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Introduction

e Aim to build on Part | (Maria Haney)
* Impossible to cover all work by the community over the past 5+ years

e Ambitious slides... more material than we can cover but hopefully useful reference point

* Today we will provide a broad introduction to:
* Numerical Relativity (emphasis on codes/coverage not so much on methods)
e Surrogates and Reduced Order Models

e The Effective One Body Framework

* Focus mainly on inspiral-merger-ringdown (IMR) models

* Bulk of compact binaries observed by LIGO-Virgo-KAGRA are heavy(-ish) binary black holes
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Anatomy of an Inspiral...
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Anatomy of an Inspiral...

Inspiral

Flux Balance:

dEorbital 32 ¢® (mima)? fv\53
o~ Bt (1
dt 5 G M
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Anatomy of an Inspiral...

|

-
W
\ ]

Analytical approximations

begin to break down

Inspiral
Flux Balance:
dEorbital 32 ¢® (m1ma)? [v\5
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Analytical approximations

begin to break down

Inspiral
Flux Balance:
dEorbital 32 ¢® (m1ma)? [v\5
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Anatomy of an Inspiral...

Analytical approximations

Insoi begin to break down
nspiral

Ringdon
Flux Balance:
dEorbital 32 ¢® (mymg)? fv\5
o~ 22 (1
dt 5 G M C 7
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Anatomy of an Inspiral...

oost-Newtonian scattering amplitudes numerical relativity
4G A+Y _ 2nm°G €1-€4€9-€3 (n,2) M (n,i) tVig J J J
ho‘ﬁ(t,r):—T Tt —r/c+n-r'/c,t')d>r M - ey ZO‘ O 9 K. —
o e b BH perturbation theory
gravitational self-force h=3" Clajtmn e @0mnt 5800 (1,0)
EFT .
00 1,m 212,m —ima 3
Seff - _16}TG /d4x\/§R[§MV] + ZCZ(TS)/CZUOZ(O') gC\éB + Z |:qho¢ﬁ (Q) + q hoéﬁ (Q)i| € + O(q )
1=1

post-Minkowski effective one body '
B _ af
hob — Z G(n)h(n) Heop = M\/l 21/ (% _ 1) + other approaches
n=1
Analytical approximations
Insbo; begin to break down
nspiral
Ringdown
Flux Balance:
dEorital _ 32 ¢® (mymg)? (v)5
— ~GW ~~ —
dt 5 G M4 C 8
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numerical relativity

Ovij = —2aK; + Dif; + D; 5
0 K=+

effective one body

Huop = M 1+2u(%—1)

we will focus on the basics of EOB + NR + Surrogates



Numerical Relativity
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Numerical Relativit

e Why numerical relativity?

11
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Numerical Relativit

e Why numerical relativity?

* Complete spacetime geometry and dynamics + emitted gravitational radiation
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Numerical Relativit

e Why numerical relativity?
* Complete spacetime geometry and dynamics + emitted gravitational radiation

 Solutions use full nonlinear Einstein field equations without approximation

13
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Numerical Relativit

e Why numerical relativity?
* Complete spacetime geometry and dynamics + emitted gravitational radiation

 Solutions use full nonlinear Einstein field equations without approximation*

* Terms and conditions apply: imperfect initial data, numerical schemes for PDEs, often do not include future null infinity [see CCE though]
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Numerical Relativit

e Why numerical relativity?
* Complete spacetime geometry and dynamics + emitted gravitational radiation
 Solutions use full nonlinear Einstein field equations without approximation*

e Allow us to probe merger + ringdown regime where perturbative schemes break down

* Terms and conditions apply: imperfect initial data, numerical schemes for PDEs, often do not include future null infinity [see CCE though]
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Numerical Relativit

e Why numerical relativity?
* Complete spacetime geometry and dynamics + emitted gravitational radiation
 Solutions use full nonlinear Einstein field equations without approximation*

e Allow us to probe merger + ringdown regime where perturbative schemes break down

e Example 1: Post-Newtonian expansion breaks down as v ~ ¢

* Terms and conditions apply: imperfect initial data, numerical schemes for PDEs, often do not include future null infinity [see CCE though]
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Numerical Relativit

e Why numerical relativity?
* Complete spacetime geometry and dynamics + emitted gravitational radiation
 Solutions use full nonlinear Einstein field equations without approximation*

e Allow us to probe merger + ringdown regime where perturbative schemes break down

e Example 1: Post-Newtonian expansion breaks down as v ~ ¢

e Example 2: BH perturbation theory requires input initial conditions (infer from NR)

* Terms and conditions apply: imperfect initial data, numerical schemes for PDEs, often do not include future null infinity [see CCE though]
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Numerical Relativit

e Why numerical relativity?
* Complete spacetime geometry and dynamics + emitted gravitational radiation
 Solutions use full nonlinear Einstein field equations without approximation*

e Allow us to probe merger + ringdown regime where perturbative schemes break down
e Example 1: Post-Newtonian expansion breaks down as v ~ ¢

e Example 2: BH perturbation theory requires input initial conditions (infer from NR)

* For binaries: 3+1 decomposition and reformulate the EFE as a Cauchy problem + constraints

* Terms and conditions apply: imperfect initial data, numerical schemes for PDEs, often do not include future null infinity [see CCE though]

18
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Numerical Relativit

e Start from Einstein field equations as set ot 10 coupled non-linear 2nd order PDEs

19
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Numerical Relativit

e Start from Einstein field equations as set ot 10 coupled non-linear 2nd order PDEs

1 O
RW 25 g (gau,up + Gup,ov — Gop,uv — guv,ap)
_I_ gap (P,Tprmau T P;Tyrmap)

1

' E§9W (gpv,a + Gpo,v — gja,p)

20
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Numerical Relativit

e Start from Einstein field equations as set of 10 coupled non-linear 2nd order PDEs

1

RW = ) o’ (gav,up + Gup,ov — Jop,ur — guv,ap)

_I_ gap (F,Tprmm/ T FZLyFme)

1

' E§9W (gpv,a + Gpo,v — gja,p)

e Formulate in terms of an initial boundary value problem

21
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Numerical Relativit

e Start from Einstein field equations as set of 10 coupled non-linear 2nd order PDEs

1 O

1y 55 " (Govup + Gup,ov — Gopuv — Guv,op)
_I_ gap (F,Tprmm/ T FZLyFme)
1

' E§9W (gpv,a + Gpo,v — gja,p)

e Formulate in terms of an initial boundary value problem

0 i i 1) 52 ¢
O (1) = F (1.5 . 0u (1,07) 0P (007

22
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Numerical Relativit

e Start from Einstein field equations as set of 10 coupled non-linear 2nd order PDEs

1

RW :2 o’ (gav,up + Gup,ov — Jop,ur — guv,ap)

_I_ gap (F,Tprmm/ T F:Zlyrmap)

1

' E§9W (gpv,a + Gpo,v — gja,p)

e Formulate in terms of an initial boundary value problem

0 i i 1) 52 ¢
O (1) = F (1.5 . 0u (1,07) 0P (007

e |nitial data u(0,x) = f(x) evolved forward in time with evolution equations du(t,x) = F(u, ou, 0°u)

23
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Numerical Relativit

e Start from Einstein field equations as set of 10 coupled non-linear 2nd order PDEs

1 O
o 25 " (Govup + Gup,ov — Gopuv — Guv,op)

_I_ gap (F,Tprmm/ T F:Zlyrmap)
1

' E§9W (gpv,a + Gpo,v — gja,p)

e Formulate in terms of an initial boundary value problem

0 i i 1) 52 ¢
O (1) = F (1.5 . 0u (1,07) 0P (007

e |nitial data u(0,x) = f(x) evolved forward in time with evolution equations du(t,x) = F(u, ou, 0°u)
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Numerical Relativit

e Start from Einstein field equations as set of 10 coupled non-linear 2nd order PDEs

1

R,ul/ 55 op (g(fl/,,up _|_ g,up,O'V o gap,w/ — gMV,O-p) | ///"'T”
_I_ gap (F,Tprmm/ T FZLVFme)
1

FIIL/LJ E§g'up (gpl/,a + Gpo,v — gjg,p)

e Formulate in terms of an initial boundary value problem

9,
ot

(t, :1:2) = F (u (t, :1;7’) ,0u (t, :137’)  0%u (t, ZCZ))

e Initial data u(0,x) = f(x) evolved forward in time with evolution equations du(t,x) = F(u, ou, 0°u)

e Constraint equations defined on initial hyper surfaces of equal time 2, [assuming a 3+1 perspective]

25
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E.g. textbooks by Alcubierre, Gourgoulhon, or Baumgarte and Shapiro

e 3+1 decomposition — foliation of spacetime by spatial hyper surtfaces along timeline vector tield
e Normal to slices defined by: n# = — agt* V 1

e The 3-metric intrinsic to spatial hypersurtacesisy,, = g,, + nn,

e Decompose the spacetime metric as ds* = — a’dt* + yl-j(dxi + Bl (dx! + Bdr)
e | apse function a detines a proper time

e Shift vector f# determines relative velocity between Eulerian observers and lines of constant spatial
coordinates

e EXxtrinsic curvature: K/w = yﬂﬂypy Vunp) = — 53”‘ Vv

e Extrinsic curvature ~ relative change of spatial metric as it moves along normal vector-tield (related
to flow of time) ~ time derivative of spatial metric

26
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Numerical Relativit

Arnowitt, Deser and Misner 1962

eEvolution equations ‘ York 1979 |
| or |

Orvi; = —20K;; + D;8; + D; 3;

(’9tK7;j = — DiDjOé —+ « (Rzy — ZKZ]CKJ'IC - KKZJ)

1
— Q8T (Szg — 57@' (S — p)) + 6k.Dk;Kz:] + szszﬂk + Kk;jDzﬁk

eConstraint Equations

(3)R -+ K2 — Kinij — 167‘(‘p Hamiltonian constraint

K;z — K;j — 87‘(‘Sj Momentum constraint

e 12 evolved variables y;;, K;; + 12 evolution equations

e 4 free variables a, ' + 4 constraint equations

27
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Numerical Relativit

* Problem: ADM equations are not well posed [strong hyperbolicity]
* Amplity small errors in the constraints leading to severe instabilities
* No stable long term evolution
e Instabilities in Ricci tensor — mixed 2nd derivatives of spatial metric prevent hyperbolicity
e Coordinates arbitrary but there are many bad choices Ouuvis =~ —2aRi; = Ay + 70307 +vik0i0iy™
e Black holes have singularities...
e Circumvent through gauge choice? Moving punctures!

* Numerically excise from domain? Popular in conjunction with generalised harmonic gauge

28
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Numerical Relativit

* Problem: ADM equations are not well posed [strong hyperbolicity]
* Amplity small errors in the constraints leading to severe instabilities
* No stable long term evolution
e Instabilities in Ricci tensor — mixed 2nd derivatives of spatial metric prevent hyperbolicity
e Coordinates arbitrary but there are many bad choices Ouuvis =~ —2aRi; = Ay + 70307 +vik0i0iy™
e Black holes have singularities...
e Circumvent through gauge choice? Moving punctures!

* Numerically excise from domain? Popular in conjunction with generalised harmonic gauge

e - DU |
Multi u

L

29
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Finite Difference Codes: BAM, ET, LazEv, Maya, Goddard,
GRChombo, ...

nitial Data: CTT [York+] + Bowen-York (conformally flat, ¥y < 0.9)
Brandt+, Ansorg+]; Beyond Bowen-York [e.g. Ruchlin+] or CTS
East+14, Corman+22]

Formulation: BSSN [Shibata+, Nakamura+, Baumgarte+], or
CCZ4 [Weyhausen+, Alic+] or Generalised Harmonic

Moving punctures gauge conditions [Alcubierre+02,
Campanelli+05, Baker+05] — robust merger (esp. at higher mass
ratios) or Excision for GH [e.g. Pretorius+04, East+14, East+21,
Corman+22]

BHs advected on AMR (e.g. Berger-Oliger) grids + optionally
multipatch grids adapted to spherical topology [Reisswig+]

Boundary Conditions: Sommerfeld/Robin GCs
Spatial finite difference (typically 6th/8th order)
Time evolution: Method of lines w/ 4th order RK

GW extrapolation + CCE e.g. PITTNull [Bishop+, Winicour+]

* Impossible to list all the contributions to date, provided some starter references 30
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Spectral Codes: SpEC, SoECTRE, BAMPS, ...

e |nitial Data: XCTS [York+,Pfeitter+] + SKS [Lovelace+, Varma+]

(conformally curved, y < 0.999)

Formulation: First order GH + constraint damping [Pretorius+,
Lindblom+, Friedrich, Garfinkle, Gundlach+] (BSSN/CCZ4 in
SpECTRE)

Excision = BH mergers difficult [Szilagyi+, Scheel+, Hemberger+,
Ossokine+]

Change gauge from ~ coronating to damped harmonic gauge
near merger [e.g. Lindblom+]

Dynamical grids with multiple subdomains

Boundary Conditions: Constraint preserving/minimally reflective
Multi-domain spectral methods (~ exponentially convergent)
Time evolution: Method of lines w/ 5th order DP

GW extrapolation + CCE

See Boyle+19 for details on SXS
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Numerical Relativit
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Numerical Relativit

e Interlude on initial data...

* \Want to solve the constraint equations

Co:=R+K*’—-K;; K" —167E =0
CiZZDng—DiK—Sﬂ'Pz’:O)

33
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Numerical Relativit

e Interlude on initial data...

* \Want to solve the constraint equations

Sl " — . 2 o wYo_ _ o ]

. 4 equations: prescribe 8 fields 1{ Co:=R+K K’&JK 16k =0 - Want to determine K;; and y;; |

i J: . “ ‘
andsoheford | Cji=D;K! — D;K —81P; =0, L on e Ecomeonents

What is our free data and what is constrained?

34
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Numerical Relativit

e Interlude on initial data...

* \Want to solve the constraint equations

———— -

‘ Co:=R+ K" — Kin 7 —16mE =0 . Want to determine K; and Vi |

. 4 equations: prescribe 8 fields | |

I C;, : = Dng — D,K —87P; =0, o on 20— 12compnet5 N

—— = —_— =

and solve for 4

e

e Must satisfy constraint equations
* Must be physically meaningful

e Choice of free/constrained data also impacted by mathematical properties (linearity, decoupling, etc)

35
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Numerical Relativit

 Contormal transtormation ot spatial metric: y;; = 1//4771-]- Lichnerowicz 1944

_ 1
. . . _ )
« Decompose extrinsic curvature: K;; =y “A;; + —y;,K

3

* Leads to the following system ot equations

9 I
3¢5K2 +p TA;AY =0

.9 o
D; AV Szp%w D;K =0

8D*y) — R

36
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e Moving punctures assumes conformal flatness — decouple the equations Yii = Ji; K =0
D=
D, Al

|
g%b TA;; AV
0

* Bowen and York derived solution for binary black hole in terms of momenta and spin

Aij = § Z \ (ZPI(iTl;) — (1]1] = n}'n;)PIknf ~+ in?ej)lefnf Bowen and York 1980

o
2 i rI rr

e Decompose conformal factor

M

i
r;

p=1+u+)y

(

Brandt & Brigmann 1997 37
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Numerical Relativit

e Moving punctures assumes conformal flatness — decouple the equations Yii = Ji; K =0
D=
D, Al

|
g%b TA;; AV
0

* Bowen and York derived solution for binary black hole in terms of momenta and spin

Aij = § Z \ (ZPI(Z.TZ;) — (1]1] = nfnf)PI"nf ~+ in?e””anf Bowen and York 1980

o
2 i rI rr

e Decompose conformal factor

M;

s

p=1+u+)y

1

Solution to homogenous equation which we call a

Brandt & Brigmann 1997 38
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Numerical Relativit

e Moving punctures assumes conformal flatness — decouple the equations Yii = f.. K =0
gp P 9 Vij J

D?
D;AY

|
g%b TA;; AV

0

* Bowen and York derived solution for binary black hole in terms of momenta and spin

o 3 1 . L 4 .
Al = E Z — (ZPI(ZTZ;) =t (1]1] — n}nﬁ)PIkn}‘ ~+ —nye])lefnf Bowen and York 1980
I T r1

e Decompose conformal factor

M,

r;

p=1+u+)y

(

Puncture field corrects momentum and spin of BH such that y solves inhomogeneous equation

Brandt & Brigmann 1997 39
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Numerical Relativit

e Moving punctures assumes conformal flatness — decouple the equations Yii = Ji; K =0
2 L 73 s
D= = g%ﬁ Ai; AY
D;AY =0

* Bowen and York derived solution for binary black hole in terms of momenta and spin

i = 9N L [opl, i) _ (i _ i ivpkak o Gk gk, 1
AY = E ZI: E(ZPI ny — (1]1] — n}nI)PI ny + T_InI €]) SI n; Bowen and York 1980
e Decompose conformal factor
M; _ 1
p=l+ut) — —_ Du=—-a" A ;A [a(1+u) +1]

(

Brandt & Brigmann 1997 40
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Numerical Relativit

e Moving punctures assumes conformal flatness — decouple the equations Yii = Ji; K =0
D=
D, Al

|
g%ﬁ TA;; AV
0

* Bowen and York derived solution for binary black hole in terms of momenta and spin

_.. 3 1 . L 1 5 .
Al = E Z — (ZPI(ZT’Z;) — (1]2] — n}n})P}‘nf ~+ r—nye])lefnf Bowen and York 1980
I 7’1 I

e Decompose conformal factor

M

i
r;

p=1+u+)y

(

Brandt & Brigmann 1997 41
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Numerical Relativit

e Moving punctures assumes conformal flatness — decouple the equations Yii = Ji; K =0
D=

D; A

|
g%ﬁ TA;; AV
0

* Bowen and York derived solution for binary black hole in terms of momenta and spin

4 G jkigk,I
s 1M

er B 1 5 4 g o
Al = E ZI] r_2 (ZPI(ZTI;) — (1]2] = n}n;)P}‘n}‘ -+ Bowen and York 1980
I

e Decompose conformal factor

M

i
r;

p=1+u+)y

(

Brandt & Brigmann 1997

Free data: 7, A;?T, K

_ 1 - - .. _
D?u = _ga%jAw a(l+u)+1]"

Constrained data: y, u

| conformal transverse traceless |
L o —

42
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Numerical Relativit

e Alternatively we can include notion of evolution between hyper surfaces  U;; = 07,

* Introduce auxiliary tield for evolution of intrinsic curvature

Dza = —atK + (Ki]'Kij + 47‘“(-p1=1—-|—591) + ﬁiDiK.

43
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Numerical Relativit

e Alternatively we can include notion of evolution between hyper surfaces ~ U;; = 0:7;;

* Introduce auxiliary tield for evolution of intrinsic curvature

Dla = —9iK + a (KiK' + dmipre+8)) + B DiK

“Thin sandwich” as

York 1999

we specify the
Pfeiffer and York 2003

evolution between

hyper surfaces

44
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Numerical Relativit

e Alternatively we can include notion of evolution between hyper surfaces  U;; = 07,

* Introduce auxiliary tield for evolution of intrinsic curvature
Dza = —atK + (Ki]'Kij + 47‘“€pﬁ—-l—§91) + ﬁiDiK.

e | eads to a modified system of equations ) _ o
Y q Dzl’b - %l’bR + _]%IPSK?_ _ %¢_7AijAl]

5

_ 7 .. _
D? (ay) = atp(ggb“SAijA’] + Egb‘le + =R

!

8
) — 3K + B DiK,

Di(LB)" = (L)' D; In(@) + aD; (a‘laif )

+ §&¢6757K

Pfeiffer 2005

15 Pfeiffer and York 2003
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Numerical Relativit

e Alternatively we can include notion of evolution between hyper surfaces  U;; = 07,

* Introduce auxiliary tield for evolution of intrinsic curvature
Dza = —atK + (Ki]'Kij + 47‘CI€p-H—-I—591) + ﬁiDiK.

* Leads to a modified system of equations _ 1 - 1 1 o
DY = —yYR + —yP°K* — —¢p " A;;AY

8 12 8
5

D* (ay) = mp(ggb"SAiinj - Egb‘le -

* Free data: 7, it;;, K, K 'R
| 8

e Constrained data: v, a, ' .

) — K + Y°B'DiK,

Di(LB)" = (LB)"D; In(@) + aD; (o‘rlaif )

+ §&¢6757K

46
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Numerical Relativit

* Parameter space coverage for BBH?

47
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Numerical Relativit

* Parameter space coverage for BBH?

NR Group

e SXS

é“ - RIT

. MAYA
- BAM

X21

Figure 3. Segment of the public catalogs’ coverage of the quasi-circular parameter
space as of June 2023, courtesy of Deborah Ferguson.

q X1z X1L1

48
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Numerical Relativit

* Parameter space coverage for BBH?

e ~ 5700 NR wavetorms publicly available to date NR Group

. SXS
* Broad range of mass ratios, spins and Tl ' . RIT
eccentricities St : II\BAAAI\\;A
0 i
X21

Figure 3. Segment of the public catalogs’ coverage of the quasi-circular parameter
space as of June 2023, courtesy of Deborah Ferguson.
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Numerical Relativit

* Parameter space coverage for BBH?

e ~ 5700 NR wavetorms publicly available to date

NR Group
. SXS

* Broad range of mass ratios, spins and . RIT
. MAYA

eccentricities
BAM

* Non-spinning: g < 138

 Moderate spins: ¢ < &

e Aligned-spins up to y < 0.85 forg < 18

e Eccentric BBHs for g < 10

X21

Figure 3. Segment of the public catalogs’ coverage of the quasi-circular parameter
space as of June 2023, courtesy of Deborah Ferguson.
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e Numerical relativity allows us to incorporate full non-perturbative information in strong-field regime

e Not free from systematics and couples to how models are informed and calibrated

Nagar+ inc GP

— NR
=== EOB

— NR
=== EOB

0.0 | | |
—-200 —-150 —-100 =50

t/M

— NR
=== EOB

:a.

0.0 |
—200 —150 —100

51

—50

t/M

—— NR
--- EOB

0.0 |

—200 —150 —100

—50 0

t/M

Unphysical behaviour in amplitude and phase
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Numerical Relativit

SXS:0194, q = 1.518

0.03

e Extrapolation of waveforms to ¥ can introduce unphysical features — W
[Chu+, Boyle+, Nagar (inc GP)+] = \ ﬂ lis

e Mitigate with cauchy characteristic extrapolation (CCE) [Bishop+, §
Reisswig+, Taylor+, Barkett+, Moxon+] £ '\
e Help reduce near-zone and gauge-effects on wavetform g {Nagart inc GP l l l

—200 —150 —100 —50 0 50 100

t/M
%109 ‘Strain (2,1) Mode

—— hyy) Charge CoM correction

e Recent work to understand impact of frame choice on waveform

S EITILE
AL AAAAAN AN e

—————— 10~'h(,1) Newtonian CoM correction

~ 10_3h(2,1) w/o CoM correction

e Fix Poincaré (by mapping to center-of-mass) frame [Boyle+,
Woodtord+]

P

e Use Poincaré charges and super translation charges to fix BMS
frame [Mitman+]

$2 230 N ot >
- O S I N o o s o e e e e e e

e Methodology increasingly important to meet accuracy |
- —800 —600 —400 —200 0
requwements 52 (u — upeak) /M Mitman+21
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Reduced Order Models and Surrogates

e Reduced order models ~ compressing the number of degrees of freedom [e.g. Field+, Antil+, Tiglio+, Canizares+,
Plrrer+, Blackman+, Varma+, ...]
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Reduced Order Models and Surrogates

e Reduced order models ~ compressing the number of degrees of freedom [e.g. Field+, Antil+, Tiglio+, Canizares+,
Plrrer+, Blackman+, Varma+, ...]

e Build reduced basis with SVD of greedy algorithms [expensive oftline + fast online evaluation]

0.25

0.20

/ 1

i

e (L1 A o
o 0.10

/ / 0.05

o //L\—

10 —500 t (M)

Credit to Vijay Varma for images!

55 | https://github.com/vijayvarma392/SurrogateMovie
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Reduced Order Models and Surrogates

e Reduced order models ~ compressing the number of degrees of freedom [e.g. Field+, Antil+, Tiglio+, Canizares+,
Plrrer+, Blackman+, Varma+, ...]

e Build reduced basis with SVD of greedy algorithms [expensive oftline + fast online evaluation]

 Interpolate projection coefficients at interpolation nodes (time/frequency) over parameter space

0.25

0.25

0.20 0.20

/ \

i

0.15 0.15
/ L /! 0.10

/ /k)i \— 0.05 -

" - 0.05

/ 0-00 0.00

10 —500 t (M)

10 —500 t (M)

Credit to Vijay Varma for images!

56 | https://github.com/vijayvarma392/SurrogateMovie
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Reduced Order Models and Surrogates

e Begin by building a reduced basis

n

h(t,A) = ) ci(N)é(t)

1=1

E.g. Field+ 13 57
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Reduced Order Models and Surrogates

e Begin by building a reduced basis f reduced bases

n

h(t,A) = ) ci(N)é(t)

1=1

e Bases chosen such that training data represented by basis to within a tolerance o
. 2
max € = max |h(t,A) = » ¢(A)é&(t)| <o

1=1

E.g. Field+ 13 59
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Reduced Order Models and Surrogates

e Begin by building a reduced basis f reduced bases

n

h(t,A) = ) ci(N)é(t)

1=1

e Bases chosen such that training data represented by basis to within a tolerance o
. 2
max € = max |h(t,A) = » ¢(A)é&(t)| <o

1=1

e Empirical interpolant uses greedy algorithm to select nodes in reduced bases that can be used to reconstruct full data

ZB h(Tj; )
S E V) BTN

1=1 3=1

E.g. Field+ 13 60
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Reduced Order Models and Surrogates

e Begin by building a reduced basis f reduced bases
n
h(t,A) = ) ci(N)é(t)
1=1
e Bases chosen such that training data represented by basis to within a tolerance o
. 2
max € = max |h(t,A) = » ¢(A)é&(t)| <o
i=1

e Empirical interpolant uses greedy algorithm to select nodes in reduced bases that can be used to reconstruct full data

ZB h(Tj; )
S E V) BTN

1=1 3=1

E.g. Field+ 13 61
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Reduced Order Models and Surrogates

e Begin by building a reduced basis f reduced bases

n

h(t,A) = ) ci(N)é(t)

1=1

e Bases chosen such that training data represented by basis to within a tolerance o
. 2
max € = max |h(t,A) = » ¢(A)é&(t)| <o

1=1

e Empirical interpolant uses greedy algorithm to select nodes in reduced bases that can be used to reconstruct full data

-3 BN / (V)ij = (@(1)

Zzez i h(Tj: )

1=1 3=1

need a global fit across parameter space
E.g. Field+ 13 62
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Reduced Order Models and Surrogates

Field+ 13
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Reduced Order Models and Surrogates

Field+ 13

Time ¢

)\ Parameters
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Reduced Order Models and Surrogates

Field+ 13

b o ol L &

<>......

..<>.....<>..<><>.....<>.......

.<>.u--..

e .....<>.....<><><>.........

Find reduced basis
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Reduced Order Models and Surrogates

Field+ 13

b o ol L &

>---

Then find empirical interpolation nodes

.<>.......<

....<>..<><>....

iy 8
2o

.<>.u--...

.<><><>.........

.<>....

....<>-........
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Reduced Order Models and Surrogates

Field+ 13

Fit empirical interpolation nodes

across parameter space

67



UNIVERSITYOF g

ROYAL
BIRMINGHAM SOCIETY

Reduced Order Models and Surrogates

e Current state-of-the-art is NRSur/dg4

. precessing NR simulations used to build surrogate
e Calibratedtog =4 and |y;| = 0.8 Roa
e But extrapolationuptog ~ 6 and |y;| ~ 0.99 5o

* Recent surrogate work includes :

e Aligned-spin NR+PN surrogate with memory [Yoo+23] 04

@ 1.5 -

0.0 +

e Extension to extremal BH spins [Walker+22] oy

* Surrogate for test particle waveforms [Islam+22] 00

4-1

o

3-
2 -
1 -

* Eccentric aligned-spin surrogate [Islam+22] , ,
Q"Q Q';b‘ Q:‘b Q"Q Qi'b‘ Q:‘b /:b Ql ’; /:b Q' ’; Q"Q ’\}") ")l’Q Q"Q '\:’? ")"Q ’; ’; ’; (;
X1 X2 (B @2 64 e, q

68 Varma+ arXiv:19205.09300
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Reduced Order Models and Surrogates

Varma+ arXiv:1905.09300

0.1 = 7 ° NRSur7dq4 - SEOBNRvV3 NR —0.1
=2
T~ 0.0 0.0
=
=~
!
—0.1F ¢ = 3.6 x1 = [-0.74, —0.20, —0.21] x2 = [—0.38, —0.25, 0.65] 4-0.1
t = 1.04 vy = 5.02
I I I I I I I
—4000 —3000 —2000 —1000 —100 —o0) 0 o0

t (M)
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e Procedure can be applied to any semi-analytical wavetorm models [Fields+, Plrrer+, Lackey+, Thomas+, Varma+]

0.2-
0=m/3
0.1-
~ A ANAND VAR
~ 00 /\
2 VUV VU VY #
—0.1-
= SEOBNN v4PHM 4dq2
024 SEOBNRv4PHM Thomas, GP, Schmidt, arXiv:2205.14066
—5000 — 4000 —3000 —2000 —1000 0

t/M

70

(27

.1+ ﬂ
|

\1 | |

—0.17

—0.2-
9200 —100 0 100
t/M




The Effective One Body Framework
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Effective One Bod

* Novel approach introduced by Buonanno and Damour in 1999
* Inspired by approach to EM interacting quantum two body problem [Brézin+ 1970]

 Basic idea is to map two-body problem onto an effective one-body problem via a canonical transformation

e Calculate motion of a test-particle in a deformed/effective external metric < equations of motion

Buonanno and Damour 1999: arXiv:gr-qc/9811091
Buonanno and Damour 2000: arXiv:gr-qc/0001013 72
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Effective One Bod

e Three main analytical components to an EOB model
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Effective One Bod

e Three main analytical components to an EOB model

1. Hamiltonian to describe the conservative binary dynamics

2. Radiation reaction (RR) force to account for loss of energy and angular momentum via emission of GWs

3. Gravitational wavetorm for inspiral, merger, and ringdown

74
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Effective One Bod

e Consider a test-particle orbiting a non-spinning BH of mass M

IM oM\
ds? = — (1 ) dt? + (1 ) dr? + r2d§)?

72 72
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Effective One Bod

e Consider a test-particle orbiting a non-spinning BH of mass M

IM oM\ "
ds? = — (1 ) dt? + (1 ) dr? + r2d§)?

72 72

e WWe can write down the Hamiltonian for a test-particle of mass u orbiting the BH

IM\ [ IM p3-
HSChW(r7p)\/(]‘ n ) 'u2_|_ <1 r >p% | 7“9;

76
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Effective One Bod

e Consider a test-particle orbiting a non-spinning BH of mass M

IM oM\ "
ds? = — (1 ) dt? + (1 ) dr? + r2d§)?

72 72

e WWe can write down the Hamiltonian for a test-particle of mass u orbiting the BH

IMN\ T IM P2
Hschw (T, p) = \/(1 - ) p* + <1 . )p% | 7°§

e And the effective radial potential

Ve%(r) B 2M | L?
qu = |1 r L - ,u27“2

77




Effective One Bod

e Consider a test-particle orbiting a non-spinning BH of mass M

IM oM\ "
ds? = — (1 ) dt? + (1 ) dr? + r2d§)?

72 72

e WWe can write down the Hamiltonian for a test-particle of mass u orbiting the BH

1.4

UNIVERSITYOF [
BIRMINGHAM RARGY

SOCIETY

' TISCO

2M N | 2M P2 N
Hgehw (T, p) = \/(1 - ) u? + <1 . )p% | TS; N
_ - 1.2 1

e And the effective radial potential

Ver(r) _ (1 _2M\ (1, L7
rhe L—— 1 - "

L=45Mu
L=40Mpu
L = Lisco

L=3.0Mu

-8 r/M

10

19

14
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Effective One Bod

* In EOB map the two-body dynamics to geodesic motion of a single particle in eftective metric

Stot [215 25 s Guv] = — / mids; — / madss + Steld |9 (T)]

See Buonanno+99 79



UNIVERSITYOF g

ROYAL
BIRMINGHAM SOCIETY

Effective One Bod

* In EOB map the two-body dynamics to geodesic motion of a single particle in eftective metric

Stot [215 25 s Guv] = — / mids; — / madss + Steld |9 (T)]

\ / \ gauge-fixed Einstein-Hilbert action

ds; = \/—guy(zf‘)dzfdzi”

\ Line element along trajectory of particle

See Buonanno+99 80
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Effective One Bod

* In EOB map the two-body dynamics to geodesic motion ot a single particle in effective metric

Stot [Z{L) ZS,QWJ — /mldSI — /m2d82 + Steld [guu(ili)]

\ / \ gauge-fixed Einstein-Hilbert action

ds; = \/ G (2)dz2l dzY

\ Line element along trajectory of particle

e Associate real two-body dynamics to effective one-body dynamics in external spacetime

Seft [70] /mo dso dsp = \/_gfw( 0 )dzy dzg
Line element

\/ along trajectory of

effective particle

deformed mass-shell condition gé}'fpupy 4 ,UQ rQ=0 — H.g = E.g = —pg
E.g. Damour 2001 arXiv:gr-gqc/0103018

See Buonanno+99 81
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Effective One Bod

e Starting from the real nPN Hamiltonian

Hreal — HNewt -+ HlPN - HQPN + -

e \Write down ansatz for relation between EOB Hamiltonian and effective Hamiltonian

H  Notmagicall Arises from |
HEop = M\/l + 2v ( o 1) ~ inverting energy mapping. See

v Buonanno and Damour 1999

o Hpqp related to Hpy in a different gauge via canonical transformation

1 . B . N o T
Hrop = Hpn + {G, Hpn} + a{g7 (G, Hpn}} +--- | Each bracket introduces fact@

e Find unknown coetticients in H 4 by matching LHS to RHS

82
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e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

off = N\/AV(T)

p=+ A, (T)DV (7)p

83

2
r

Py

|
72

Q. (7, pr)
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Effective One Bod

e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

—

In non-spinning u — 0

|
|

Y, i 5 — 5 ]??O limit reduces to
offt = pA| A1) (12 + Ay (r) D, (r)pz - 2 - Qu (T, pr) Hamiltonian of test-

. -  particle in Schwarzschild

background

84
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e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

o = | Au(r)

ol

p=+ A, (T)Dl/ (7)p

?

|

]

Differ from Schwarzschild due to PN corrections that depend on v

85

2
r

Py

|
72

Q. (7, pr)

|
|

—

In non-spinning u — 0
limit reduces to
Hamiltonian of test-

 particle in Schwarzschild

background
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Effective One Bod

e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

—

In non-spinning u — 0

|
|

5 I _ pgp ] imit reduces to
off = P Au(r) |pu + Au(r) D, (7)p; 5 Qv (7, pr) Hamiltonian of test-
- 1 r - ~ particle in Schwarzschild
| background

Differ from Schwarzschild due to PN corrections that depend on v

e ——

dsgﬁ‘ — _Ay (T)dtQ | AV( )dT2 | r2dﬂ2 | effective deformed metric
%

86
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Effective One Bod

e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

—

In non-spinning u — 0

v _ 5 — 5 pgp ) limit reduces to
off = H Ay (T) pe+ A, (T)DV (T)pr | 2 | Qu(ra pr) Hamiltonian of test- |
) t - ~ particle in Schwarzschild
background
| I
Differ from Schwarzschild due to PN corrections that depend on v
D, (r T
dsgﬂ: — —AV (T)dt2 | AV§T§ d?"2 —+ TQdQQ | effective deformed metric
| 4

e The dynamics is encoded in the potentials A, and D,

87
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Effective One Bod

e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

—

In non-spinning u — 0

y I _ ]7920 ] “ imit reduces to
off = P Au(r) |pu + Au(r) D, (7)p; 2 - Q. (7, pr) Hamiltonian of test- |
- f -  particle in Schwarzschild
background
| S
Differ from Schwarzschild due to PN corrections that depend on v
D, (r e
dsgﬂ: _ _Ay (T‘)dtQ | AVE ;dT’Z i TQdQQ | effective deformed metric
r
| 4
e The dynamics is encoded in the potentials A, and D, v
u=1/r
94  41x? i 64 )
Agsrylbgpm():1—2u+2uu3+y(3 372T>u4—|— (- )+ () A 5V1nu u’ + [vag + - - | u®

E.g. Pompili+23 for SEOBNRV5 88
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Effective One Bod

e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

—

In non-spinning u — 0

y I _ ]7920 ] “ imit reduces to
off = P Au(r) |pu + Au(r) D, (7)p; 2 - Q. (7, pr) Hamiltonian of test-
- f -  particle in Schwarzschild
background
| I
Differ from Schwarzschild due to PN corrections that depend on v
D, (r s e
dsgﬂ: _ _Ay (T‘)dtz | AVE ;dT'Z i TQdQQ | effective deformed metric
r
| 4
e The dynamics is encoded in the potentials A, and D, v
u=1/r
94  41x? i 64 )
Aggrylbgpin(u):1—2u+2uu3+y(3 372T>u4+ y(...)_|_y2(...)| 5V1nu u5_|_[ya6_|_...]u6

a is as-of-yet unknown PN coefticient

E.g. Pompili+23 tor SEOBNRv5 89 that gets calibrated to NR
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Effective One Bod

e Effective Hamiltonian describes geodesic motion of test-particle in deformed external spacetime

—

In non-spinning u — 0

y I _ ]7920 ] “ imit reduces to
off = P Au(r) |pu + Au(r) D, (7)p; 2 - Q. (7, pr) Hamiltonian of test-
- f -  particle in Schwarzschild
background
| I
Differ from Schwarzschild due to PN corrections that depend on v
dsgﬂ: _ _Ay (T‘)dtQ | ZVET; d?”2 + TQdQQ | effegive deformed metric
r
| 4
e The dynamics is encoded in the potentials A, and D, v
u=1/r
94  417° i 64 )
Aggrylbgpin(u):1—2u+2uu3+y(3 372T>u4—|— y(...)_|_y2(...)| 5V1nu u5_|_[ya6+...]u6
Dgggl_ogpin (u) = -+ a is as-of-yet unknown PN coefticient

E.g. Pompili+23 tor SEOBNRv5 90 that gets calibrated to NR
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Effective One Bod

e Significant freedom in structure of Hamiltonian, gauge, PN information included, resummation etc
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Effective One Bod

e Significant freedom in structure of Hamiltonian, gauge, PN information included, resummation etc

We will come back to this later...

92
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Effective One Bod

e Significant freedom in structure of Hamiltonian, gauge, PN information included, resummation etc

e Resummation of analytical information critical in reducing difference with NR information

93
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Effective One Bod

e Significant freedom in structure of Hamiltonian, gauge, PN information included, resummation etc
e Resummation of analytical information critical in reducing difference with NR information

e Padé resummation is an effective strategy

1+ niu

F(u) = Pl [Fox] =
(u) n 1P| l1+dyu—+---+d,um

94
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Effective One Bod

e Significant freedom in structure of Hamiltonian, gauge, PN information included, resummation etc

e Resummation of analytical information critical in reducing difference with NR information
Damour & Nagar 09

e Padé resummation is an effective strategy

1+ niu
14+ diu+---+d,um

F(u) = P, [Fpn] =

Fig. 2 Various approximations and Padé resummation of the EOB radial potential A(u), where u =
GM /(c*R), for the equal-mass case v = 1/4. The vertical dashed lines indicate the corresponding
(adiabatic) LSO location [2] defined by the condition d*& % /dR* = d&3:/dR = 0, where &) is the

effective energy along the sequence of circular orbits (i.e., when P;}’ﬂ =10).
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Effective One Bod

e Significant freedom in structure of Hamiltonian, gauge, PN information included, resummation etc
e Resummation of analytical information critical in reducing difference with NR information

e Padé resummation is an effective strategy

1+ niu

F(u) = Pl [Fox] =
(u) n 1P| l1+dyu—+---+d,um

e Example: resummation used in SEOBNRv5 (Pompili+23)

Anon—spin (U) — P51 Agggk)gpin (U)

Dnon—spin (U) — P32 Dggz?gpin (U)
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Effective One Bod

e Can generalise the Hamiltonian to include spin

97
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Effective One Bod

e Can generalise the Hamiltonian to include spin

He = \/A(r) -,u2(32 + A(r)D(r)

1

- 5L los(rpr)S + gs-(r,p7)S7]
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Effective One Bod

e Can generalise the Hamiltonian to include spin

Ho = \/A(r) —/L2C2—|—A(T)D(T')p% | -2 - Q(r, pr)

1 inclusion of spin effects is not unique

| L - [gs(r, pr)S + gs* (T, pr)S*] - (e.g. gauge choices)

99



UNIVERSITYOF g

ROYAL
BIRMINGHAM SOCIETY

Effective One Bod

e Can generalise the Hamiltonian to include spin

Heff: \/A(’I“) -/L202—|—A(T)D(T)pg | L2 | Q(T,pT)

1 inclusion of spin effects is not unique

| L - [QS(Ta pr)S + gs* (T, pr)S*] - (e.g. gauge choices)

¢ Include PN SO information through gyro-gravitomagnetic terms

100
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Effective One Bod

e Can generalise the Hamiltonian to include spin

c2r2

Her = \/ A(r) |12 + ARDEPE + 2 £ Qerpy)

inclusion of spin effects is not unique

1
| L - [gs(fr, pT)S + gs* (T, pr)S*] - (e.g. gauge choices)

¢ Include PN SO information through gyro-gravitomagnetic terms

1 [27vp;  SvM 1/ sspNi 5.5PN,nonl
— ‘) r | u s ] oC nonloc |
e c| 16 pu?  16r T (95 T s )
_ 3 1 - SV | 5 p72° , 3 | v\ M - , 1 5.5PN,loc 5.5PN,nonloc
gJgx — 5 62 -( 5 i 4) qu i (4 | 2) o -+ ! C (gs* -I—gs* )

Damour 00, Barausse 11, Nagar 11, Khalil 23 + many others 101
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e Can also generalise the Hamiltonian to arbitrary spins
2
ds” = gﬁgrraﬂa’/

A A
ds® = Ay 83

1 o 2—2Mr _, 4Mra

2
287“ 289 ZASin26’8¢ YA

0,0,

E.g. Balmelli+15, Khalil+20, Khalil+23 103
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e Can also generalise the Hamiltonian to arbitrary spins

d82 — gI’u(];rr a.u 8’/

A A 1 . —2Mr AMra
ds’® = O? O? 02 0> 0:0
> AN Ty TR T A G2 T nA Y
err QMT err err err err 1/2
Hierr — A L-a—l—[AK (,LL2—|-BIII<p (n-p)2—|—BZIf pQ—I—Brpra (n><p-a)2)}

E.g. Balmelli+15, Khalil+20, Khalil+23 104
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e Can also generalise the Hamiltonian to arbitrary spins

d82 — gI’u(];rr a.u 8’/

A, A

. — 2Mr
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5o  4Mra

ds® = 0 O? 0 9, 00
i AN TR TR T S A2 YT A t7?
err ZMT crr err err err ]‘/2
HR e = A L-a+ [A®" (u* + B (n-p)> + By "'p’ + Byl (n x p-a)?)]
Mr
prec . . prec — : —
Hot = A [L (ga+ @+ T Ja 50'_) +50calib + G ] Map to effective metric of|

E.g. Balmelli+15, Khalil+20, Khalil+23

+ [Aprec (M2 1 BI;))reCPQ + Bg;ec (n ; p)2

4 BKerr

npa

(nxp- a+)2 4 Qprec)]l/Q

105
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background with

a:a1+a2




UNIVERSITYOF g

ROYAL
BIRMINGHAM SOCIETY

Effective One Bod

e Can also generalise the Hamiltonian to arbitrary spins

d82 — gI’u(];rr a.u 8’/

A JAN 1 . — 2Mr AMra
ds? — 921+ 2921+ — 92 52 9,0
> AN T TR T S A G297 T A tYe
err QMT err err err err 1/2
HE = ==L a+ [A" (42 + B (n - p)* + B*"p® + Bi5 (n < p- a)?)]
recC M recC
HSH — TT [L ' (ga+a+ T Ga_ 50'—) + SOcalib + Ggs ]

Aprec( 2 Bprec 2 Bprec . 2
+[ W+ BypT 4 Bryt(n - p) Now things are getting messy...

1/2
+ Bppa (nxp-ai)’+ Qprec)]

E.g. Balmelli+15, Khalil+20, Khalil+23 106
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e (Great, so we have a Hamiltonian... now what?

e The Hamilton-Jacobi equations provide the equations of motion...

dr aHEOB d_p B aHEQB _F dSl,Z o 8I_—IEOB
ST dt 051 5

dt ~ Op dt or

|
X
W
—_
v
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e (Great, so we have a Hamiltonian... now what?

e The Hamilton-Jacobi equations provide the equations of motion...

f radiation reaction force

dr aHEOB d_p B aHEQB dSl,Z o 8I_—IEOB

dt ~ Op dt or -7 dt 0S5

|
X
W
—_
v
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Effective One Bod

e Great, so we have a Hamiltonian... now what?

e The Hamilton-Jacobi equations provide the equations of motion...

f radiation reaction force

dr 8HEOB dp B 8HEQB _F dSLQ - aHEOB
' I ’ X
dt 851 2 ’

dt ~ Op dt or

|
W
—_
N

e The RR force < flux of angular momentum expressed as sum of factorised and resummed multipoles

emax

MO ‘
'FQOZ QT Z ZmQ‘dLhZFmF

=2 m=1

111
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* The inspiral-plunge EOB modes can be written as

factorised modes

hi% — héFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

o (8) = g Seif Tom €% (perm)* iyt

‘m ‘m
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Effective One Bod

* The inspiral-plunge EOB modes can be written as

factorised modes

h%% — hZFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

Newtonian contribution, € denotes parity of mode

i (£) = g Seif Tom € (pem) Byt

‘m ‘m
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Effective One Bod

* The inspiral-plunge EOB modes can be written as

factorised modes

hi% — hKFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

o (1) = i St Tom € (pom)" iy

‘m ‘m

Eer(vq)

s { + m even,

Effective source term: geff =

VO £ ‘fé_,';ﬂ) ., {+modd,
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* The inspiral-plunge EOB modes can be written as

factorised modes

h%% — hZFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

T(0+1—2ik) i o
Resums infinite number of leading logarithms: 1y, = ( )eWkGQZkln(Qmmo)

L(0+1)
P (1) = T S0 Tom € (pem)” B

‘m ‘m
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* The inspiral-plunge EOB modes can be written as

factorised modes

h%% — hZFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

i (£) = g Seif Tom €% (pern) Byt

‘m ‘m

Residual phase correction due to sub-leading logarithms
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* The inspiral-plunge EOB modes can be written as

factorised modes

h%% — hZFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

Residual amplitude correction such that expansion agrees with PN-expanded modes

i (8) = g Seif Tom € (peun)* iy

‘m ‘m
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* The inspiral-plunge EOB modes can be written as

factorised modes

hi% — hKFm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

i (8) = Mg Seif Tom € (perm)* Wiy

‘m ‘m

Phenomenological NQC corrections to shape waveform during late-plunge up to merger
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* The inspiral-plunge EOB modes can be written as

factorised modes

hi% — hfm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

o (8) = g Seif Tom €% (perm)* iyt

‘m ‘m

e Complete EOB wavetorm by attaching a merger-ringdown

P (t) = higgn (1) © (Liasen — 1) + P () © (¢ = tiieen)

match match
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Effective One Bod

* The inspiral-plunge EOB modes can be written as

factorised modes

hi% — hfm Ném non quasi-circular (NQC) correction

 Factorisation of each multipole, e.g. Damour+07, Damour+08, Pan+10

Rt (8) = o S5t Tem €% (pem)* Py

‘m ‘m

W (t) ~ 3 Apne 7
e Complete EOB wavetorm by attaching a merger-ringdown n=0

Ringdown well described via
BH perturbation theory as

P (t) = higgn (1) © (Liasen — 1) + P () © (¢ = tiieen)

match match

superposition of QNM

120



UNIVERSITYOF g

ROYAL
BIRMINGHAM SOCIETY

Effective One Bod

e Two main flavours of EOB are SEOBNR and TEOBResumS
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e Two main flavours of EOB are SEOBNR and TEOBResumS

* Pompili+23 https://arxiv.org/abs/2303.18039

e Khalil+23 https://arxiv.org/abs/2303.18143

* Ramos-Buades+23 https://arxiv.org/abs/2303.18046

 Maarten+23 https://arxiv.org/abs/2303.18026
Some starter references

(out highly incomplete)

 Damour+14 https://arxiv.org/abs/1406.6913

* Nagar+18 https://arxiv.org/abs/1806.01/772

* Nagar+21 https://arxiv.org/abs/2108.02043

* Nagar+23 https://arxiv.org/abs/2304.09662
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,o.s and
Dhos, 5.5PN in Qunos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in Dyos and Qnos

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S°® (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

UNIVERSITYOF
BIRMINGHAM RARGY

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p2) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

UNIVERSITYoF
BIRMINGHAM

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,o.s and
Dhos, 5.5PN in Qunos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN in Anos, 3PN in D,.s and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in D),.s and Qnos

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

THE

ROYAL

SOCIETY

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)
105 Ditterent analytical information included in the various potentials
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)

126 Same resummation of A-potential
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)

197 Ditterent resummation of D-potential
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)
108 Ditterent limits of Hamiltonian in test-particle limit
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p2) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)
199 Ditterent gauge choices and resummation for spin-orbit interactions
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e Two main flavours of EOB are SEOBNR and TEOBResumS

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.
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SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S°® (3.5PN),|[LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)

130 Dittering analytical spin information

Khalil+23
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part

A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

higher-order spin

information
precessing-spin
Hamiltonian
spin-multipole
constants included

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé
(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

NNLO SS (4PN), LO S® (3.5PN),
LO S* (4PN)

yes

yes

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

LO SS (2PN)

yes

no

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed
NNLO SS (4PN) for circular orbits

no

yes (in the SS contributions for cir-
cular orbits)
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e Two main flavours of EOB are SEOBNR and TEOBResumS

Khalil+23

TABLE II. Summary of the main differences of the SEOBNRv5 Hamiltonian derived here, which builds on the results of Refs. [103,

104], compared to that of SEOBNRv4 and TEOBResumS.

SEOBNRv5

SEOBNRv4 [99, 100, 107, 111]

TEOBResumS [102, 112, 113]

nonspinning part
A,os resummation

D, .s resummation

Hamiltonian in the
v — 0 limit

spin-orbit part

4PN with partial 5PN in A,.s and
Dhos, 5.5PN in Qnos

(1,5) Padé

(2,3) Padé

reduces to Kerr Hamiltonian for a
test mass in a generic orbit

3.5PN, in (r, L?) gauge, Taylor ex-
panded

4PN 1n Anos, 3PN in Dnos and
QnoS

horizon factorization and log re-
summation

log

reduces to Kerr Hamiltonian for a
test spin, to linear order in spin, in
a generic orbit

3.5PN, added in the spin map

4PN with partial 5PN in Ajes,
3PN in DnoS and QnoS

(1,5) Padé

Taylor expanded (Dpnos = 1/Dhos
is inverse-Taylor resummed)

the A potential reduces to Kerr,
but not the full Hamiltonian

3.5PN, in (r,p?) gauge, inverse-
Taylor resummed

higher-order spin| NNLO SS (4PN), LO S° (3.5PN),|LO SS (2PN) NNLO SS (4PN) for circular orbits
information LO S* (4PN)
precessing-spin yes yes no
Hamiltonian
spin-multipole yes no yes (in the SS contributions for cir-
constants included cular orbits)
130 Again, differing analytical information in multipole moments
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e SEOBNRVS5 is the current fifth generation of SEOBNR model

Laying the foundation of the effective-one-body waveform models SEOBNRv5:
improved accuracy and efficiency for spinning non-precessing binary black holes

Lorenzo Pompili,l’ * Alessandra Buonanno,!-? Héctor Estellés,! Mohammed Khalil, > 12
Maarten van de Meent,!-* Deyan P. Mihaylov,1 Serguei Ossokine,! Michael Piirrer,” %! Antoni Ramos-Buades,!
Ajit Kumar Mehta,”>! Roberto Cotesta,® Sylvain Marsat,” Michael Boyle,'® Lawrence E. Kidder,'°
Harald P. Pfeiffer,! Mark A. Scheel,!! Hannes R. Riiter,!? Nils Vu,!! Reetika Dudi,!

Sizheng Ma,'" Keefe Mitman,'' Denyz Melchor,'* Sierra Thomas,'*'* and Jennifer Sanchez' SEOBNRv5PHM: Next generation of accurate and efficient multipolar precessing-spin
effective-one-body waveforms for binary black holes

Antoni Ramos-Buades,!** Alessandra Buonanno,!*? Héctor Estellés,! Mohammed Khalil, !:2
Deyan P. Mihaylov,' Serguei Ossokine,! Lorenzo Pompili,! and Mahlet Shiferaw!:*

Theoretical groundwork supporting the precessing-spin two-body dynamics of the
effective-one-body waveform models SEOBNRv5

Mohammed Khalil,!»2:3:* Alessandra Buonanno,??3 Héctor Estellés,?
Deyan Mihaylov,? Serguei Ossokine,? Lorenzo Pompili,2 and Antoni Ramos-Buades?

Enhancing the SEOBNRv5 effective-one-body waveform model with
second-order gravitational self-force fluxes

Maarten van de Meent,!*? Alessandra Buonanno,? Deyan P. Mihaylov,? Serguei Ossokine,? Lorenzo
Pompili,? Niels Warburton,> Adam Pound,* Barry Wardell,®> Leanne Durkan,®° and Jeremy Miller®
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e Key highlights from SEOBNRv5

e Most of 5PN NS terms and all generic-spin terms up to 4PN [SO + SS at NNLO, S3 + S4 terms at LO]
* Improved NR calibration [442 simulations + 13 test particle]

e PN information from orbit-averaged generic Hamiltonian

* In-plane spin-effects via partially precessing Hamiltonian

 Calibration of NS modes and radiation-reaction up to 2-GSF

* Precession equations PN-expanded with self-consistent SO and SS couplings at NNLO (e.g. SSC)

 Mismatch against 1543 precessing-spin NR simulations have 99.8% of cases with 1 — #Z <3 %

e Calibration to 2GSF flux
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Effective One Body: Highlights from SEOBNRvV5
. Mpeh-0u.as+gu a4 SO +{GT) |

e Partial-precession eftects in Hamiltonian e = 7+ a1 2M)

2
pP
+ [ APprec ('uz 3 ngrec r_;ﬁ + (1 n ngrec) (n ) P)2

Adapted from slides by Antoni Ramos-Buades 135
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Effective One Bodv: Highlights from SEOBNRV5

Mp¢l . (ga+ a;+9gg_ 60_) + SOCalib I (GZ§ICC> l

o . - " 1 1 N | gPPree _
Partial-precession effects in Hamiltonian HG TR YT
2
P
+ [APP“"C (ﬂz + By —f + (1 + Bﬁgre") (n-p)?
r
(Khalil+2023) (Khalil+2023)
orbit-averaging in-plane spins (
full-precessing-spin (prec) Hamiltonian for circular orbits partial-precessing-spin (pprec) Hamiltonian
>
prec rec 2 2
HEOB(r’ p.a,, a_) simplifying PN resummation, requiring HIEZ)E)B (r,p,1a,-Iy,a,.-l,a%,a _-a_)
pprec prec
that A7 " reduces to H - vs;hen PN
expanded through O(ay) :
r, p — canonical variables in center of mass - I'— orbital an‘ﬂaI mamentm
Iy — Newtonian angular momentum
a, , - body’s spins a,=a;*ta,
v — Symmetric mass ratio ‘ PN-expanded EOB equations for spins, | EOB orbital equations in co-precessing (P) frame
angular momentum, velocity parameter v = (Mw)' QHPPree HEPPrEC
. . EOB — i EOB
* | | ap, Py
= l(lN, V, ai) O PPrec
. EOB ), = F
. Pr=-— +F, Pp=7¢
. E(v)
"7 | dBgop(v)d
eoplV)/av
- 2 - PN expanded
Inertial-frame EOB waveform multipoles . .
Co-precessing frame EOB waveform multipoles
I — JI PJ P -
hfm(t) _ Z 1{mm’ 1{m’m” hfm”(t) h;m(t) = h;m(l’, v,a, - lN)
m',;m” :

Adapted from slides by Antoni Ramos-Buades 136
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e Calibration to 2nd order gravitational-selt-force (GSF) flux
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux

e GSF models metric of binary as expansion in € = m,/m,

Jap -+ Z [Eh(ll’gl( 2hign(ﬂ)} e—imgo + 0(63)
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux

e GSF models metric of binary as expansion in € = m,/m,

Jap -+ Z [Eh(ll’gl( 2hign(ﬂ)} e—imgo + 0(63)

- Schwarzschild metric
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux

e GSF models metric of binary as expansion in € = m,/m,

Gup + 3 [ehbi (@) + ER2Q)] e e 4 O(E)

metric amplitudes
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux

e GSF models metric of binary as expansion in € = m,/m,

Gup + 3 [ehbi (@) + ER2Q)] e e 4 O(E)

e Flux from (£, m) modes of eh;ﬂm + ezhs’g’ at S+

fGSFe(e, y) _ €2FGSF1€(y) + GBFGSFZG (y) 4 0(64)

‘m ‘m ‘m
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux

e GSF models metric of binary as expansion in € = m,/m,

Gup + 3 [ehbi (@) + ER2Q)] e e 4 O(E)

e Flux from (£, m) modes of eh;ﬂm + ezhs’gl at S+

FGSF€(€7 y) _ €2f—GSFle(y) + EiSJ,—;GSFZe (y) 4 0(64)

‘m ‘m ‘m

e \WWant to compare to EOB flux

(mMSQ)?
8

2 2 /
FEOB — WY1 1Sem| | Tem|” |0em”
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux

e GSF models metric of binary as expansion in € = m,/m,

Gup + 3 [ehbi (@) + ER2Q)] e e 4 O(E)

e Flux from (£, m) modes of eh;ﬂm + €?

fGSFe

‘m

(E, y) _ EQ.FGSFle

‘m

e \WWant to compare to EOB flux

f‘EOB

m

= d4

(mMSQ)?

T

LN

a.p

h2" gt F

(y) + € Fomy > “(y) + O(e*)
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux Maarten+23

008F — T T T -
e GSF models metric of binary as expansion in € = m,/m, — Py 0+ Apy €———— GSF calibration term

0.06 -

1,m 212,m — 1M 3 i
or + Y |ha (@ +ERF@] O L

0.02-
e Flux from (£, m) modes of eh;ﬂm + ezhs’g’ at S+ "
O-OO~ — ] ‘:'-
GSFe __ _27GSFle 3 ~GSF2e 4 L 1).GSF  (1).EOB |
Fém (67 y) — € 'Fém (y) T € Fém (y) T O(E ) 101 o |P§2)) —P(Qz)' — A ;2)’ p
02k e | (1).GSF (1),EOB|
 Want to compare to EOB flux ! P P )
1073 .
2 10_4 o? o® - @
fEOB _ d2 (mMQ) hN 2 SW 2 T 2 2¢ & S g% et ”
Im — YL | Eml fm ‘ Eml ‘pﬁml 10 F . ¥ &°
8 L E 22 - 5
10 L 1 1 1 | 1 1 1 1 1 1 1 1 | 1 L 1 1 1
0.0 0.1 02 0.3 0.4
vQ
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Effective One Bodv: Highlights from SEOBNRV5

e Calibration to 2nd order gravitational-self-force (GSF) tlux Maarten+23

008F — T T T -
e GSF models metric of binary as expansion in € = m,/m, — Py 0+ Apy €———— GSF calibration term

0.06 -

1,m 212,m — 1M 3 i
or + Y |ha (@ +ERF@] O L

0.02-
e Flux from (£, m) modes of eh;ﬂm + ezhs’g’ at S+ "
O-OO~ — ] 4 ‘:"-
GSFe __ _27GSFle 3 ~GSF2e 4 L 1).GSF  (1).EOB |
Fém (67 y) — € 'Fém (y) T € Fém (y) T O(E ) 101 o |P§2)) —P(Qz)' — A ;2)’ p
02k e | (1).GSF (1),EOB|
 Want to compare to EOB flux ! P P )
1073 g
2 10_4 o? o® - @
fEOB _ d2 (mMQ) hN 2 SW 2 T 2 2¢ & S g% et ”
Im — YL | Eml fm ‘ Eml ‘pﬁml 10 F . ¥ &°
8 L E 22 - 5
10 L 1 1 1 | 1 1 1 1 1 1 1 1 | 1 L 1 1 1
0.0 0.1 02 0.3 0.4
vQ
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Ramos-Buades+23

- —— NR (SXS:BBH:1225) == SEOBNRv5PHM |
0.1 = SEOBNRv4PHM f
;
< 0.0 ;
0.1}
[ | | 1 | | 1
0.2 0.4 0.6 0.8
t(s)
Approximant SEOBNRv4PHM SEOBNRv5PHM IMRPhenomXPHM TEOBResumS-GIOTTO
median max 3y Msngr 7.49-1073  4.75-1073 14.35-1073 11.47-1073
% cases with max, HSNR <1% 60.8% 84.4% 38.3% 44.9%
% cases with mamesm < 3% 95.3% 99.8% 78.3% 83.3%
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Effective One Bodv: Highlights from SEOBNRV5

Ramos-Buades+23

- —— NR (SXS:BBH:1225) == SEOBNRv5PHM |
0.1 = SEOBNRv4PHM f
;
< 0.0 ;
0.1}
[ | | 1 | | 1
0.2 0.4 0.6 0.8
t(s)
Approximant SEOBNRv4PHM SEOBNRv5PHM IMRPhenomXPHM TEOBResumS-GIOTTO
median max 3y Msngr 7.49-1073 4.75-1073 14.35-1073 11.47-1073
% cases with maxyy Mgng < 1% 60.8% 84.4% 38.3% 44.9%
% cases with mamesm < 3% 95.3% 99.8% 78.3% 83.3%
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Metrics for Model Accuracy?

* Mismatch as one way to gauge (point-wise) level of agreement between models (and/or NR)

e Overlap is the noise-weighted inner product - weighted by PSD of detector

Jhigh 7 7«
(h1,h2) = 4Re /f df hl(ng(}}Z)(f)

* Interested in the mismatch optimised over polarisation angle as well as time and phase (gauge)

hi,h
M =~1— max (i1, ha)
tcaSOO)w \/<h17h1> <h2,h2>

* | ot's of different variations [e.g. sky-and-polarization averaged]

* Treat as a measure ot agreement between two waveforms at point N parameter space
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NR Surrogates

* NR surrogates amongst most accurate models available ~ at level of NR errors

Varma+

100 =
— NRSur7dgsa O < <O < - —k— NRSur7dg4 —@— NR -
1 SEOBNRv3 - _:___% _
1 \R 107 = E
S TEEEE o e e w Ll ¥ 3
S [ -
£ 1072 -
1% - -
= T N
1073 L JP—— * —
I - d- == -
. :
BN S ey —— 0 - - =
———
107 107° 10 10°* 10 1072 10! 10° 104t I 2
mismatch
M (Mo)
(a) Flat noise mismatches (b) LIGO noise mismatches
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Mismatches Across the Parameter Space?

* Can use NR surrogate to gauge performance of semi-analytical models

10 °
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o "
/” "@’-.“e—“”a___é____.@,... Y-y Uy W——
o ,0”"9" = .___..——.——-0--—0-—-0—--0—--.-__.
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. el -0 ——9
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o % SR S i L e i i o e o A ot it o Ao 1 o S 5 e o P S b s o
o -9
Y il

—&— SEOBNRv4PHM —&— TEOBResumS-GIOTTO
—®— [MRPhenomXPHM —&— SEOBNRv5S5PHM

1
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M/ M,
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Mismatches Across the Parameter Space?

Largest differences at high(er) mass ratios and precession

Ramos-Buades+ arXiv:2303.18046

g Ky g4 % i ) -3 | T L Vi | § 0'0
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

q

A l A A e ' l A ' A AL L e . A - L . = —

maxMgxr (SEOBNRv5PHM vs IMRPhenomXPHM)

‘ |H m]"nr L

10 ? 10 !
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e Accuracy of models highly dependent on binary geometry, mass ratio, spins, etc

1.0
0.9
‘ 0.3
o 0.7 SN
L
0.5
0.4
0.3
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Mismatches Across the Parameter Space?

e Accuracy of models highly dependent on binary geometry, mass ratio, spins, etc
1.0

. Detailed modelling

0.8 ‘ ot higher multipoles
0.7 &
M= =
0.0 ﬁ
-
0.5
0.4
0.3
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Mismatches Across the Parameter Space?

e Accuracy of models highly dependent on binary geometry, mass ratio, spins, etc

1.0
0
5 0.9
o
o 0.8
>
) o 0.7 &
M = g‘ ~
ol 0.6 S
Z |
S, -y
Z 0.5
A
P
-
3 0.4
&
® 0.3
0.0 0.2 0.4 0.6 0.8 1.0
Xp

155'\_/ effective precessing spin [Schmidt+]
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Mismatches Across the Parameter Space?

e Accuracy of models highly dependent on binary geometry, mass ratio, spins, etc

1.0
= - Detailed modelling |
a 0.9 | : I
. | of precession:
@) | . jr
= mode asymmetries, |
O 0.8 | , |
3 co-precessing
S — frame, NR tuning,
- =, 0.7 & higher multipoles
./\/l — 6 \C\l /
5. 0.6 S
< |
S, -y
Z 0.5
AJ
o
c
3 0.4
%!
=
’ 0.3
0.0 0.2 0.4 0.6 0.8 1.0
Xp

156'\\/ effective precessing spin [Schmidt+]
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