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Abstract: The effective field theory framework yields a systematic treatment of gravitational bound states such as binary systems. Gravitational
waves emitted from compact binaries are one of the prime event candidates at direct detection experiments. Due to the multiple scales involved in
the binary problem, an effective field theory treatment yields many advantages in perturbative calculations. My talk will review the setup of the
effective field theory framework and report on recent progress in gravitational wave phenomenology.
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. Motivation

gravitational waves, LIGO, VIRGO, LISA..., binary inspirals with black hole or
neutron star constituents, post-Newtonian expansion

). EFT Setup

scales in binary inspiral, integrating out short-distance physics step-by-step,
potential and radiation gravitons, finite size effects, spin

). Radiation Sector, Radiative Effects & Spin

expansion parameters, calculating the power loss, tail effects, classical RG
running of multipoles, PN matching for multipoles, spin effects

—_

. Qutlook & Conclusion



otivation_

e Einstein’s GR predicts gravitational waves (GWs)

e so far “only” indirect ) E
evidence for GWSs __ _
> Hulse & Taylor, Nokel = -
Prize 1993

» direct detection expected
In the next few years

™
‘I
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e interferometersfor GW detection LIGO, VIRGO,
TAMA, GEO (now, earth) & LISA (future, space)

o~
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e ground-based interferometers for GW detection
LIGO, VIRGO, TAMA, GEO

e sensitivity AL/L <1072 for v~ 10— 10%H=

Best Strain Sensinviges for the LIGO Interferometers
Compansons .|m~rr:§': 535 Runs LGOS0 R 2 -7
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otivation

Possible Sources for GWs at LIGO & co:

* coalescence of compact binaries, with black
nole (BH) or neutron star (NS) constituents

* pulsars =

* supernovae/bursts

» stochastic background
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ptivation _

e upgrade to Advanced LIGO, running in 2015

e Advanced LIGO has roughly 10 times higher
sensitivity, which increases the event rate by a

factor of ~ 1000 _

X
e estimated event rate for binary inspirals:

BH/BH: ~ 1 —500 per year
BH/NS: ~ 1 —30 per year
NS/NS: ~ 10— 100 per year

IIIII



Binary Black Hole Mergers

Inspiral Merger Ringdown
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(a) Equalmass
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ptivation

Binary Black Hole Mergers

Inspiral Merger Ringdown
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Inspiral
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Inspiral Merger Ringdown
A -

*: o i
— ” /‘X e - ) - __5 a2
- J P - o

. i g L - 0 s =

# ~ - 3 JL

- b
e inspiral can be calculated perturbativelyin an
expansionin V2 ~ GM/r,up to ~ 107 cycles

observable in LIGO band

e merger from numerical computations

| "*"ffngdown from quasi normal modes analytitdlly



]

illustrations from http://cgwp.gravity.psu.edu/outreach/
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 phase needs to match during all cycles observed
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ptivation

e need to know phase to precision A¢/o6 < 1073

e from P = —— obtain phase —= ~
dt F w? P

—> need to know E(w)gand P(w) to ©(v°)
beyond leading “Newtonian” order in the

post-Newtonian expansionin v2 ~ GM/r,
l.e.at “3PN” Cutler et al., astro-ph/9208005

 amplitude of higher precision important, e.g.
forimproving LISA’s angular resolution or for

Pirsa: 11030114

“comparison of analvtic and numerical results



otivation

State of the art & goals for current project

e neglectingspin: 3.5PN phase & 3PN amplitude
Blanchet et al., gr-qc/0105099, gr-qc/0406012; arXiv:0802.1249

* including spin: 2.5PN phase & 2PN amplitude
Buonanno et al., gr-qc/0605140; arXiv:0810.5336 [gr-qc]

e spin for BHs in binariescommonly close to
maximal

-> match precision of waveforms with spin
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otivation

What can we learn from binary inspiral signals?

Pirsa: 11

stringent test of strong gravitational dynamics
masses & spins of BHs and NSs

astrophysical abundanées of such binary systems
structure of NSs/BHs, e.g. NS equation of state (?

can use binary inspirals as “standard sirens” for
measurements of dark energy and structure
formation e.g. Cutler & Holz, arxiv:0906.3752 [astro-ph.CO]
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e build effective theories based on hierarchy of

scalesinbinary r« < r < A

e scalescorrelated rg ~ ’027‘, A~rT/U
by single expansion pagameter
v which is orbital velocity
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matching

matching
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full theory: extended objects coupledto GR 1

relativistic point particles coupled to GR 7

NR 2-body problem ~

1
composite multipole object coupled to GWs ;

|

Pa#l/%

| ~



Features of effective field theory treatment:

e systematically accounts for physics at each scale

e disentangles physical effects at different scales
and thus makes calculaﬁtions more tractable

e definite power counting

e divergences well understood, standard
regularization & renormalization program

e renormalization group methods

.. alternativeto traditional PN methods

fiDlancrhhedy Ditmnrnannmnea Tlamamiire CArlhhafar WAL i
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e action: point particle coupled to gravity

Spp = —2m2, /d43:f\/—gR

SGF — 'mj’%l /dﬂr.’}:\/ =g [ H I""’gw harmonic gaug

2

Spp=— 3 my [drv -
N=— - k¥

~

finite size effects
L 3 U
\/gﬂy(mN)d;rNda:*\r
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matching

matching
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full theory: extended objects coupledto GR 1

relativistic point particles coupled to GR 7

3
NR 2-body problem ~ | |

composite multipole object coupled to GWs

Pa#p,/ge

|
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e action: point particle coupled to gravity

e = mj%l /d4:€\/ =g [ H r“"”gw harmonic gaug

finite size effects

Q.
ks
>

|

/
V 9ur (N ) dalydx’y
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e action: point particle coupled to gravity

Srg = —2-m12;.l /d433x/—gR

Sap = ’mj‘%l /d4:17\/ =g r‘”l‘”gw harmonic gaug

finite size effects

8.
s
i

|

/
V gw(mf\r)dwirdxgv
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Finite size effects (spinless)

* needto include in Sy, all operators allowed by
symmetries, RP| & general covariance

—I—)//ﬂ{R—I—CW

3 com / drEuE* + cp / dr By B
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Finite size effects (spinless)

* needto includein S, all operators allowed by
symmetries, RP| & general covariance

—I—)///QKR—I—CW

3 e / drEu E* + cp / dr By, B

3
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Finite size effects (spinless)
+CE/dTEl_LyE#y+CB / dTB#yB#V

e only terms with Riemann tensors can yield
finite size effects

e can show that first enter at ©(19) or 5PN

e for NS possible enhancement of finite size
~w&ffectssince rpg/rs ~ afewand effect ~unz; o
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Finite size effects (spinless)

* needto include in S, all operators allowed by
symmetries, RP| & general covariance

+)//4FR+CW

3 i / drEuwE* + cp / dr By B
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Finite size effects (spinless)
+CE / dTEl_LyE#y+CB / dTBHyB#L}

e only terms with Riemann tensors can yield
finite size effects

e can show that first enter at @ (»19) or 5PN

e for NS possible enhancement of finite size
~.effectssince ryg/rs ~ afew and effect ~R; g

— P " B 1 w g m A — . am g



Spin

Porto, gr-qc/0511061, arXiv:0710.5150 [hep-th]

e introduced as additional degrees of freedom on

the worldline

e complications arise singe rotations comprise
only 3 out of 6 dofs of Lorentz transformations
— need to impose constraints to project out spin

e spin formalism gives effectively new vertices of
gravitational field coupling to worldline

 finite size effects for spinning objects arise
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Finite size effects (spinless)

+CE/dTEl_LL}E#y+CB / dTB“yB#V

e only terms with Riemann tensors can yield
finite size effects

e can show that first enter at ©(19) or 5PN

e for NS possible enhancement of finite size
~.effectssince ryg/rs ~ afew and effect ~xR; g
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Spin Porto, gr-qc/0511061, arXiv:0710.5150 [hep-th]

e introduced as additional degrees of freedom on
the worldline

e complications arise singe rotations comprise
only 3 out of 6 dofs of Lorentz transformations
— need to impose constraints to project out spin

e spin formalism gives effectively new vertices of
gravitational field coupling to worldline

o finite size effects for spinning objects arise
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Finite size effects (spinless)
+ CE / dTEHyE#y + CB / dTBHyB#y

e only terms with Riemann tensors can yield
finite size effects

e can show that first enter at @ (»19) or 5PN

e for NS possible enhancement of finite size
~.effectssince ryg/rs ~ afew and effect ~sx; g
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Finite size effects (spinless)

* needto includein S, all operators allowed by
symmetries, RP|l & general covariance

+)//4{R+CW

3 oaw / drEuwE* + cp / dr By B
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e action: point particle coupled to gravity

S = —2-m%z /d4a:x/—gR

SO = ’mj%f- /d4ﬂh/ =g r‘“'r‘”gw harmonic gaug

finite size effects

<8
S
2

|

9 (@) dehda
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Features of effective field theory treatment:

Pirsa: 3030114

systematically accounts for physics at each scale

disentangles physical effects at different scales
and thus makes calculaﬁtions more tractable

definite power counting

divergences well understood, standard
regularization & renormalization program

renormalization group methods

alternative to traditional PN methods ...
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e action: point particle coupled to gravity

S = ’mj‘%l /d4.’17\/ =g [ H r“"”gw harmonic gaug

2

Spp=— ) mpy /d’TN g ik~

o

X finite size effects
g M U
\/ uv( i\r)d;rNda:N
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Finite size effects (spinless)

* needto includein S, all operators allowed by
symmetries, RP| & general covariance

+)//4{R+CW

3 rop / drEuwE* + cp / dr By, B

3
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Finite size effects (spinless)

+CE/dTE#yE#y+CB / dTB‘uyB#y

e only terms with Riemann tensors can yield
finite size effects

e can show that first enter at @ (1) or 5PN

e for NS possible enhancement of finite size
Pirsa:llo&;ffects Slnce T*\'S/TS' ~ d few and EffeCt Magéﬁ/sigS\j'S
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Spin

Porto, gr-qc/0511061, arXiv:0710.5150 [hep-th]

e introduced as additional degrees of freedom on

the worldline

e complications arise singe rotations comprise
only 3 out of 6 dofs of Lorentz transformations
— need to impose constraints to project out spin

e spin formalism gives effectively new vertices of
gravitational field coupling to worldline

' finite size effects for spinning objects arise
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e expanding the action around flat space, i.e.
pluggingin guv = Muv + huv, we could derive
Feynman rules and start calculating

BUT: that is not efficiegt for treating the non-
relativisitic 2-body problem! Need a definite
power counting in small expansion parameter v

similar setup to NRQED/NRQCD where modes
are divided into potential gravitons and
radiation gravitons, and radiation modes are

11111111



Potential modes H,,,

e vield binding dynamics of binary

e 4-momenta p* ~ (v/r,1/r)

e cannot be on-shell, so #ntegrate out

Radiation modes A,

e GWSs which propagate out to detector, on-shell
e 4-momenta k* ~ (v/r,v/r)

e treat as background field

PPPPP 111030114

: _ TR Page 47/96
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e for complete NRGR power counting rules, see
Goldberger & Rothstein, hep-th/0409156

e integrate out potential modes
e'isﬁff[;r)‘f h /DHE{ ZS[.I‘\ h—|—H]

iSefslzn, h] = iSolzn] + iS1lxN, h] + -
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Potential modes H,,,

* yield binding dynamics of binary

e 4-momenta p* ~ (v/r,1/r)

e cannot be on-shell, so #ntegrate out

Radiation modes A,

e GWSs which propagate out to detector, on-shell
e 4-momenta k¥ ~ (v/r,v/r)

e treat as background field
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e for complete NRGR power counting rules, see
Goldberger & Rothstein, hep-th/0409156

e integrate out potential modes
e‘fSEff[I.\” h /DHH eZS[I\ h—'—H]

iSesslzn, h] = iSolzn] + iS1[xN, h] + -
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ZSeff [37_\-*; E] — ?:S]_ [:L‘_\T'? }_z] 4.
= [l @

e calculateall graphs without external radiation
gravitons to obtain conservative dynamics of
binary system — E(w)

e 1PN: Goldberger&Rothstein, hep-th/0409156
e 2PN: Gilmore&AR, arXiv:0810.1328

»BPN: work in progress




Silzn, h] = T /d4,17 THF () By (x)

iy I (&) =10 3
e power counting forces us to Tay
expand h,,, in action S arounc

e vields a single worldline EFT wit
form of a multipole expansion

or
a single point

N action S71n

-+form fixed by gauge and reparam. invariance>



n—>0 3

L — 7
+ ) Z /d'rcg{ )Ja'bal”'a”(’?")val -+ Va, Bgp(@
={)"

e describe an arbitrary source of gravitational
radiation in the long wavelength limit

-».5iNgle worldline EFT endowed with multipoeles



Pirsa: 1

Ton Sector

two distinct expansions:
1. multipole expansionin a/\ < 1

2. post-Minkowskianexp.inn = Gm /A < 1

in PN regime a/\ ~ v8and n ~ v

multipole moments are Wilson coefficients
which encode short distance physics

given a description of the short distance physics
we can perform a matching calculation to

Lgetermine these Wilson coefficients



on Sector

Calculating observables

start from single graviton emission amplitude

tAp(k) = _

AL

. o 1 d’k
graviton emission rate dl, (k) =

T (2m)32|K]|

A-momentum flux P = / EFdT ), (k)

h=-=+2

“for total flux sum over all helicities
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on Sector

two distinct expansions:
1. multipole expansionin a/A < 1

2. post-Minkowskianexp.inn = Gm /A < 1

in PN regime a/\ ~ v8and n ~ v3

multipole moments are Wilson coefficients
which encode short distance physics

given a description of the short distance physics
we can perform a matching calculation to

getermine these Wilson coefficients



fon Sector

Calculating observables

start from single graviton emission amplitude

tAp(k) = _

. o 1 &’k
graviton emission rate dl (k) =

T (2m)32|k

4-momentum flux P = / ECdL, (k)

h==+2

“for total flux sum over all helicities

Ap(k)|



Ton Sector

e at order -nO the amplitudes are trivial and give
rise to standard results

A, (k) = g 1 g - E Epl .
X

ka-h[k‘[” k!——:—k kw“'Jﬁwﬁw-—-%k-kz[”:k-——-n

|

Il pj =)
o W B BN e Wi oem BB oo
PO — 2N [ dk | — | T9(k)|* + =k | T (k)| + == |[T7%(k)|" +- --
1 A T 5 49 139
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e gt order 770 the amplitudes are trivial and give
rise to standard results

oo 4 N L AL -
F,k.h[k‘[*qu km“”JﬁwAw-—-%k-kﬂF“:h-——

=)

I

4mn py

- Gy k° 16 i " '
PY = ,‘“,/ dk [ |77 (k) \ kS | 9 (kY|P + \[’-“"[A-_h'—---
Tl Jo 5 1389 '
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re Corrections

e long distance EFT contains more than just single
graviton emission diagrams

e nonlinear interactions of multipoles

e considerinteraction ofma single radiating
moment with the mass monopole -> tail effects

e physicallytail effects arise from GWs
propagating in Schwarzschild background due
to binary

Pirsa: 11030114



re Corrections

Leading Tail Effect at order 7

e simplest case: quadrupole + monopole
I M




Leading Tail Effect at order 7 %

e amplitude includes an integration of s
the form of a 1-loop Feynman integral

e integral part linear congbination of integrals

1\" / d1lq (1) " 1
k) J (2n)% \«o k? — (k+q)* +ie

e For n=0, long distance behavior (q — 0)is

/- {_Z:?vq 1 1
| Pirsa: 11030114 ' (2:]3 qj k . q

— logarithmic IR divergence



Leading Tail Effect at order 7 L
e amplitude reads 3
[[(1 = d)/2] d* — 8d® + 23 —28d + 24 [ K2 + i 4~
¢ 1 — / ) A f- r.1|l 4 = - _ o
- A e {7r)(4-3)/2 8 3 — 6d% + 8d ( 112 )
n, B2 &
:f'.,—lw. <« tGM |k ' L loo k - 1 F—E—le -4 ]
[ — 1 T~ 6

e |[Rdivergence from long-ranged 1/r potential

* |eading tail effect enters observables from
A :- — 1 + 2Re _l”i
_Llf._'u | vt Page 63/96

e 1Iniver<al factor indenendent of rad miultinole

— O f’,rj =1 +27Gymlk| + Of f;:
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e Corrections

Tail-of-Tail & Tail-Squared Effects at order 772

' & A A I M A I .Y 4 M

1) (B

e calculations challenging, with integrals
corresponding to 2-loop Feynman integrals

IIIII



re Corrections

Treating the Divergences

e |[Rdivergences cancel in any observable, and to
all orders they exponentiate to a phase
A, o2

=1+ 2rGM|K]| g

2
+ (GMK])2 [_214 ( 1 k 4 63491

l |O i —:_2 :
105 | gﬁ_ > -+ E) + —7

— 3 4410C

e UV divergenceand arbitrary scale ;, must be
canceled by renormalization of quadrupole
moment iAo = ——¢;(k h)k2I (k)
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— 1 + 27GM|K|

214 (1 k2 - 634913
+ (GM[k|)? |- = 10g +~,,E) +n2 4
vy B = J - 3

105 44100

T

* from requirement of y independence of physics

p I (K], 1) = — 2o S (GMIK))? 19 ([, )
du 10
214 y
I'7(|k|, n) = exp [*(G M |k|)*log } I'(|k|, o)
10 K0

-o=typically choose y = |k|and pug ~ 1/a ==



matching

matching
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re Corrections

full theory: extended objects coupledto GR 1

relativistic point particles coupled to GR 7

NR 2-body problem °

|
composite multipole object coupled to GWs ;

| ~



re Corrections

Renormalization and the RG

e EFTs are useful tool to resum large logs via RG,

where large logs means a correction of the form

(L+alogpu/poy ~ (1 4+ 0O(1))

e many examples where this is essential, e.g. QCD

corrections to weak decays

e unfortunatelyin gravitational wave physics the

Pirsa:

logarithms cannot become large
11111111 (1+mn%loga/X) where 1 ~rs/A,



re Corrections

Renormalization and the RG

e nevertheless RG yields interesting information
about the dynamics since it constrains the
pattern of logs in amplitude squared

<)

w'-l' L) '_ —J:j\? Ve . j - {_}l'j][jj = ‘ l: _{ -
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e independentof short distance physics
i1y PN case, predicts log”(n) term at (3n)PN



ve Corrections

Renormalization and the RG

e EFTs are useful tool to resum large logs via RG,
where large logs means a correction of the form

(L+alogp/poy ~ (1 4+ 0O(1))
e many examples where this is essential, e.g. QCD
corrections to weak decays

e unfortunatelyin gravitational wave physics the
logarithms cannot become large

e (1 4+n%loga/)\) where 71~ rs/A.




e Corrections

Renormalization and the RG

e nevertheless RG yields interesting information
about the dynamics since it constrains the

pattern of logs in amplitude squared

9
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e Corrections

Renormalization and the RG

e beyond leading log, new logarithmic UV
divergences will appear at every even orderin n

e sincerunningis a UV egfect, it is dependent on
which multipole radiated gravitational wave, and
we only calculated running of quadrupole

e RG resummation could be incorporated into
resummed waveforms
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e Corrections

Renormalization and the RG

e nevertheless RG yields interesting information
about the dynamics since it constrains the
pattern of logs in amplitude squared
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re Corrections

Renormalization and the RG

e beyond leading log, new logarithmic UV
divergences will appear at every even orderin n

e sincerunningis a UV egfect, it is dependent on
which multipole radiated gravitational wave, and
we only calculated running of quadrupole

e RG resummation could be incorporated into
resummed waveforms
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e Corrections

Resumming the leading IR tail effect
Iv I M I M M I M M M

IR

e summing ladder diagrams corresponds to
solving wave equation with Coulomb potential

vields a Sommertfeld factor 4mGM K|
1 — exp(—47wGM |k|)

Pirsa: 11030114
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: 1
5 = —m / dr — = /dI”Lab ;uﬁ.b('r)

Z /'ch’(QDIabal BT )Vay - - Ve Bagle,

n,—O R
_I_ Z /dTC%J) ]abal an(,r)val - vanBab(aj
n,—O

e How do we determine the multipole moments
given a short distance description at scales
smallerthan a?
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> Corrections

Resumming the Ieading IR tail effect
7 M M M

IO

e summing ladder diagrams corresponds to
solving wave equation with Coulomb potential

vields a Sommerfeld factor 4mGM K|
1 — exp( 4G U|k))
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n—_0 3

+ % Z / d'rc.g'J) Y i (7)Vaqy - Va,Bap(x
=
e How do we determine the multipole moments
given a short distance description at scales
smallerthan a?

Pirsa: 11030114




iSesrlen, B = Solea] +@S1ley. A+

Silzn, h] = T /'d4xT“”($)Tzﬂy($)

0T (x) =0 2

e compute one-graviton emission
amplitudes to define THY

e in order to compare this with the multipole
expansion we need to Taylor expand radiation
-uwhleld and massage action using aﬂT#V(g:) =mes ()




' 1
5 = —m / dr — = /dl‘”Labdib(T)

Z /drcg)l_abal (1r)Va,---Va, Egp(x,

n—O %
_I_ Z / dTC;g]) ]abal arz(T)Val s VanBa.b(x
n,—O

e How do we determine the multipole moments
given a short distance description at scales
smallerthan a?
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iSesflz. Bl = iSolen] +@S1lzy. AD+ -

_ 1 .

Silzn, k] = /d4x T (z) hyw ()
2my -

OuTH (z) =0 :

e compute one-graviton emission
amplitudes to define TH¥

e in order to compare this with the multipole
expansion we need to Taylor expand radiation
-uwhleld and massage action using 8MT#'V(3;) s ()




e in terms of integrals over THY multipoles are

-

1 : 3 T mll T kk -L,*,”_ 5 ll —00_ 2 : 5 B
[U — / h]"X (ll !——IJH‘ ‘——}[ AXL *?[ 1}(_) [XJX'I-IF——..
=) L

I /r/XT””XX‘rX} = ..

i - __} !’/'}X (F:.afTHLXJrXF _'.“_J'HHT“LX#X;) e

e use partial FT 7#(2°. k) = [ d®xe **T# (2°, x)
and Taylor expand in k to read off moments

~C

(—2)" : _ . ~
, 0 \ ¢ 3 0 1
b il 5 ) = E , (fd o Kl - 4P ) Jo o RS o ) Kyt~ K,
n!
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I (x) =0 %

e compute one-graviton emission
amplitudes to define TH¥

e in order to compare this with the multipole
expansion we need to Taylor expand radiation
-uwhleld and massage action using aMT#'V(gg) zes ()




> 1 -
5 = —m / dr — 5/ dz" L, ;uib(r)

1 .9 .
n > 3 / ch.gI)fabal'"a”’(T)Val Vo, E p(z
n=—_0" 3

= % Z / d'rc.g'J) .]abal'“a'”('r)val .+ Va,Bp(x
=0
e How do we determine the multipole moments
given a short distance description at scales
smallerthan a?
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iSesslen. Bl = iSolen] +@1ley. AD+ -

| : _
Silzn, h] = — /d4xT“”(az)hup(.r)
-3

O.TH (x) =0 2 £

e compute one-graviton emission
amplitudes to define TH¥

e in order to compare this with the multipole
expansion we need to Taylor expand radiation
-uwhleld and massage action using a}uTW’(Qg) =zmes ()




e in terms of integrals over THY multipoles are

¥ " 3 00 Tkk 'L-‘~||'~ L1 7002 vy
' = /r/"x (1‘ P — e \> xix ]+

11k 3 0 | I'F
I —/JXT mxx} g7 I
] l 'u! OA [ klr0k_ 1.1
IV = — d'x [T % + & THx %)+

o use partial FT 7#(2°. k) = [ d®xe % *T# (2°, x)
and Taylor expand in k to read off moments

X

7 {_‘;)” L Z
T (TP k) = E ' (/r{ xTH (2. x) x"! X‘*) Koo K
n!

r'.l—lﬁi




o T (20 k) = [ d3xe~**TH (20 x) from Feynman
diagrams, e.g.

T

00/ X z : T
Tj{j(l'o.k) = ‘mge 1k-x,,

a
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e simple Feynman diagrams yielding

) 7 3 G T . - T
Fl="8 g (1+2V§Z Ll )XéX{I
— L

b IXH — Xbi

11 d? [ 51 ; 1TF
e e J
42 G " dt? (xﬂ x| )

d - . TF
- g — m.a;i; (Xa - Vﬂ_ LX;X};} )

JYI — %Z Ma ((Xa X Vﬂ)ixﬁl + (Xa % V‘“)JXE)
I"-.J.'I‘T — Z IMq {Xéxéxé“} o
»=tor 1PN circ. orbit P = P; {1 o (

TF




Reality check — comparing with known results

= ' > o +
32¢5 5 ¢ / 1247 35 \ o i 44711 9271 65 -\ -
P = A e e S PSR ) . 32 2
5G =~ { ( 336 127/ LT AT + 9072 T 502’ t 187 )"
*(_8191“_/583£ ) =252
'\ 672 24 ) T4 W >
16643739519  16Y8 1712 856 |
— —nc — C ———In(16x)
| 69854400 3 105 105
- 134543 41 2), 94403 5 775 3] 3
= i = L T P — £
T\ 7776 48 3024 324 |

+ [ — '+ 0| —=
\"=02 T 1728 3022 ° )=z + 0 )}

from Blanchet, Living Rev. Relativity, 9, (2006), 4
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or PN = spin

Towards the 3PN phase with full spin-dependence

e conservative dynamics obtained to 3PN
Porto et al., arXiv:0802.0720, arXiv:0804.0260, arXiv:1005.5730
e computed matching of.all multipole moments
needed for 3PN energy flux/phase
R. Porto, AR, |. Rothstein arXiv:1007.1312 [gr-qc]
e work in progress: computing observables and

bring them into a form which is useful for
LIGO/LISA
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for PN - spin

Multipole moments for 3PN phase
e need to account for contributions both linear

and quadratic in spin
e at which order do spinzffects enter multipoles?

- >

O(B) |0(S4)|0(S5)

L ¢ b NKP?| mr® | mrfv? | mrfo?

(g = JdizTHx" ... x* 101 N 73] -
| mrfv | mrfvs |mr

3

6

1] )
K, |mrfo=|mrfv? | mr©
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or PN - spin

Multipole moments for 3PN phase

e mass quadrupole with O(S 4)and O(Si)
componentsto NLO & leading O(S 4Sp)terms

e current quadrupole wigh leading O(S- )and up
to NLO O(S 4 ) contributions

e mass octupole with leading O(S 4) and O(Si)
e current octupole with leading O(S )

e the spin-independent 1PN corrections to the
=-ff13dSS and current quadrupole moments



Multipole moments for 3PN phase

e straightforward from simple Feynman diagrams
o 5

- - : -
I g : [TV U
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e catching up slowly for spinless binary systems

e going beyond 3PN for spinless systems?
e full spin-dependencein phase to 3PN
e amplitude with full spia-dependence to 2.5PN

e eventually reach 3.5PN precision for binary
systems with spin
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IClusions

EFT framework is a systematic and transparent
way to organize classical calculations of GW
observables for binary systems

not limited to non-rel. PN expansion, can also
expandin m/M ...

method not limited to gravitational applications

catching up with traditional post-Newtonian
calculations

* new resummation from renormalization group

F = - - =2 N B W s e W e



