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The modern era of gravitational wave astrophysics started on September 2015:
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Consistent with gravitational waves from the merger of binary black holes at dy ~ 440MPc
m1(35.4mg) + mo(29.8mg) — m*(62.2mg)

corresponding to radii~90 km and separation 350 km.



Advanced LIGO

Michelson interferometers with Fabry-
Perot cavities.
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Compact binary mergers

Most promising GW events at LIGO consist of mergers of binary black holes or
neutron stars with masses mys ~ O(1)mg

There are three qualitatively different
regimes in the evolution of these systems.

Calculating the gravitational waveform 5~
o
Z
Py (1= 00) = Gpuv — My K 1 =
v
in each phase requires different
theoretical tools...
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The Inspiral Phase

This is the early part of the signal as the binary enters the LIGO band. Consists of
well separated orbits and slow (“adiabatic”) time evolution, with velocities ¢ / c <1

To a good approx, gravitational dynamics becomes linear, and Einstein’s theory
reduces to a simple wave equation:

(energy-momentum
of sources)

1
<—C—28t2 + V2> h(x) =—=16TGNT ) () “

The binary constituents can be regarded as point particles, with nearly Newtonian
gravitational dynamics:

2 Quadrupole moment
4GN d TT (inertia tensor)
R dt? "

S

Radiation field: hf—};.T —

dist. to source

dE Gy oo -
=~ (i Lij)

valid for arbitrarily strong (e.g black hole) but non-relativistic sources.

Radiated power:



Compact binary in a circular orbit:

m®/30%% Gy Ein
R R

h=|hu| ~

Use QZU/TNQ?TVGW and ’02 NGNm/’I" to find:

Orbital radius: 1/3
m m

1/3
r(10Hz) ~ 300km <—> —» 7(500Hz) ~ 20km (—>

meo meao

Orbital velocity:

m 1/3 m 1/3
v(10Hz) ~ 0.06 (—) ——  y(500Hz) ~ 0.2 <—>
me meo

GW strain: , AT 10_22 50MPec m 5/3 ( y )2/3
L R me 500Hz

for neutron stars as they sweep the LIGO frequency band .



Dynamics:

Time evolution at a semi-quantitative level through energy balance

d d 1 32
EE - 7 (—imzﬂ) = —Pow = —FGR,lvlo (circular orbit)
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Slgnal At = i(GNM) — == |~ 3min (ﬁ)
duration: 012 Vi Yy mo

s 1 (1 1 L m \ ?

corresponding to ~ 10* — 10° orbital cycles in the LIGO band.



What LIGO has seen so far in the O1 and O2 runs (blue and

Masses In the Stellar Graveyard

In Solar Masses

Known Neutron Stars




Simulated waveforms corresponding to 5+1 detected GW signals in O1+02:
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Not included: GW170608




GW170817

Strongest signal so far w/ SNR~32.4.
Corresponds to NS/NS at z ~ 0.01

Normalized amplitude
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Low-spin priors (|y| < 0.05)

Primary mass m;
Secondary mass m,
Chirp mass M

Mass ratio m,/m;

1.36-1.60 M,

1.17-1.36 M,

118810905 M
0.7-1.0

Total mass 2.7410%M
Radiated energy E,q > 0.025M  c?
Luminosity distance D 40*8, Mpc
Viewing angle © < 55°
Using NGC 4993 location < 28°

Combined dimensionless tidal deformability A
Dimensionless tidal deformability A(1.4M)
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Companion ~—ray burst 1.7 s after
coalescence allowed source localization
within NGC4993.
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The need for precision in the inspiral phase

During the adiabatic inspiral phase, the binaries are non relativistic. The
quantity

v/e <K 1

serves as a small expansion parameter that organizes the gravitational dynamics in this
regime. From the quadrupole radiation formula, the GW phase is

& 1 (1 1 —5/3
¢ = / w(t)dt = o <_5 - _5> ~ 10*radians <£>
" 32 \ vy vy me

Matched filtering to the LIGO data requires a waveform template that is phase coherent to
~ O(1) orbital cycles. Including GR corrections to the phase

o

O(1) + O(v?) + -+ - O(v°)]

suggests that the theoretical prediction should be accurate to at least  (v/c)® < 1



A more careful estimate by Cutler et al, PRL (1993) show that phase coherence between
waveform templates and the GW data requires theoretical predictions that are accurate to

“Precision

Sensitivity = (U / C) ’ aravity”

With higher order corrections motivated by matching analytical and numerical GR...

This means that the inspiral phase carries a wealth of information about the binary system.
One expects to obtain

1. Accurate measurements of masses, spins, and distances
for compact binaries outto d; ~ 1000Mpc

2. Stringent tests of classical GR and constraints on “new
physics”

3. Dynamics of BH horizons, neutron star EoS...



Hulse-Taylor pulsar (1974):

a case study

This is a binary NS/NS system with v /¢ ~ 107" and orbital radius ~ 1R
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Symbol
Parameter (units) Value
(i) “Physical” parameters
Right Ascension a 19%15™27.599999(2)
Declination ) 16°06'27."4034(4)
Pulsar Period P, (ms) 59.0299983444181(5)
Derivative of Period P, 8.62713(8) x 10~ *
(ii) “Keplerian” parameters
Projected semimajor axis ap sini (s) 2.341774(1)
Eccentricity I 0.6171338(4)
Orbital Period B, (day) 0.322997462727(5)
Longitude of periastron wo (%) 226.57518(4)
Julian date of periastron 1h (MJD) 46443.99588317(3)
(iii) “Post-Keplerian” parameters
Mean rate of periastron advance {w) (° yr—') 4.226595(5)
Redshift /time dilation ~' (ms) 4.2919(8)
Orbital period derivative B, (10712)  —2.4184(9)

my, = 1.4414(2)mg

m. = 1.3867(2)m

©




: Blanchet et al. PRL (1995)
Post-Newtonian Theory Damour et al PLB (2001)

Blanchet et al PRL (2004)
Goldberger and Rothstein PRD (2006)

The starting point for the velocity expansion of the binary system is Einstein’s equations

recast as a non-linear wave equation for a spin-2 field propagating in flat space
(eg Weinberg 1972)

(—0? + VA (z) = —167GNTH (x) (huv = G — Mo

where the source term on the RHS is the energy-momentum of matter and of gravity itself

TH = THY 4 TH
( ) / \ (grav. energy-momentum)
matter source

~ hO*h + h*0°h + - - -
which is conserved, (‘LT“’” = 0,by Einstein’s equations. The GW waveform at » — o0 is

B 4GN dw
o 27

hij (t, .f) €_ithij(k)

~

w/ T (k) = / d'ze’™ T () B = (1,7 =

) k? = (0 (“on-shell” wavevector)

S |8y



In the post-Newtonian limit, the sources can be treated as a point particles. All the effects
of finite size (tidal, etc) can be described model-independently by an “effective Lagrangian”
Goldberger and Rothstein PRD (2006)

T =T 4 T

multipoles)

Spp — —m / d7- + C/dTR/Qu/ozB 4o (spins, higher gradients,

Containing in general an infinite number of terms suppressed by powers of re/A <1
The coefficients encode the tidal response to an ext. gravitational field. E.g

C X “Love number”

depends on (hon-gravitational) microphysics:

4 .
C ~ M Flanagan and Hinderer,
NS R 2008; depends on NS EoS

CB de:4 — O (Damour et al; Poisson et
al;Kol+Smolkin 2010)



In practice computing higher order terms in perturbation theory (,U < 1) is difficult for
two reasons:

Many terms in the expansion of ["H¥ (aj) at high orders in h,LW

Many physically relevant scales

Gravitational radius: rg = QGNM
Physical radius: TS(: g for BH)
Tg~Tsg >T > A
Orbital scale: T
Radiation wavelength A\

\4

all correlated with the perturbative expansion parameter

ro~ Ty v A~rfv~r, /v



We (Goldberger+ Rothstein, 2006) found that these challenges can be ameliorated by
employing some 20th century tools from quantum field theory:

Many terms in the expansion of 7MY (x) at high orders in h,uu

===l  Organize the expansion in terms of Feynman diagrams

Many physically relevant scales

—~ Treat each scale separately, by constructing
a tower of gravity Effective Field Theories

__ 1.potential rad
R = huv + hW



Feynman Diagrams from Graviton Effective Field Theory

In order to simplify the classical calculations, | will use a field theory of gravitons:

Feynman, DeWitt,

Graviton EFT (GREFT)= Low Energy Quantum Gravity Weinberg (1960);
't Hooft+Veltman (1970s)

This is a Lorentz invariant theory of spin 2 particles interacting with matter. The linear
coupling to matter is

Lin — "
" Mp,

(analogous to EM interactions Lint = ApJ" ). This theory makes sense at energies

E < Mp; =1//321Gn ~ 1019GeV

so it is an “effective field theory” with limited predictive power.

(*see chiral perturbation theory=pion EFT, in QCD)



Because the graviton couples to energy-momentum it must couple to itself:

g g
LT
Mp,
g

Together with gauge invariance, this implies that there are is a tower of
self-interactions

This is similar to QCD, except that in gravity, the # of self interactions is infinite.



Even though “GREFT” cannot be used to make sense of quantum gravity phenomena at
energies i, ~ M| p; , it does make unambiguous low energy predictions. E.g.:

1 1 1 2/
W W 1 1/
1 1’
Graviton
. A= + + +
scattering:
DeWitt, 1967. ) o/ 5 )y

2 2 2 1/

11 1km 2
4 0 ) + O(G?\TELL) ~ 107" barn (T) 1

O(h) corrections to
Newton potential:

Donoghue et al 2002, Khriplovich et al 2002

V(T)hl — % + ﬁ} + éj:::?

41 GNﬁ Glemg

— . N 10—64 (1mm>2 y GlemQ
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This theory also makes predictions that are less academic in nature. In particular, it has
applications to the inflation paradigm for early universe cosmology

Tensor modes: B e (k)2 s
h-h=) = (27)36° (k . * N _7( *<))

L.Abbott and M. B.Wise (1984) ighg) = (2m)°0"(k + 9) T2 M3, 10\ ToGey
k q

Scalar and \ /

tensor “non- o h

Gaussianites” ( pitq 5) =

J. Maldacena (2001) T 7

These predictions are relevant for estimates of
B-mode polarization effects in the CMB...




As first shown by Duff (1973) the Feynman diagrams of GREFT also reproduce classical
solutionsinGR: —

(NOT A
( PROPAGATOR!)

(“deDonder
coordinates”)

w/ O(1/r°) “two-loop” terms computed first by Goldberger and Rothstein (2006).



Scale Separation:

The Lorentz covariant GREFT is not optimal to the bound state problem. There are two
distinct kinematic regions relevant to the non-relativistic limit

Potential
E)czc?\l;rlmage: RH ~ (U/T’ 1/T)
Radiation: kM~ (U/’I", U/T)

It becomes convenient to reformulate the GREFT by splitting up the fields into modes with
non-overlapping support in momentum space:

__ 1.potential rad
Ry = h/w + h/w



The basic idea is that the potentials are short distance modes, and can be
“integrated out”. This technique is borrowed from EFTs for heavy mass bound
states in QED (ete™,ut ™ ) and in QCD (QQ = c¢, bb, tt): “NRQED” “NRQCD”

(Bodwin et al (1994);
Luke, Manohar, Rothstein (1997))

oL(mv°)
&0¢
6‘33\ § (Manohar and Stewart)
ol (mv) (@ %3 3
¢ 3 3

Double expansion in AQCD/TTLQ <1 and v ~ oy (mQ) < 1

__ pApotential rad
A, = AP Ar

~

! Q,Q — BH

We found in gravity a similar splitting is useful, with
g y P g A,u N h,uy




Tower of gravity EFTs:

-

R =0

Full theory:

J

Uuv

Finite size
S = SgH + Spp

~N

J

Uuv

2-body
(“N RG R”)

~N

J

Uuv

-

Radiation

(multipole+non-
linear GR)

~N

J

IR matching

€« 7)o = 7“5/"“(2 "“9/7“7 BH)

IR matching

«—— 1 =714/7(=v?,NR case)

IR matching

ne = r/A(= v, NR case)

————
n3s = ry/ A= v>, NR case)

Independent EFTs with distinct expansion parameter coincide in PN limit.
UV divergence in EEF'1'; 1 1 corresponds to IR effect in EEF'T;



Leading order:
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Hoffman Lagrangian (1938)
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2PN (1981-2002): Some of the diagrams are (Gilmore+Ross, PRD 2008)
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1 2 L
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4

, 1 , 3 7 1 ,
+Gmlm2 gal "NV, + —a; s vin- vy — zal VoIl -V — gal ' n(n ' Vz)

2
15 1 reducible to one-loop integrals via
+Gmymer| —a; ra; — —a;-nasz ' n .
16 16 IBP: -1y .
G*myms (T , 5 T 1 2 / d—1 2 218
+ 3 1V + 2v5 — 5 V1" V2 + i(n V1) (27T) [(k - p) ]a[k ]
G'mymy 3G mim; + (1 2), (simplification of PT via field redefs:

273 279 B. Kol+M. Smolkin, 2007-2008.)



Radiation in the two-body sector

(WG+Ross,2010)
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State of the art: Potentials at 4PN (Foffa, Sturani, Mastrolia, Sturm, PRD 2017). All
diagram topologies
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static part of the 2-body potentials:

Z r 3 Glemg N 1GN777,‘11m% 141 Glemg’

ro 3 ro 8 ro

Is there an easier way?



Color-Kinematics
“Duality”



A hint that there is a hidden simplicity in gravity comes already from DeWitt’'s 1967 result:

1 1’ 1 2/

Summing the diagrams and squaring the amplitude yields a simple answer

do 402 2 32 + cosl? g
Qo N Tem Sin4g

However, the intermediate steps are far from simple....



E.g., the graviton triple self-interaction:
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deWitt, PRD 1967:

pressions. Nevertheless, a large amount of cancellation
between terms still has to be dug out of the algebra,
and this, combined with the fact that the final results

rerldulousl 51mple leads one to_ elev 7 at there

619 oinbl
da++=do'_._=4G2E2[cos 261' sin®30
dQ  dQ sin?30  cos?*30
2
41 sin2e] . (3.19)
doy_ cos?30
Te , (3.20)
dQ sin16

Developments in theoretical particle physics starting with Witten’s twistor string theory
(2004) have given insight into the “ridiculous simplicity” of results not only in perturbative
gravity, but in gauge theory (eg QCD).



Bern-Carrasco-Johansen (BCJ) “duality”: (2008)

or,

“Gravity is the square of gauge theory”

To understand, look at gluon scattering in QCD:
1 1 1 2 . y
| y W W
A — }mm*‘i + + + }i
2 2/ 9 9/
2 2" 2 1’
The triple gluon interaction has the structure:

14 v
a b

= [ 9" (k—q)" + 9" (p— k)7 + 9" (¢ — p)*]
Col
a,b=1,---8 = # of gluons

QO

Kinematics



The gluon scattering amplitude in “BCJ form”

1 1’ 1 2/
1 1’
1 1’
. ;}mm{ +y‘?§%ﬁ% + y‘ﬁ%jL
/
2 2 2 2/
2 2" 2 1’

A: NsCg | N ¢ Ct | T q, Coy
S ! t ! U

Here S, t, U are the Mandelstam kinematic invariants (CM energy, scattering angle):

s+t+u=0
and:
Cs.t,u — Color factor Ns tyu — Kinematic factor
with
ce +ct +c¢c, =0 (Color “Jacobi id.”)

ne+n:+mn, =0 (Kinematic “Jacobi id.”)



The BCJ “double copy”:

BCJ noticed that by applying the color-to-kinematics “duality” transformations:

Cs — Ny Ct — Ny Cy — Ty

the 4-gluon amplitude maps onto

A N1 TV+ 11 TV, T
Y M s'ls tIut ulby
S U

This precisely matches tree-level graviton scattering in GR!

This is the easier way of doing deWitt’s calculation...



i o Goldberger+Ridgway, PRD 2017
The CIﬂSSlcaI DOUbIe Copy' Goldberger+Ridgway, PRD 2018

Goldberger, Prabhu, Thompson, PRD 2017
Goldberger, Li, Prabhu, PRD 2018

Does gravity = (gauge theory)?2 provide a “much easier” way of obtaining classical GR

solutions?

We’ll check this by brute force, starting with a system of “classical quarks”, interacting

self-consistently through gluon exchange:

/J% Degrees of Freedom:

=
N

\]
N—

M
<)
/ol Y(r)=1| g
b

cotoo (’5\ <

gepeey
N— —

c(r) = ¢1T

A =4 HN (Color charge)
“Wilson line”

Here, “classical” means that there is no pair creation £ < 2mg.

zH(7)

vH = gH
(Orbital)



This system evolves according to the classical Yang-Mills equations

D, F/F(x) = gJ (x)

Jh(x) = 32, ca()Vh ()6 (Z — Za(?))
which are a “non-Abelian™ version of Maxwell's (D, = a9, —igA,, ):

—

D-E*=Jg D x E* = —D, B¢

o

D x B = J* + D,E@ D - B% =

Particle dynamics from current, D,J5 =0 | and energy-momentum conservation:

dp,u armpu U df — R
—— = gc*F¥ v > P, B+ x B

dT

(Non-Abelian Lorentz force)

(A DCa — O (Local conservation of color charge)



Our interest is in a collection of charges interacting self-consistently and emitting
radiation out to infinity:

~ 4 & ! QO\ OO\
S -

. aé (o “ o

ot p or Vs x@ﬁ\@@w

R

(classical Bremsstrahlung) (()() binary inspiral)

In either case, our focus is on the gluon radiation field measured by detectors at infinity:

. [dw . -
lim A,(z) = 2= [ et ju(k)

7— 00 A7r 2T

kF = w(l, —)



The classical solution has a representation in terms of Feynman diagrams

Integration [d‘%a efwa-wa] dils eils s )
measure: Hap(F) = dTadrs (2m)* 02 (2m)r 43 (2m)"( g — k)
Partial AR g

, Vo, 85 K
amplitudes: adj,s adj, 8( a,fs Yo, 3 )

Checks: (1) kujfj —0 v
2) classical brems. (Gyulassy+MeclLerran, 1997) v/
(3) NRIlimit: v

Jz) = &3(D)p () p(t) = Z coZo (Electric color dipole

o radiation)

N



Color-to-kinematics map:

Inspired by BCJ, we make the following formal replacements to the gauge theory result

) > iph(r) |

oo

1
ifa1a2a3 _y [vvavs (q17q27q3) — _5 [n’/lV?, (ql _ q3)1/2 + 771/11/2 (q2 _ ql)l/s + 771/21/3 (q3 _ q2)’/1] :
\_ J
[pa ) — pli(7) )
~N
1
\
y— oy /21
Mpy




This mapping produces a gravitational source

a
~ R
= 1 1 v v v H
TR = >_mamg [ dpap(k) | 5(va - vp)(ls — La)” + (vg - K)vg — (v - k)vj | Ay,
Pl «,B R
~(va - vg )0l AL
. _

that is a consistent perturbative solution of Einstein’s equations of gravity:

T (k) = T"" (k) k, T (k) =0

It yields spin-2 gravitational waveform:

4GN dw iwt *UY ~
= —— [ e W (k)T (R),

h:l: (tv ﬁ)




Who ordered that?

Our mapping between QCD and gravity also implies a spin-0 wave
. GN dw

¢(t7 n) — a_

r 2T

that is not there in Einstein’s theory of gravity. Which gravity theory is it?

e_mjwu(k)

We (WG+Ridgway, PRD (2017)), showed that the radiation fields correspond to a scalar-
tensor gravity theory known as dilaton gravity

S =5, + S,
S, = —2m% 2 /ddx\@ R—(d—2)g""0,¢0,¢]

Spp:—m/d76¢+---,

This is perhaps not completely unexpected given results by Bern+Grant(1999);
Scherk+Schwarz (1974) and Kawai et al (1986), as well as the BCJ mapping:

Au R Au _ gb & B,ul/ & hw/ ¢ = dilaton

B,, = —B,, = axion
between QCD and gravity.



We verified this fact by explicit calculation in the dilaton-gravity theory:

- )
) k
TR
M
graviton emission
channel: ,
o E .
£00000 1y
ZBI :
\_ J
( // )
scalar channel: 5 ;
(a) (b) (c)
M E v
f[;[
\_ B J
(d)
CheCk: PN ||m|t IN 4D 2G ng _ Zma (xgwj 3513 —»2)
s N
hij(t, i) = ——[Qs; ()" "
2
o(t, 7)) = —GN Ma | T2 = To - To — 1—d2(fa )2 ),
T 2 dt

agrees with (Will+Zaglauer 1989; Damour+Esposito-Farrese, 1992)



Axion radiation and particle spin

Goldberger, Li, Prabhu PRD 2018

If our classical quarks carry spin, it is possible to introduce a “chromo-magnetic” dipole
interaction with the gluon field

1

Sint = §gsl<;/chaSWF£”

This is the relativistic version of the more familiar (in 4D) magnetic dipole interaction

gsk
T

Sint — dt6a§° B’a

with Lande g-factor given by g, — —2K



Egns of motion from conservation laws:

Dujg = » (?} . D)Ca — %gs/ﬁ[SWFW,c]a

d 1
gp“ = gsc"F!'v, — §/<;gscaSO‘BD“F§B
QLLT'LW =0 — — d

%SW = pto” — pPouH — 2&gscaF§‘[“Sa”]

Then the total current at O(g*), working to linear order in spin:




Double copy

Same formal replacement rules as before, w/. S** — S*¥ yields a gravitational field

~

JH(k) — iTH (k)

a

which is again of the form

P = g 3 [ dsash) | (5m s) 63— €0)” + (03 DO (5o O ) AL

—(pa - p3)PL AL

Once again, this encodes spin-2 (graviton) and spin-0 (dilaton) waves. In addition, there
is radiation in the (anti-symmetric) axion channel

TR (k) — TV (k) # 0

So turning on spin, we are now sensitive to all the massless fields in the decomposition

A, @A, =@ By @ hy



Focusing on axion radiation, the double copy can be used to read off the interactions of
the gravitational theory:

Se Sa
= o= - = o= =
|
|
% :%
% | o v
I
|
|
= b >
5]

curly=axion wavy=graviton dashed=dilaton



In the spinning case, theoretical consistency of the double-copy map imposes
constraints on the form of the gravitational interactions:

p - )
1
S, = —2m%; /ddx\/_ R — (d—2)g""0,,¢0,¢ + Ee_4¢HWJH“”U

- N —J

with point-particle, axion interaction:

(" 1 )
Spp — 5 /dZC'uHM,/gSVU
. _J

(which reduces to 4D non-relativistic axion coupling to spin, of the form H,,,; S . Va)

This Lagrangian precisely matches the low energy limit of (closed) string theory, which
contains the massless gravitational fields (¢, g,.., Buy)  (Scherk, Schwarz 1974), i.€:

(Classical QCD)2 = Low energy string theory




Open questions:

e (Classical correspondence at higher orders in perturbation
theory? v See Shen, 1806.07388.

e First principles understanding? Can it be derived from
string theory?

e \We see the same gravity theory emerge from color-
kinematics duality as BCJ. What is the precise
connection with scattering amplitudes

e Can we efficiently remove the extra gravitational modes in

order to recover pure GR solutions? (see D. O’Connell et. al,
1711.03901; Johansson+Ochirov 1407.4772)



Summary and conclusions

e \We are entering a golden era of GW astrophysics.

e EFT methods from QCD play an important role in
compact binary inspirals.

e (Color-to-kinematics relates “simple” pQCD calculation to
hard (string) gravity one.



