68, 69]. When a = 0, a

modification with A > 0 may be interpreted as due to E? = p2c2 + A paca

a non-zero graviton mass (A = mZc*) [69]. It can be
ZZTAI R alCHIGT 2R
HTHb,
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EhDNEEEFOEERTE S,

4

A — 2
\A—_mgc



Constraints on Modifiea
Dispersion

o DEBIR DIEIE IS E IR D AR
DFEZEFI SR IT I EHRE D,
a non-zero graviton mass (A' = m_c ) [69]. It can be % *L Ct 2T Ejj /EZ@ %& %IJ EE

shown that such modified dispersmn relations would lead % >, j_ %) (- t 75\ _,l- Be T % %) o
to corrections to the GW phasing, thereby allowing us to

constrain any dispersion of GWs [69]. This method, im- ® 7“ Z 7 T — }[/:\@ig 7l;5/&§ H:ll [z Ct -

plemented in a Bayesian framework, placed bounds on . .

A correspo[nding to different « using binary black hole T N N /r S/ 7 D T@ %EJ)L D) |:|:| T“\

detections . We apply the above method to constrain : - — N

dispersion of GWs in the case of the binary neutron star *i R 7Ld\ a (u_ S(j- [_, C A @D Iﬁ'ElJ IZE 75\ ﬁb"

merger GW170817 [1]. We find that GW170817 places ) ;f/‘Lf:o E® i;\f T. \Lii_&E.l_ l:i:l 'l‘i
FE&5H GW170817 TEIED

/\ﬂ ICHIBRZ DT 7o,
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Dispersion

o SEDIFoNfFHRIZ. EET
Z v IR—ILTOREERELYEL -

merger GW170817 [1]. We find that GW170817 places 7"-
weaker bounds on dispersion of GWs than the binary e

black holes. For instance, the bound on the graviton R =
mass m, we obtain from GW170817 is 9.51 x 1072 eV /c?, o JZ7EMVEED LRI

which is weaker compared to the bounds reported in [16]. 9 571*7()-22 g\/ / c2 ¢ 37’) ) 7": °

This is not surprising as GW170817 is the closgst source GW170104 6 ‘j: 7.7*10_23 eV/CZ

detected so far, and for the same SNR propagation-based

tests such as this are more effective when the sources are N
farther away. This method complements the bounds on ® /5\@ ) ﬁthJ BE 75\ 55 LD Cj:

AN
non-dispersive standard model extension coefficients [72] G W1 70 8 17 75? = ;f/‘L i T\E D) 75\ >

reported in 2] from GW170817. f:EPT“:B S x %)i)_?_\,\/( R l\ 7,_:\\75\
5T, DRDMRITENTHKRE

A A S A ?@%ﬂﬁ& MRITEWVWADK

SEBRBCH LT, A=Y o ZOHEIZDED A WILEEE
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Constraints on the Number of
Spacetime Dimensions

* EHOERTERTIE. ENK
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In higher-dimensional theories of gravity the scaling DA /7- o U ~ 7\\7b$1|§IE é ;h' % ° <

betweer-l the GW strain and th.e luminosity Flistance of ‘Fhe ﬂ Lj: j( g 7:':;: %%U ;jz jTE ~ND E jj i;% D

o1 the wavelorm due to gravitationsl bty nto huge JALIC & > THEABE D L%
o o This ot o the G sl TR B

and would result in a systematic overestimation of the ° 4‘5 }.( TJ'

source luminosity distance inferred from GW observa-
tions [70, 71]. A comparison of distance measurements

WMCDORT—Y >y
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Constraints on the Number of
Spacetime Dimensions

tions [70, 71]. A comparison of distance measurements
from GW and EM observations of GW170817 allows us
to constrain the presence of large additional spacetime
dimensions. We assume, as is the case in many extra-
dimensional models, that light and matter propagate in
four spacetime dimensions only, thus allowing us to infer
the EM luminosity distance d¥™. In the absence of a

complete, unique GW model in higher-dimensional grav-
ity, we use a phenomenological ansatz for the GW am-
plitude scaling and neglect all other effects of modified
gravity in the GW phase and amplitude. This approach

®© GW170817 mE 1)K & BHIK T
DEBEATE DL T, KELRE
RITDFIEICHIEZ SR 515,

y<@#%wﬁ%?»®$5:\
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Constraints on the _\|umber of

Spacetime Dimens

ons

gravity in the GW phase and amplitude. This approach
requires that gravity be asymptotically GR in the strong-
field regime, while modifications due to leakage into extra
dimensions start to appear at large distances from the
source. We therefore consider gravity modifications with
a screening mechanism, i.e., a phenomenological model
with a characteristic length scale R. beyond which the
propagating GWs start to leak into higher dimensions.

o 7 7A—FTlE. SHESN
35 CE A VTR ABXT 3w 12
DL —FH, FREIRITANDIKNA
L HAEEILRENOENE A
TIRNIEBDH S Z ENEREIND,
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Constraints on the Number of
Spacetime Dimensions

© ZDETILIZEWVT,
In this model, the strain scales as ] 1 JEM n- —(D—4)/(2n)
o L
by o () @

e [k ?

Z 2T, DIFRFZEDORTHE. R, IZ
where D denotes the number of spacetime dimensions, =z 7 l J —= 7\\ D EE%—E D 2 /7_ _ )[/\

and where R, and n are the distance scale of the screen-

ing and the transition steepness, respectively. Eq. (2) N Lj: $1—_—\$§7@ ;%\ é 7& 2%'3_0

reduces to the standard GR scaling at distances much
shorter than R., and the model is consistent with tests

of GR performed in the Solar System or with binary pul- oD ﬁ ‘j: RC ct U —|_§]\/ J \ é LY EE%&

sars. Unlike the scaling relation considered in |70, 71], < 71;@ S(TJ- E{_H% >~ ﬁg\{rﬁ‘l@—g— 2 S i 71—: . j\( Ig)/l%
R/ OLY — I & B ERIR AL
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Constraints on the Number of
Spacetime Dimensions

o [70[7T1]TEATWBART—1 ¥
sars. Unlike the scaling relation considered in [70, 71], 70551%5% & E > C, Eﬁ 2 13D=4 ODT@
notice that Eq. (2) reduces to the GR limit for D = 4 BE T‘\_ﬂﬁ 7|;E }'(-\j- E{H?E > ﬁﬁ\{"'ﬁﬂ—g— a .

spacetime dimensions. An independent measurement of
the source luminosity distance from EM observations of
GW170817 allows us to infer the number of spacetime di- @ G VV 17 O 8 1 7 D LDtE ﬁﬁ D E Eﬁﬁ\ /Ri

mensions from a comparison of the GW and EM distance

estimates, for given values of model parameters R. and zﬁ—L 73‘ //\J “— C‘: 2> C N Ejj /}i “—
n. Constraints on the number of spacetime dimensions 3 JEE t J:IS$§JE—§_ %) - t T/ N .3 A — &

are derived in a framework of Bayesian analysis, from the
'_I_l
joint posterior probability for D, d§W and d¥™, given the }l(-:l- L T Hi N DPIN E;& % -jl-& JE

two statistically independent measurements of EM data 3
rpvm and GW data xgw. The posterior for D is then —a_ % t 75 T g %

O RITHICH T HHRIE. N4 27
L EICLICBITTEZ b,

®D,d W d.EMD joint posterior
probability ZF Uy, #ETHYIZIRIZ AR
BROEEANC £ B BIEE xgy & E S
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Constraints on the Number of
Spacetime Dimensions
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p(Dlzaw, zEm) = /p(dfwliﬁGw)P(d%MmEM)fs(D — D", df™, Re,n)) ddi ™ ddp™

rpv and GW data :;c(;w. The posterior for D is then

ven by ® EBHOKIEREZ HIRT 5729,
p(Dlzcwsasnn) = [ DV a2 s (D — D™ 5, R ) adfVadE™ o X FEEA NGC 4993 o surface

i | ]
As in [19], we use a measurement of the surface brightness b I g h tness ﬂ uctuation q) EE Ibﬁjﬁ
fluctuation distance to the host galaxy NGC 4993 from JE 7& 'fﬁ ) 7':_ ° %{ﬁ EE p dEM | xEM)

[73] to constrain the EM distance, assuming a Gaussian

distribution for the posterior probability p(d¥™|zgy), S s = s .

with the mean value and standard deviation given by 7% jj r7 ) t L/ N qzi//j'ﬂ_g n/\%
40.7 £ 2.4 Mpc [73]. Contrary to [71], our analysis relies X 407 £ 2.4 M pC < 2(;) A .
v'Surface brightness fluctuation
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Constraints on the
Spacetime Dimensi

Number of
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40.7 £+ 2.4 Mpc [73]. Contrary to [71], our analysis relies
on a direct measurement of d¥™ and is independent of
prior information on Hj or any other cosmological pa-
rameter. For the measurement of the GW distance, the
posterior distribution p(d$W |zgw) was inferred from the
GW data assuming general relativity and fixing the sky
position to the optical counterpart while marginalizing
over all other waveform parameters [19]. Our analysis
imposes a prior on the GW luminosity distance that is
consistent with a four-dimensional Universe, but we have
checked that other reasonable prior choices do not signif-
icantly modify the results. We invert the scaling relation

o [71] LIETRHIIC, T DEENTIE
dM OBEEAITICL S H DT,
Hy X Z DD FHH/ N7 X — X
DEFIFER L |ZIMIITH B,

o ENRICK BT TIE, =
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Constraints on the Number of
Spacetime Dimensions

icantly modify the results. We invert the scaling relation > — 11~ > 2\
in Eq. (2) to compute D(d$W,d'™, R.,n) in Eq. (3). ® Et 2 DRT ) >y B@ﬁ’?ﬂ?ﬁ O

Fig. 3 shows the 90% upper bounds on the number of di- ft, 30D D(d%w, dEM, RC7 n) 7& E‘l‘
mensions D, for theories with a certain transition steep- %ﬁﬁ" %

ness n and distance scale R.. Shading indicates the ex- ©

cluded regions of parameter space. Our results are con-

sistent with the GR prediction of D = 4. ® 3 Li% n, RC CC 3(#3‘ %) Wﬁ?ﬁ
D ®D90% D LERTH 5, s2hMT

102 - . "
] WTWBRIABERR S N/ YT
101—; )< _&%E\:@ZTZF)%)O
R o HNmNFE D=4 &£ —KT 3,
100'; —— R.=1\Mpc
— R.=10 Mpc
—— R, =20 Mpc
10_14_.0 41 42 43 44 45 46 AT

D

FIG. 3. 90% upper bounds on the number of spacetime di-
mensions D, assuming fixed transition steepness n and dis-
tance scale R.. Shading indicates the regions of parameter
space excluded by the data.
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Additionally, the data allows us to infer constraints on
the characteristic distance scale R, of higher-dimensional
theories with a screening mechanism, while fixing D to
5, 6 or 7. The posterior for p(R.|xgw,zrmMm) is ob-
tained from the joint posterior probability of R.,d$"
and d¥M_ fixing D instead of R, in Eq. (3) and comput-

ing R.(d$W,d¥™ D, n) by inverting the scaling relation

in Eq. (2). Since we consider higher-dimensional mod-
els that allow only for a relative damping of the GW
signal, we select posterior samples with d$%V > M
leading to an additional step function 8(d$V — d¥M) in
p(Re|zaw, zEMm). In Fig. 4, we show 10% lower bounds
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Constraints on the Number of
Spacetime Dimensions

p(Re|zaw, zem). In Fig. @, we show 10% lower bounds
on the screening radius R, for theories with a certain
fixed transition steepness n and number of dimensions
D > 4. Shading indicates the excluded regions of pa-
rameter space. For higher-dimensional theories of grav-
ity with a characteristic length scale R. of the order of
the Hubble radius Ry ~ 4 Gpe, such as the well known
Dvali-Gabadadze-Porrati (DGP) models of dark energy

[74, 75], small transition steepnesses (n ~ O(0.1)) are
excluded by the data. Our analysis cannot conclusively
rule out DGP models that provide a sufficiently steep
transition (n > 1) between GR and the onset of gravi-
tational leakage. Future LIGO-Virgo observations of bi-
nary neutron star mergers, especially at higher redshifts,
have the potential to place stronger constraints on higher-
dimensional gravity.
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n

10°

107!

10! 10% 10% 10*
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FIG. 4. 10% lower limits on the distance scale R. (in Mpc), as
suming fixed transition steepness n and number of spacetime
dimensions D. Shading indicates the regions of parameter
space excluded by the data.
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Constraints on the Polarization
of Gravitational Waves

Generic metric theories of gravity predict up to six —Q :\ %'fﬂ%ﬁ_g iU‘Uj‘ﬁL@
polarization modes for metric perturbations: two tensor = i
(helicity +2), two vector (helicity £1), and two scalar T jJ ZDOWT, Eﬁj( 6%@*5\0)1)?5 *I
(helicity 0) modes [76, 77]. GWs in GR, however, have — =
only the two tensor modes regardless of the source prop- l\ % % = —a_ %
erties; any detection of a non-tensor mode would be un- o TN IL2 D (/\ l) 2l == 2)

ambiguous indication of physics beyond GR. The GW B
o R FMIL2D(NYTTFT 4 1)
Gravitational-Wave Polarization
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ambiguous indication of physics beyond GR. The GW
strain measured by a detector can be written in general
as h(t) = FAh,, where h, are the 6 independent polar-
ization modes and F# represent the detector responses
to the different modes A = (4, x,x,y,b,1). The an-
tenna response functions depend only on the detector
orientation and GW helicity, i.e. they are independent of
the intrinsic properties of the source. We can therefore
place bounds on the polarization content of GW170817
by studying which combination of response functions is
consistent with the signal observed [78-82].
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Constraints on the Polarization
of Gravitational Waves

The first test on the polarization of GWs was per-
formed for GW150914 [13]. The number of GR polariza-
tion modes expected was equal to the number of detectors
in the network that observed GW150914, rendering this
test inconclusive. The addition of Virgo to the network of
GW detectors allowed for the first informative test of po-
larization for GW170814 [17|. This analysis established
that the GW data was better described by pure tensor

modes than pure vector or pure scalar modes with Bayes
factors in favor of tensor modes of more than 200 and
1000 respectively.
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Constraints on the Polarization
of Gravitational Waves

e 5Allx, GW170814 & [RERIC,
3ODRHEBDEZTDNA LT >
BITEITW, TV R"T |
We here carry out a test similar to [17] by performing a I ZAHS—DF *L z ;{/L D }/_IET\ %’V\.F';@

coherent Bayesian analysis of the signal properties with
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the three interferometer outputs, using elthfar the ten ;T& 7& )EH LY 7";0
sor or the vector or the scalar response functions. (Note

that although the SNR in Virgo was significantly lower . R N

than in the two LIGO detectors, the Virgo data stream o Vi rgO D 7 ﬂ— LD S N J:I./, ‘j: 27
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[83]. The phase evolution is modeled with the GR wave-
form model IMRPhenomPv2 and the analysis is carried out
with LALInference [38]. Tidal effects are not included
in this waveform model, but this is not expected to affect
the results presented below, since the polarization test is
sensitive to the antenna pattern functions of the detec-
tors and not the phase evolution of the signal, as argued
above. The analysis described above tests for the pres-
ence of pure tensor, vector, or scalar modes. We leave
the analysis of mixed-mode content to future work.
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Constraints on the Polarization
of Gravitational Waves

® GW170817 o E|FkFFMA NGC4993

If the sky location of GW170817 is constrained to NGC T 373 7h/ ‘c—»t N T/ ILE— I\ D J7L NN
4993, we find overwhelming evidence in favor of pure 3'5"%"‘ [ gﬁ L \EET@ VAN ?% S IR
tensor polarization modes in comparison to pure vec .
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stronger than the GW170814 case both due to the sky po-

sition of GW170817 relative to the detectors and the fact
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Conclusion
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® GR: general relativity
® PN: post-Newtonian

® PDF: posterior density functions

® EOB: effective one body




