‘Numerical relativity and waveform
modeling for XG detectors

New Frontiers in Strong Gravity n

Afram, Blaekman Bonilla, Boyle, Carpenter Ceja, Corso, Duez, Field, Foucart
Glesler Habib, Hebert, Jones Kidder, Kim, Kumar, Lara, Legred, Lovelace
\Y/F=Te{=Te o} I\/Ielchor I\/Iendes Mitman, I\/Iorales Most, I\/onon Nelli, O’Shea,
Pannone Pteiffer, Ramirez-Aguilar, Rawshankar Sanchez Scheel Teukolsky,

Throwe, Varma, Vu, Wittek, Yoo +
| g|thub.com/sxs-colIaboratlon/spectre






- XG GW QObservatories

S ——
-j‘.“_‘_~, G5 l"i S "'\":- —
4&__4_,,’/‘-»—- —- =
LISA s ~ Einstein Telescope (ET) @ Cosmic Explorer (CE)
e 2.5 million km triangular k" -« 10 km .underground triangle _ e, ¢ 2 km and 40 km L-shaped surface
interferometer in space ‘ a— el - Observatories
- | | '+ scaled up A+ technology &
~ enhancements
Images courtesy Einstein Telescope, LISA, CosmicEkaorer B | | ., | ' l . | s 3



CE (20 km)

CE (40 km) 'N-'ext¥gen'
1072 S

10 100 1000
Frequency [Hz]

Kuns; C&i et al. arXiv:2402.13445v1
\ . - .



iR



orer/

plc

’

_eX

form

O
>
)




h(t,0,9) = Z e m(t) (<2 Y 2 (0; P) data.black-holes.org/waveform-explorer/
. | £m | X | ' .

5

(2, GW150914-like — (2, 1)
2 \ W — (2, 2)
1041 — (3, 1)
: — (3, 2)
. — (3, 3)
.IT 1022 — (4, 3)
N : — (4, 4)
T (4, %) (5, 3)
E 102 ' —— (5, 5)
% 5 \/*‘-“““ / “ — (6, 4)
= : (4, 2) | P= - EZ’ Z;
107+ \\\@6\ AT ) DA
5 ) 4 ’\ — (&8
\ . CE Noise Curve
2 (5, 4) \ = aLIGO Noise Curve
10—25 \.__ | ’\
> 10 2 > 100 2 > 1000 2 >

frequency / Hz



h(t,0,¢) = Z Mg m(t) (-2)Y (0 D) data.black-'hOIes.org/waveform—explorer/
: . | Y . : ;

Mass ratio 1, GW150914-like —— (, 1)
D~440 Mpc —(2,2)
— (3, 1)
— (3, 2)
— (3, 3)
— (4, 2)
— (4, 3)
— (4, 4)
— (5, 3)
— (5, 4)

‘ —— (5, 5)
‘ —— (6, 4)
: (4, 2) - o E:' Z;
1024 \ i X W — 7, 7)

5 \) l /\ — &8

| CE Noise Curve
—-25 —
10 2 > 100

aLIGO Noise Curve
2 S5 1000 2 >

amplitude / (H 2—1)1,.=’2

frequency / Hz



h(t,0,¢) = Z Mg m(t) (-2)Y (0 D) data.black-'hOIes.org/waveform—explorer/
: . | Y . : ;

5

(2, Mass ratio 1, GW150914-like —— (, 1)
2 \ W D~440 Mpc — (2, 2)
10-21 — (3, 1)
. T (31 2)
. S (31 3)
S 2 — (4, 2)
',TT\ 10—22 E— (4, 3)
N ¢ o (41 4)
E (4, 4) — (5, 3)
? 2 S (51 4)
":cjs 10-23 (3, 2) | / ‘ —— (5, 5)
% . \/""‘“ " ‘ S (61 4)
I T ¢
10-24 \ . — /’ W — (7, 7)
5 \ l /\ — (&8
ey . CE Noise Curve
2 ’ ' aLIGO Noise Curve
—-25 \..../ M/\
10 5 10 2 5 100 2 5 1000 2 5

frequency / Hz



redit: Keete Mitman

'%t

~ |t =1

----- med resolution vs. low resolution

— high resolution vs. med resolution :

SXS:BBH:1132

arxiv:2502.14025

I |
—10°

(tl — Tcommon horizon)/M



redit: Keete Mitman

----- med resolution vs. low resolution

— high resolution vs. med resolution :

S5 1074F ~ 25 orbits __
=
<
- _ -
< 1077 e ‘-
+ O~
2 \“*‘\‘
104k e :
M, ~|t,— 1, | SXS:BBH:1132 S
5 S
]_O_ = I . I . - —
—10° —10%

arxiv:2502.14025

(tl — Tcommon horizon)/M



v Y, >
b\
\‘~—‘

-~ - -
TR A NS e YT
bl ' = =N A
(e
, / 4 N
- .
-
- .

Ve & .-I',»“ ‘ :
redit: Keefe Mitman g L&

. @~
~~

----- med resolution vs. low resolution

— high resolution vs. med resolution :

& SXS:BBH:1412 .
-~ “‘~.~§~\
S 10-3L R S
~ ¢ e
- o
2 \t\‘
10—4 B \’Q\‘\
M, ~ |t — 1, | SXS:BBH:1132 *.
f » — 4 .
-
10~ °k L L —
—10° —104

(tl — Tcommon horizon)/M

arxiv:2502.14025




maximum SNR p satistying indistinguishability criterion
10* 10° 107 10*

typical loud event .

detector

low

I:I Mtot — 91M@

h— et el

D Mtot — 165M@

1 Mo = 300M

Number of simulations with fiow < f

I:I Mtot — 107M@

Averaged mismatch M SXS Catalog, arxiv:2505.13378



maximum SNR p satistying indistinguishability criterion
10* 10° 107 10*

D Mtot — 5OM@

typical loud event .

detector

low

I . 5 D Mtot — 91M@

-
N
|

- ek (-
-
p—t
I

_ D Mtot — 165M@

-
-

1 Mo = 300M

Number of simulations with fiow < f

I:I Mtot — 107M@

Averaged mismatch M SXS Catalog, arxiv:2505.13378



maximum SNR p satistying indistinguishability criterion
10* 10° 107 10*

D Mtot — 5OM®

g typical loud event . 3

Q\Z | . 1 Mo, = 91M4
%102—- : :

=

= 1077

iloo D Mtot:165M@
8

5102_

=

210! -

3 100 - 1 Mo, = 300Ms
—

D)

R

=

=

Z.

Mtot — 107M®

Averaged mismatch M SXS Catalog, arxiv:2505.13378



10

maximum SNR p satistying indistinguishability criterion
107

4

102 101

Mtot — 50M@

typical loud event .

detector

low

—_ =

- - -

- — RO
11 IIIIIII 11

Mtot — 91M@

Mtot — 165M@

—_ =
- -)
— O
I I

Mtot — SOOM@

-
-
|

-

B} |
1 rET _
|

Number of simulations with fiow < f
el
o
\V)

(-

-
p—
I

ek

-
-
I

LISA

low

— (0.0001Hz

Mtot — 107M@

p—
ol _II L L L LIl L L L LIl Ll L 11l
Qo

10-7

10-6

TR

Averaged mismatch M

102 1070 10°
SXS Catalog, arxiv:2505.13378




—
a
oY
—

y orb

» Earl










- ) |
: : N -
. - . : o
: x -
A .
. . |
.
.
’
1 =
. N\
= -
. i |
- : | |
- | .
. ;
° s » : ] l
| .
.
| .
. . ) an
. : . |
3 .
-
- E : : -
‘ |}
l l - . = E
) .
»
: .
. . - -
: .
- = - : |
» - ) .
. ; | :
.
. L
- g l
.
-
- -
: .
. -
o . .
. . . | |
- . . n
- l l l |
- . l | |
- B . : .
- - -
.
-
. v
.




Algorithms

~» |t's all that matters.
« Hardware = linear

. Algorithms = exponential



Algorithms

It’s all that matters.
« Hardware = linear
Algorithms = exponential

Algorithms are difficult



Algorithms

It’s all that matters.
Hardware =’Iinea'r
Algorithms = exponential .
Algorithms are difficult

Fast=more science



P>
ks 1280 pas
S —=1
320
i —— CarpetX — GPU
—+— CarpetX — CPU
30 Carpet — CP U
4 3 16 32 04
CPU: Frontera (7 yo), 56/node Number of Nodes  From arxiv 2503.09629, Ji+

GPU: 1 H200/node



[T]

C: 4800 M/day @ 48 cores (1/4 node)

5120 r"""/",P”’,,,,,——k——————“"F““““‘*

= 1280
o
=)
320
—— CarpetX — GPU
CarpetX — CPU
30 Carpet — CP U
4 3 16 32 04
CPU: Frontera (7 yo), 56/node Number of Nodes  From arxiv 2503.09629, Ji+

GPU: 1 H200/node



SPEC: 4800 M/day @ 48 cores (1/4 node)

5120 r"""/",P”’,,,,,——k——————“"F““““‘*
\$6k .

= 1280
g®
=)
320
—— CarpetX — GPU
CarpetX — CPU
30 Carpet — CP U
~$200k~}4 Q ~$800k‘b16 32 04
CPU: Frontera (7 yo), 56/node Number of Nodes  From arxiv 2503.09629, Ji+

GPU: 1 H200/node



Algorithms

* It's all that m‘atters.
Hardware = linear AT BEST _
Algorithms = exponential

- Algorithms are difficult



g Fr

-

4

c
.w |

o /

m 'Y
| C ,,

-

- N~ o~ ~ ™ -

\

‘ y b up
‘ ’ 1 | v
= b \ .
‘ | N /
\ o \ |
: ) X
: “ :
i 4k
. f !
{ | ALY
i 1 : y
| 4 -
J f |
| ! |\
| |
TAl
v

@;_q,\‘_\.«,_\‘\.

T

,.* —v ,* ,,**,d_ |

-~

Inertial-Frame



Inertial Frame ™

~




Inertial Frame ™

~




NN U Y

B N NS LN |

N "/ \ /\ N\ \ G -

b 4

FAASL)

VI
//

RS OIS T LA’

x

.
+
‘ g

BT XK KN
o L
'y

A

A\ N NN SIS AT T =
A A A AN KN NI L ]~
H v
| 4
A A )

A7

“;‘_‘1-/

AR

A

VY

e
7.

R R

-~
j | =
—p—— 4" v"’
-

!

A A

~ \r—*—& -
™ NS N e i

J \ \
-

—

-

\ G

VoA

R A A TR
HSOSSSERRN  NY Y

AR R RS

AT

N A AL LT
e

A1

1114




107°-

10—8_

10—10_

10—12

t.M

LevO ~ 10_83‘ \\\\\\
Levl § 1079 T
Lev?2 o|f|: 10_10_; \\\\\\\\\\\
% 10—11-2 \\\\\\\\\\
W § Y T
Nﬂ“ 10_12(5 1 2
Lev A//
*'\/\,\v L - — N——— B
N
0 1000 2000 3000 4000 5000




10—10_

10—12

LevO ~ 10_83‘\\
Levl § 10—9 \\\\\\\
Lev?2 oF ol e
j10°00 T
B
= 10—11 \\\\\\
w Se
10—12

t.M

\'\/\N - e ’\7/‘
Exponential Convergence!!!\ \/\(\/\
0 1000 2000 3000 4000 5000




h(t,0,¢) = Z Mg m(t) (-2)Y (0 D) data.black-'hOIes.org/waveform—explorer/
: . | Y . : ;

Mass ratio 1, GW150914-like —— (, 1)
D~440 Mpc —(2,2)
— (3, 1)
— (3, 2)
— (3, 3)
— (4, 2)
— (4, 3)
— (4, 4)
— (5, 3)
— (5, 4)

‘ —— (5, 5)
‘ —— (6, 4)
: (4, 2) - o E:' Z;
1024 \ i X W — 7, 7)

5 \) l /\ — &8

| CE Noise Curve
—-25 —
10 2 > 100

aLIGO Noise Curve
2 S5 1000 2 >

amplitude / (H 2—1)1,.=’2

frequency / Hz



h(t,0,¢) = Z Mg m(t) (-2)Y (0 D) data.black-'hOIes.org/waveform—explorer/
: . | Y . : ;

5

(2, Mass ratio 1, GW150914-like —— (, 1)
2 \ W D~440 Mpc — (2, 2)
10-21 — (3, 1)
. T (31 2)
. S (31 3)
S 2 — (4, 2)
',TT\ 10—22 E— (4, 3)
N ¢ o (41 4)
E (4, 4) — (5, 3)
? 2 S (51 4)
":cjs 10-23 (3, 2) | / ‘ —— (5, 5)
% . \/""‘“ " ‘ S (61 4)
I T ¢
10-24 \ . — /’ W — (7, 7)
5 \ l /\ — (&8
ey . CE Noise Curve
2 ’ ' aLIGO Noise Curve
—-25 \..../ M/\
10 5 10 2 5 100 2 5 1000 2 5

frequency / Hz



Credit: Dongze Sun+Mike Boyle arxiv: 2403.10278

PN+NR

- Initial guess
- Target
Matched




Credit: Dongze Sun+Mike Boyle arxiv: 2403.10278

o 6‘ 5y
L. |
*

- Initial guess

- Target

' S VWUTVVVVY nmmﬁle?llll




~ PN+NR Algorithms.

github.com/moble/PostNewtonian.jl , ‘ : |

| github.com/moble/Scri.jl

. ~>20x speedup, less RAM g
Differentiable

PINNs for PN: 2511.10522


http://github.com/moble/PostNewtonian.jl
http://github.com/moble/Scri.jl
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* Numerical relativity surrogates

* NRslow...
PN inaccurate

- ¢ Goal: go fast & accurate
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Surrogates

'+ “Boring” data
* Waveform + dynamics

« Waveform: Inertial NR — Coprecessing — Coorbital



Surrogates

'+ “Boring” data
Waveform + dynamics
Waveform: Inertial NR — Coprecessing — Coorbital

Dynamics: Spins + frames



qg= 2.0 _
x1 = [—0.19, —0.78, 0.00] Inertial frame
Y2 = [0.01, —0.00, 0.80]

A

= o0 AR AW

=

—4000  —3000 —2000 —1000
arxiv: 1905.09300 t (M)




arxiv: 1905.09300

qg= 2.0 _
x1 = [—0.19, —0.78, 0.00] Inertial frame
Y2 = [0.01, —0.00, 0.80]

0.00 RN

Coprecessing frame

\AAAAAAAANAAAAAAAAAAAAARAAARRARAA
0.00 gy YUY YU YT Uy T

—4000  —3000  —2000  —1000
t (M)




arxiv: 1905.09300

qg= 2.0 _
x1 = [—0.19, —0.78, 0.00] Inertial frame
Y2 = [0.01, —0.00, 0.80]

0.00 RN

Coprecessing frame

\AAAAAAAANAAAAAAAAAAAAARAAARRARAA
0.00 gy YUY YU YT Uy T

Coorbital frame

—4000  —3000  —2000  —1000
t (M)




arxiv: 1905.09300

Strain

0.4

S S
1w

0
—0.19, —0.78, 0.00]

0.01, —0.00, 0.80]

—4000

—3000

—2000  —1000

t (M)

0




0
—0.19, —0.78, 0.00]

0.01, —0.00, 0.80]

I %(ﬁgg@b)
— RO

S S
1w

Strain

Strain

0.0

—4000 —3000 —2000 — 1000 0
arxiv: 1905.09300 t (M)







- -
.
. - ) \ D A ~
- | .,
L - |
| . . - " oo
.
’
. ‘ .
» . - l |
- | |
- | | |
. . ,
° r . : ] I'
. .
. ’ |
| . ) an |
.
- \ |
| .
- E : : |
c -
. . l : - . = k
»
. | |
: . . a .
| .
- > - |
- - - ' 2
| a
. "
. L ]
.
. | .
| -
% .
.
- R l |
| .
. ; - » = - g :
- . |
- l . l l |
- B | |
S
- - .
.
-
. v
i




_ Orbital dynamics:

. Universal DEs (arxiv:2001.04385)



_ Orbital dynamics:

. Universal DEs (arxiv:2001.04385)
.+ Neural DEs (res net: 1512.03385, neural DE: 1806.07366)
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. How fast can you go?
Waveform eval: 0.05ms (fixed) '
Waveform rotation: 0.05ms (skip??)
Waveform interpolation: 0.1 6mMs (skip!??!)
| DynarhiCs: 0.37ms (~10x reduction)" .

Potential frequency-domain: ~0.2ms
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