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Zones, separation of scales, and effective theory

various zones — separation of scales: outer/orbit zone
@ inner zone
— scale of the neutron star buffer zone

@ outer/orbit zone
— scale of the orbit

@ wave zone/scale Tl ~4eiiis

neutron star
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various zones — separation of scales: outer/orbit zone
@ inner zone
— scale of the neutron star buffer zone

@ outer/orbit zone
— scale of the orbit

@ wave zone/scale Tl ~4eiiis

scales continue down the star:
— fluid, nucleons, quarks, ?

. . neutron star
The physics at “smaller” scales admits

an effective (field) theory description!
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Zones, separation of scales, and effective theory

various zones — separation of scales: outer/orbit zone
@ inner zone
— scale of the neutron star buffer zone

@ outer/orbit zone
— scale of the orbit

@ wave zone/scale PR e
scales continue down the star:
— fluid, nucleons, quarks, ?

The physics at “smaller” scales admits
an effective (field) theory description!

Here: Effective theory for dynamical tides
— dynamical, time-dependent response
(of the inner zone to perturbations from the outer zone)
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Zones, separation of scales, and effective theory

various zones — separation of scales: outer/orbit zone
@ inner zone
— scale of the neutron star buffer zone

@ outer/orbit zone
— scale of the orbit

@ wave zone/scale PR e

scales continue down the star:
— fluid, nucleons, quarks, ?

The physics at “smaller” scales admits
an effective (field) theory description!

Here: Effective theory for dynamical tides
— dynamical, time-dependent response

(of the inner zone to perturbations from the outer zone)
— harmonic oscillator effective theory
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Effective field theory and matching

Effective field theory (EFT):

@ Precursors
Donoghue, arXiv:gr-qc/9512024
Damour, Esposito-Farese, PRD 53 (1996) 5541
PRD 58 (1998) 042001

@ EFT program in classical gravity
Goldberger, Rothstein, PRD 73 (2006) 104029
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Matching:

@ Matched asymptotic expansion in harmonic gauge
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Effective field theory and matching

Effective field theory (EFT):

@ Precursors
Donoghue, arXiv:gr-qc/9512024
Damour, Esposito-Farese, PRD 53 (1996) 5541
PRD 58 (1998) 042001

@ EFT program in classical gravity
Goldberger, Rothstein, PRD 73 (2006) 104029

Matching:

@ Matched asymptotic expansion in harmonic gauge
Blanchet, LRR 9 (2006) 4

@ zones are connected through the multipole moments
@ multipole moments: “macroscopic state variables of the inner zone”
@ dynamical tides — effective theory of dynamical multipoles
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Previous work on tides

@ Newtonian dynamical tides from fyngamenta-mode oscillations
Flanagan, Hinderer, PRD 77 (2008) 021502

1
- 4)\w‘,'-2

Qij: quadrupole  A: tidal deformability  wy: f-mode frequency ®: Newtonian potential

Lo

[edelm e el B %E,,Q"f, Ej = 0,00
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Previous work on tides

@ Newtonian dynamical tides from fyngamenta-mode oscillations
Flanagan, Hinderer, PRD 77 (2008) 021502

1
- 4)\w,2

Qij: quadrupole  A: tidal deformability  wy: f-mode frequency ®: Newtonian potential

Lo

[edelm e el B %E,,Q"f, Ej = 0,00

@ relativistic adiabatic tides:  static response (O’/ =0)

quadrupole « A tidal field

Hinderer, ApJ 677 (2008) 1216
Damour, Nagar, PRD 80 (2009) 084035
Binnington, Poisson, PRD 80 (2009) 084018

Bini, Damour, Faye, PRD 85 (2012) 124034  (some dynamical terms)
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Finally: Dynamical tides in general relativity

Their description through an effective action

@ Recall the Newtonian case:

1

L =
Q 4)\w,?

(@@ - ] - %E,-,-Q’/
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Finally: Dynamical tides in general relativity

Their description through an effective action

@ Recall the Newtonian case:

_ 1 T —o2oioil _ Ve qi
Lo= 302 (@0 - w2d1dl] - ZE;Q
@ Relativistic effective action for dynamical tides: Quu” =0

z [1 DQ,., DQ"
Lo

- 4)\0.),? 22 do  do
ut = xH, z=/—u*u, (is the redshift for o = t)

- W?QWQW] - gE‘“’QHV + gKEleW +

@ plus regularization/renormalization
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@ plus regularization/renormalization
@ Klinked to (almost) completeness of modes: K ~ 0
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Finally: Dynamical tides in general relativity

Their description through an effective action

@ Recall the Newtonian case:

_ 1 T —o2oioil _ Ve qi
Lo= 302 (@0 - w2d1dl] - ZE;Q
@ Relativistic effective action for dynamical tides: Quu” =0

Lo

__z [10Q, DQ"
4?22 do do
ut = xH, z=/—u*u, (is the redshift for o = t)

- W?QWQW] - gE‘“’QHV + gKEleW +

@ plus regularization/renormalization
@ Klinked to (almost) completeness of modes: K ~ 0
@ identify wy with real part of quasi-normal-mode frequency

wy and K are not fixed by a matching, but by physical intuition!

a prescription for the dynamical response is in Chakrabarti, Delsate, JS, arXiv:1304.2228
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Mathisson-Papapetrou-Dixon equations of motion

Their completion through the effective theory for dynamical tides

Vary the action!
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Mathisson-Papapetrou-Dixon equations of motion

Their completion through the effective theory for dynamical tides

Vary the action! Result:

Dp 1 ] 1 apfo
TUH = §SOBF”aBpMUP - gvuRapﬂoJopB

2\DP, 1 D [10Q"
z do _wfzda
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Mathisson-Papapetrou-Dixon equations of motion

Their completion through the effective theory for dynamical tides

Vary the action! Result:

% = %sgﬂ R putl’ — %vﬂRapﬂanf’B"
2\ DP,, 1 D [1DQ*
7 do —w;zda[z do }—‘QW‘AEW
Definitions:
@ generalized momenta
p_iL P_aL_1DQ“”
" oum o (Py T 20wEz do

@ tidal spin and rank-4 quadrupole moment

3
w _ g4qele prl apfo _ 2 laellB ol
S5 Q o Jg Su QW
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Mathisson-Papapetrou-Dixon equations of motion

Their completion through the effective theory for dynamical tides

Vary the action! Result:

Dpp 1 1 apfo
dT-H = ESQB Rupputlf — 6V,JRQ,,@,JQPB
2\ DP,, 1 D [1DQ"
i =~ |- =—-Qu — \E,.,
z do  w?zdo [z do } Qu = AE,
Definitions:
@ generalized momenta
_ oL P _ oL 1 DQ"w
Pu= Gy W= 5(09) T 20?2 do
@ tidal spin and rank-4 quadrupole moment
3
ur g el prl apfo _ _ 2 laqellB ol
Sq =4QrHpP,, Jg Su Q" u

Spin EOM is not fundamental, the EOMSs for Q" and P, are!
DSy

U 4 v]pBa
do. = 2p[:uu ] + §RQBP[HJQ]pB )
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Relativistic effects on dynamic tides

What are the genuine relativistic effects?
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Relativistic effects on dynamic tides

What are the genuine relativistic effects?

@ redshift effect
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Relativistic effects on dynamic tides

What are the genuine relativistic effects?

@ redshift effect
@ gravitomagnetism

— frame dragging effect
~ Zeeman effect 0

frame of the neutron star is dragged
in the direction of the orbital motion
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Test-particle and effective-one-body Hamiltonians

Test-particle Hamiltonian 101:

. : L
@ get mass-shell constraint: 0 = 2 + p#p,+ tidal terms, p,, = %

@ solve for the energy H = —pg
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Test-particle and effective-one-body Hamiltonians

Test-particle Hamiltonian 101:
. . L
@ get mass-shell constraint: 0 = 2 + p#p,+ tidal terms, p,, = %
@ solve for the energy H = —pg

Absorb interaction into the metric — gl":
@ notice E x p?

. 1
o factorize p? terms: 0 = [u + Hoszi]2 + g™ + =R Qu, | Pupy
N———— M

2
Hett iz
Gett

@ also works for higher multipoles
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Test-particle and effective-one-body Hamiltonians

Test-particle Hamiltonian 101:
oL

@ get mass-shell constraint: 0 = 2 + p#p,+ tidal terms, p,, = 0

@ solve for the energy H = —pg

Absorb interaction into the metric — gl":
@ notice E x p?

o factorize p? terms: 0 = [u + Hoszi]2 + |g" + 1Ra“ﬁ” Q.| Pupy
N———— 12

2
Hett iz
Gett

@ also works for higher multipoles

When used for EOB: no pole at the light ring in H
pole can be always by removed Akcay, etal, PRD 86 (2012) 104041
but also no gauge-invariant centrifugal radius
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Effective-one-body Hamiltonian

for 1PN dynamical tides, see also Hinderer etal, PRL 116 (2016) 181101
o effective test-particle Hamiltonian (point-mass potentials A, D)

: 2 N PG p?
Heft = J(A"' QM) |:[L2 (1 + —ZcHo + C,'/Q’/) + TZ + % +0PH| + for
w
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Effective-one-body Hamiltonian

for 1PN dynamical tides, see also Hinderer etal, PRL 116 (2016) 181101
o effective test-particle Hamiltonian (point-mass potentials A, D)

: 2 N PG p?
Heft = J(A'F QM) |:[L2 (1 + —ZcHo + C,)Q’/) + TZ + % +0PH| + for
w

. . . i Qi
@ oscillator Hamiltonian: Ho = Aw?P;iPj + %

@ 1PN tidal force  Xi=ma/M, M=m +m, v=XX, p=Mv, u=M/r

36'2’2 A {1 — 2% — (1 — c)vlu}

Ei = —
i r

3Gmy (LU ; P
Cj= Tr;{rT +[1+ (co — 2¢1)v] n'pipr + [(1 —¢)p? + (5¢1 — cz)pﬂ un‘n’}

@ gauge parameters ¢y, Co. blue term: no gauge parameters!
@ redshift factor (normalized to 1 for my < my)

3 v p2
Zc:1+§X1U+ 5(1 +2c1) |:? 7U:|

@ frame dragging terms ~ spin-orbit + corotating frame, “Sq = Q x P”

f Go- I l1ipx—5-(1+am - )'02 o
= -89 L— —-5-— vl — (1 —v)—s — Cv—
DT Q 21 1 C2 > C2 2,2 2 2
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Conclusions

All you need is Al

pics/allLove
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Conclusions

i | ? NS-BH waveform, TEOB models vs NR
All you need is Al 7 o vefo mod 000
§N 0.2 = =2 polytropic!
Almost, need more coefficients S00
linked to dynamical tides! 502 ‘ ‘
= 0 [ ‘ ‘
T WS
A wr, K T osL—— Memney
gL I e
1,0 L= dynjudes I . I .
Dynamical tides become important 80 B0 B0y 00 00
close to resonance with wy Hinderer etal, PRL 116 (2016) 181101

Bini, Damour, Faye, PRD 85 (2012) 124034
Bernuzzi, etal, PRL 114 (2015) 161103
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Conclusions

i | ? NS-BH waveform, TEOB models vs NR
All you need is A! 7 o vefo mod 000
o §N 0.2 = =2 polytropic!

Almost, need more coefficients S 00}
linked to dynamical tides! 502

R 00
)\’ wf, K’ T §-05 [ ad gdesé%muzzn

< qoL—= Jyn \tides L | L
Dynamical tides become important 2850 2900 %?EOV*),M 3000 3050
close to resonance with wy Hinderer etal, PRL 116 (2016) 181101

Bini, Damour, Faye, PRD 85 (2012) 124034
effec“ve theory Of tldes Bernuzzi, etal, PRL 114 (2015) 161103

@ can cope with complicated situations:
dynamical tides, nonlinear tides

@ profits from/enables physical intuition
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Conclusions

All you needis \! ? NS-BH waveform, TEOB models vs NR

— 0 1000 2000 3000

o §N 0.2 = =2 polytropic!

Almost, need more coefficients S 00}
linked to dynamical tides! 2 02

?§ 0.0
)\’ wf, K’ o g‘O-S [ ad gdes é%muzzn

< qoL—= (lyn‘udm . . | .
Dynamical tides become important 850 2900 %?EOV*),M 3000 3050
close to resonance with wy Hinderer etal, PRL 116 (2016) 181101

Bini, Damour, Faye, PRD 85 (2012) 124034
effective theory of tides: Bernuzzi, etal, PRL 114 (2015) 161103

@ can cope with complicated situations:
dynamical tides, nonlinear tides

@ profits from/enables physical intuition

Dynamical tides are important for accurate waveform models
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