TECNICO

LISBOA
The Era of Gravitational Wave Astonromy, IAP Paris, June 2017
Gravitatonal waves from Sonlisie
compact binaries in scalar-  Lauabemard

Ryan Lang,

tensor gravity to 2PN order  ciswn

Ur

UNIVERSITY of

DUBLIN

FLORIDA .\\—yi




Outline

# Scalar-Tensor Gravity

< Motivation

+ To-date

+ Landau-Lifshitz Formalism

« Direct Integration of Relaxed Einstein Equations (DIRE)

+ To-do



Scalar-Tensor Gravity

Alternate theory of gravity (ATG)
Alternative to Newtonian:
Nordstrom: Guv = PNy, General Relativity: 87GTu, = Ry — %RQW-
Alternative to GR:
Supported by same experimental evidence: Whitehead, Scalar-Tensor.
Seeks to explain recent observations / issues: (super)String Theory, f(R), etc.

Variable gravitational “constant” = Scalar field(s),
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Obeys Einstein’s Equivalence principle Internal Structure

effects motion and

Violates the Strong Ecluivalence Principle GW emission




Motivation

Seek to verify / constrain / discard ATG's New tool = Gravitational Wave Astronomy
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One of the simplest variations of GR

Encapsulates some of F(R) and Superstring theories

AWarning

Hawking Theorem - GR and ST black hole binaries indistinguishable

General argument for small differences expected at every PN order :(



To date ...

* Necessary Ingredients:

3PN
EOM

CEOM (Mirshekeri & Will 2013: 2.5PN

* Tensor gravitational waves and tensorial energy flux 2PN
(Lang 2014: 2PN)

25PN —Scalar gravitational waves and scalar energy flux (Lang 2015:
W | 1.5PN and 1PN respectively)

* Ready to use waveforms (Sennett, Marsat, Buonanno 2016:
incomplete 2PN)

# Culprit: Non-vanishing scalar dipole moment:
e \11_1/2 + Wy + \111/2 + W, + \113/2, = We require V¥, /9 for En,

EsxV: =FE=F 1+ E;+ E1/2 g = We require EOM,, ;) for ¥,, 4.



[Landau-lLifshitz Formalism

* Field equations:
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* Integration of wave equations via flat Green function:
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Direct Integration of Relaxed Einstein Equations

+ /Zones: Near zone, wave zone
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+ Near zone field,
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Credit: Gravity, Poisson&Will

o ool le )
deg=
|z — 2|
s (Yot —t+|x—2'|) 4 , 7
dias
‘CIZ T ./L',| Credit: Gravity, Poisson&Will

wave zone field point

At — |l — 2 = z’'small
w_/\/'/hj.\é/-ﬁ :/ /7' ( | |f /ZU |7y)(5(y—flfl)d3yd3$/,
N x — | 7_
. - (_l)l 1 A N 1L 33 1
o T (I aad' |,
00 [

Faraway 1 1 d A N 1L 13 1
wave zone ;;ﬁnL (E) /MT (T,$ )l’ d°x _l_ -




Direct Integration of Relaxed Einstein Equations

+ Near zone field,
near zone field
point
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+ Far zone field
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Direct Integration of Relaxed Einstein Equations

* Solve simultaneously for source terms (+**.7.,) and fields (¢, ¥)

Add perturbation to fields

Calculate OPN source term | =—- g?n6+1/2) — g?nﬂ) + €"+1/2h?‘f+1/2)
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In progress ...

\ Use source terms to calculate multipole moments

WORK IN PROGRESS
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61, Grs, Gp. Gas, Gy, Gas, Ga, G, Gos, V.Gr, H, Hs, Hos, HE, UP, Us®, Us U2, V2 U2, V2 U2, V@ VP ooy, V@ VP Poan, V2, P V.V, vVo, ¥, Y V2 Ko Rt K2 V0 VP Ko X°2.X"25: Zs(X).
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Z5(U Us), Z5(U v?), E5(v*), Zs(v-V), E(E(Us as)), Zs(P2), Ze(®%1), Z(Us?), 5(U°), E(Us” &), 5(US bs), v° 5(Us as), Z(Us v* as), Z(U Us as), (U V?), v.Z(v v), Z(v*), Z(v.V), (ks as),
3(2), K(O%1 as), H(D%3 as), H(P%s as), V2 D%, V2 B, 12 O, v2 0%, U Us?, v2 U Us, vV U, UX, UXs, UDr, U B, v* U, US(Us &), U D1, U ©%, U D%, Us V.V, Us X, Us Xs.

Us 1, Us @z, v* Us, Us 5(Us a5), Us D%, Us @2, Us @25

P coefficients

2 Gas, 85 Gas, 8 Gos, @5 Hos, a4 H, G5 Us®, by U, a4 U, s Us U2, by V2 U2, 25 V2 Us, s Vo, 86 2 Koo 35 X235 X200 s 25(X). @5 Zs(Xs), @s Ls(P1), a5 Zs(9%2), as Ts(P°25), as X1,
s X(Us @), s Z(as Z(as Us)), as Zo(U°), as Z(Us?), @ Ze(Us v°), as Zo(U Us), @s Zo(UV?), as Zo(v*), @s Za(V.V), @s Ze(2(Us ), @5 Zo(P2), @ Ze(@°1), as Z(Us® as), as Z(Us” as),

a5 3(Us? bs), as v? (U as), as (Us v2 as), as Z(U Us as), @ Z(Xs as), as Z(@°1 as), as Z(D% as), as (D75 as), v2 %1, a5 v2 D%, a5 v2 B2, 85 v2 o, bs U Us?, a5 U Us?, as v2 U Us,
85 U Xs, 85 UE(Us a5), 8 U 9%, 8,U ©%, ag U @2, 85 v.V Us, 85 Us X, bs Us Xs, 85 Us Xs, @5 Us ®1, 85 Us @2, bs Us E(Us 5), bs Us 1, a5 v* Us, a5 Us 5(Us as), as Us @1, bs Us @%,
a5 Us ©%, bs Us @%25, a5 Us O

TsF1

U0, Us o, Us 5(Us a4), Us 81, Us 85, Us 0, Us V.TUs, U(TU), Us2(VUS)2, Bp (VUL)2, 5(Us a5) (VUs)2, 01 (VUo)2, TE(U2).V Uy, VE(Us2).¥ Us, TE4(Us v2).VUs,
VEG(U Us).VUs, VEo(U V2).V Us, VE5(5(Us a5)).V Us, VEg(®1).V Us, VEg(P2).VUs, VEo(P25).VUs, VEo(D%1).VUs, VE(%2).V Us, VE(®%25).V Us, VE(Us? a5).V Us, VE(Us U as).V Us,
V(as 5(Us @5)).VUs, VEo(V*).VUs, VEg(v.V).VUs, VE(X).V Us, VE(Xs).V Us, VE(Us? bs).VUs, VE(Us V2 as).V Us, VE(Xs @s).V Us, VE(®%1 @5).VUs, VE(®%2 85).V Us, VE(®®2 5 as).V Us,
VG2s.VUs, VG35.VUs, VGs5.VUs, VH .V Us, VHE.V Us, X5 (VUs)?, (V)2 VE(Us 85).VXs, V8%V X5, VOS2V %5, VO, s.vj(g,vus.v(:/)s, VU5, VUs VK 25,

VU X1 VU X(Us 5), (VE(Us @5))2, VO°1.VE(Us as), (VO%1)?, V&%V P% 5, V2. VE(Us @), VOV D%, (VO%)2, VO . VE(Us a5), V%25V D%, (V&2 5)2, P2 Vo Us Vi Us,
P2s® VaUs Vi Us, ©12° V, Us Vp Us, ®%2 (VUs)?, @25 (VUs)?, Us uf, Us VUs.VE(Us a5), Us VU VD, Us VUV D%, Us VU V525, Us VUV Xs
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s G1,05 Ga, ps Gs, ps U2, ps Us®, ps V2, 05 X2, s X 2.6, Ps Za(V2), Bs Zs(Xs), Ps Zs(D%2), s Ts(D%25), ps s(Us?), ps Zs(Us U), ps Zs(Us v2), ps Zo(Z(Us as)), ps Zs(D%1), ps Z(Us U), ps Z(X).
s Z(®25), ps Z(U?), ps (Us? s), s E(U V), s E(P1), ps E(P2), s E(P2s), Ps H(®%25), Ps U Us?, ps U X, ps U P2, ps U D25, ps U Bz, ps U Py, ps U Us, ps Us Xs, Ps Us B2, ps Us %2,
s Us @2, Us %, Us 1, G7.VUs, P(Us VU3).VUs, V2.V Us, V325V Us, XV Us, 5(v2 V).V Us, ©2.9Us, V.VE(Us a5), V.Y D'y, V.VO%, V.V D', VYU, Us, V.Y ')3('5, P3s® Y,V Us,

PS3s™ VoV Us, PSa™ V4V Us, P(VE U V) VW, Us, P(VE U V2 X) V4 Vs Us, P(VE Us V) X) VoV Us, S VaV5 Us, S26% VaV5 Us, X ¥ V5 Us, 2(U) V4 ¥ Us, S0(Us) Va5 Us,
P3®),9, Us, P3 ) V495 Us, Pess® Va5 Us, PSss® V55 Us, PSs3s™ V¥ Us, P(7 Us P9 X(Us 85)) Va Vs Us, PV Us V904 ) Vo ¥ Us, P(74 U 72 1) 7,V U,

35(Us V@ v?) Va Vb Us, 5(Us v2 v2) VoV Us, (U V2 vP) VoV Us, E(v2 V2 V) VoV Us, D1 V¥, 5(Us as), 1% Vo Vp O, @1 VoV 0%, 042 V¥, @55, P V4V X(Us as),

P2 VoV 0%, Po® VoV ©F, P VoV %25, Pa 5™ VoV X(Us as), P2s™ VaVs ®%1, Pa % VoV ®%, P s VoV 025, D1 Vo Vi X, P2 Va Vb Xs, P2s™ VaVbXs, U (;()s, U Us Us,
US(Usa5), U™y, UB2, U 55, U U2, UVUY, U2 Us, UR(VUS)2, ® Us, ®2(VUs)2, D55 Us, %5 5(VUs)2, Us2(VUs)2, Po™ Va Us Vi Us, P s Va Us Vi Us, 1%V Us V5 Us,

PV Vieb1) ¥V Us, Us V.V Us, P2® Va Vs Us, P2s™ Va Vs Us, @12 Vo V5 Us

PUP Us a5, ps UP V2, ps UP, ps U2 Us, p®2 Us 85, 05 D2 V2, ps @2 U, ps Bz Us, pD°25 Us as, ps D25 V2, ps D25 U, ps D25 Us, pUs® as, ps Us? V2, ps Us® U, ps Us®, ps Us (Us as),
ps Us ®°4

Terms like 7 require 3PN equations of motion

# Solution: Laura Bernard!

WORK IN PROGRESS

ATricky in Will, Wiseman &Pati



To-do

+ 3 PN EOM (Laura Bernard et al.)
—> Scalar Waves

+ Multipole moments (us)

Feed into ready to use waveforms ¢——— Energy Flux
(Sennett et al.)

l

2PN scalar tensor templates for LIGO data analysis



