FIELD THEORETIC CHALLENGES TO
THE CALCULATION OF HIGH
ACCURACY GRAVITATIONAL WAVE
TEMPLATES
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CALCULATIONAL GOAL:

Calculate phase and amplitude
of wave generated by classical
source

hidp =G®T

To retain analytic control consider PN sources, relevant for early
stages of the inspiral
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IN ADDITION AT HIGHER ORDERS MUST INCLUDE NON-
LINEARITIES IN RADIATION

“Tail EffectOO

The primary challenge Is to calculate the
multipole moments in a systematic fashion in the
power counting parameter (the relative velocity).




EFT Approach  W.Goldberger/IZR

Relevant Modes

Extended objects (BH/NS) + GR (the “full Full Metric
theory”)

Relativistic point particle + GR (Z0S0)

l non-trivial RG running Potential and Radiation

2-body NR problem

Composite object + radiation gravitons
(NRGR) or m/M a
l Radiation

non-trivial RG running?
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Final matching stage onto a set of multiple moments whose constituents
obey equations of motion determined by a set of potentials

(conservative as well as dissipative) as well as radiation reaction forces
(conservative as well as dissipative) coupled to radiation gravitons




MATCH FULL THEORY TO WORLDLINE
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Removable via field redefinition, but play an
Important role in renormalizing the theory

Leading order non-geodesic effects

L size = (CeE2 + Csz)d!

“Love NumbersOO




INGREDIENTS

¥ Calculate potentials which determine equations of motion,
Including dissipative effects.

¥ Solve equations of motion, including radiation reaction forces.

¥ Plug solutions into multipole moments to generate a wave form

Whats known

® Potentials: 4PN

® Multipole moments (including tail effects 3PN)

® Radiation Reaction Forces (1 PN (NLO)) use adiabatic approximation via
power loss




MATCH ONTO A THEORY OF
RADIATION COUPLED TO MOMENTS
OF BINARY SYSTEM

Op = 'w + Hp +ﬁu!

Calculate effective action for radiation (background field) in a systematic expansion in
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Determine systematics of the power counting




NRQCD POWER COUNTING

¥ NRQCD Applied to onia. Relevant observable Is spectrum and
lifetimes, inherently quantum mechanical, but has a classical limit.

Consider generic loop
diagram near threshold

E ~ pv potential modes

Hard Elphkm

E21 k2 + | E NP

Soft E ~p~mu

Ultra-soft Elpk mv2

Soft modes throw fermions off shell and are thus
iInherently quantum mechanical (generates RG flow)
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CALCULATE NRQCD POTENTIALS
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The potential is defined as the Wilson coefficient (short distance). No
contributions from Usoft degrees of freedom. The Wilson loop has IR
divergence at 3 loops (ADM) which is NOT part of the potential.

To do the matching one can:

a) calculate in the full theory and expand.

b) Asymptotically expand the full theory integrand around the
potential, soft and Usoft regions.

c) Expand the full theory field into modes each with a
definite scaling (simpler way of achieving b) )
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Systematically calculate to chosen order in velocity

TREE MATCHING
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VELOCITY DEPENDENT TERMS COMING
FROM FIELD EXPANSION (IRRELEVANT FOR
CLASSICAL PROBLEM)
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ONE LOOP FULL
THEORY
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GET CONSTIBUTIONS

FROM HARD, SOFT PURE QUANTUM
AND POTENTIAL
ONE LOOP EFT
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SOFT LOOP REPRODUCES SOFT PIECES OF FIRST THREE
DIAGRAMS LEADING TO BETA FUNCTION

NOTE: NO CLASSICAL CORRECTIONS IN STATIC LIMIT (CONFORMAL SYMMETRY)




IMPORTANT TECHNICAL ISSUE WITH CALCULATION OF THE
SOEREOOR
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The pinched region is actually potential, we have a
mode overlap. Need to subtract out potential region

“Zero Bin ProcedureOO (Manohar /Stewart)
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SUBTRACTING SUB-REGION LIMIT LEADS TO WELL DEFINED INTEGRALS

A similar subtraction clarifies the 3 loop ADM IR divergence in the YM
Wilson loop




TAKE CLASSICAL LIMIT OF QCD

We can choose to either take the classical limit of NQRCD
or to work directly with world lines

Working with
fluctuating lines drop j\{
all terms down by 1/m

%
World-line v

Note: In the classical limit m becomes irrelevant.

Potential mode

. E ~ ~ 1
scaling v/rk~ 1




NRGR POTENTIAL

Has been calculated to 4PN by two groups (Damour, Bini
Jaranowski, Schaefer: Bernard, Bohe, Blanchet, Faye, Marsat)

Field Theory Calculation (Foffa and Sturani) Worldline method
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Diagramatically all reduce to two point topology (1 external momentum)




AMPLITUDE METHOD D. Neill/IZR, V. Vaidya

Upside: No Feynman diagrams.

Downside: Pick out classical pieces, must perform
subtractions of TOPs, number of which grows at each
order in PN expansion.
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Sub-leading vertices and

non-linearities corrections to Instantaneity







PROS AND CONS OF AMPLITUDE METHOD

¥ No Feynman diagrams (usual simplifications)

¥ Must remove all the quantum pieces (no big deal)

¥ Must subtract Time ordered products, the number of which will
grow (quickly) at each order in the PN expansion.




ISSUE OF DIVERGENCES

At 3PN we find that there both UV and IR divergences. UV
divergences are acceptable as long as the requisite counter term exists
In the EFT, while the only IR divergences that are acceptable are of
two type:

1) Unknown phase of GW when entering the detector band
Associated with

2) A coulomb phase which cancels in the power radiation not potentials

All other IR are not acceptable and are an indication that we are not
cleanly separating the radiation from the potential modes in the
theory.

Subset of the UV divergences can be
absorbed into unphysical operators

L = /(m LORE FCov'v R s

True finite size effects donOt show up until 5PN (effacement the: Damour)




ALSO AT 4PN THERE IS A LOG ASSOCIATED WITH THIS IR DIVERGENCE
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Structure of this term belies it source
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NEED TO DO ZERO BIN SUBTRACTION
R. Porto/IZR
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AS EXPECTED IR DIVERGENCE CANCEL, BU
LEAVES OVER A UV DIVERGENCE, NO
COUNTER-TERMS AT 4PN

IT SEEMS WE NEED A COUNTER-TERM AT 4PN
OF WHICH THERE ARE NONE.

MUST CONSISTENTLY INCLUDE CONSERVATIVE PART OF
RADISTION REACTION FORCE




SELF FORCE CALCULATIONS
(C GALLEY)

Integrate out Radiation Field in the context of doubling formalism

Generalizing Hamiltons
Principle to allow for
dissipation
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Conservative piece Dissipative piece
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IF PART OF R CAN BE WRITTEN IN THE THIS
FORM IT CAN BE ABSORBED INTO THE
CONSERVATIVE POTENTIAL




BURKE THORNE POTENTIAL
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Purely dissipative at this order no logs




4 PN TAIL RADIATION REACTION

(Blanchet),(Galley,Leibovich,Porto,Ross), (Foffa,Sturani)

Contains conservative piece which can be absorbed into potential
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UV divs cancel leaving over Log(¥L. )




RG FLOW FRoM 1/r | v/r

(Goldberger,Ross,IZR)

Renormalize theory of Multipole moments

Mass becomes time

dependent, though
pure counter-term
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Interpretation of scale
dependent mass

RG solution allows us to predict leading log at each
order in the PN expansion
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AVOIDING ORBIT AVERAGING

Averaging is excellent approximation save for eccentric orbits and
spinning Inspires.

To avoid averaging we need radiation reaction forces to NNNLO.
(for 3 PN accuracy)

Only known right now at NLO.

Find analytic solutions to inspiral (with spin in particular)
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Treating RR forces as perturbation induces

secular growth in time "LOVHEE(L" to)

Utilize ““Dynamical Renormalization GroupO (Chen,Goldenfeld)

!
r(t): Rg + Ag Sin ! B(t' to)+ =
I

25 A
= Fi i e (] tp) s
B

Background solution:

64" ;
Pert. r(t)= Rg ! ? 'SR (t! tg)+ %Q%R%smng(tLtoH Asm "g(t! to)t #

Solution | 96" 128

2" A : |
()= "g + ?Rg L(t! to) - TR%&"P sin g (t ! tg) ! RB sin "g(t! to)+ #
B

Absorb Divergence terms into bare parameters Galley/IZR
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TWO LOOP SOLUTION

- — l-loop resummed

2-loop resummed
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DRG INVARIANTS AS GENERALIZED ADIABATIC INVARIANTS

Constants averaged over orbits

DRG Invariants are constants in time, how
they related?

TIME DEPENDENT OSCILLATOR
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¥ |s this an exact DRG invariant? Checked to three loops
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¥ Other DRG invariants which dont follow (directly) from canonical
Hamilton-Jacobi theory? Yes,
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= constant

Spinning orbits have 9 DOF, invariants will play an important role in
finding closed form solutions




