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~edusmdd™ The laser frequency shifts between spacecraft are related to the time derivatives of the strain as:
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[LFA: MICHELSON COMBINATIONS
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—dutslds Laser frequency shifts: YD) & — ;C H, (f - 5 ) ~ h+,><
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X150 =13t —L_y — L, — L)

L) . 5(t)+5(t)> ;
st 1 ol A g5 r ~ i — Y1t = Ly)
Laser frequency shifts: Y (?) > z( > +.% L1
~¥231(2)
keallfrradad 1\ S . . . . Y12t — L_»)
We apply a similar procedure to the Michelson combinations X(z), Y(¢), and Z(¢): 123 2
Vit =L =L 3—1L5)
+¥3-21(9)

—y3_01(t —L_3— L),

Xo0(H) =y1_30(t—L_y— L, — L3)

—Y1-32(t — L3)
+yy31(t = Ly — L_5)
—¥231(%)

+Y123(f = L)

—Vi3(t =Ly —L_3—Ls)
+¥3_21(7)

— V30t —L_3— Ls),
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+V1903(t —2L_5 — L, — 2L, — 2L _5)
Vit =Ly =L 3—=2L_,—L,)
+y3 01t =Ly — Ly =205 — 2L _3)
V3 0(t=L3—=L 3—-L ,—L,))
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HYBRID RESPONSE &)

-autnbd. eviations from the LFA appear as the binary evolves toward the late inspiral and merger-ringdown phases.

-kdutudn. \Ne combine the LFA approach with the full LISA response Hybrid response

PHENOMXPY
edutnddis. \Ve use the LFA for the long inspiral and the full response for latest part of the waveform. (Garcia-Quirés+ 2025

—5/3
~dutibd. (3iven a hybridization frequency nyb, we estimate the matching time with bty & I — fﬁygf X 5 5) _ <G=?c>
/A C
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edutnddis. \Ve use the LFA for the long inspiral and the full response for latest part of the waveform. (Garcia-Quirés+ 2025

—5/3
~dutibd. (3iven a hybridization frequency nyb, we estimate the matching time with bty & I — fﬁygf X 5 5) _ <G{c>
/A C

-t Hybridization is done at the level of the links y;; and X(¢), Y(¢), Z():

Ys(t) = Z(tpas tyn, 0, + 1) X Y Mtiea) |1+ 2 fyyps 0> — 1) X Yo (tgay) X(1) = Z(fLpas tgypr 0, + 1) X XLFA(ILFA)‘ + 2ty tyby 0o — 1) X XFuH(fFuu)I

L(1) . o(1) + 6,(1) _H, (t=64n) = H, (1= 6,0) _ 4 [ : ( _ Ls(t) L2(t)) B : ( _ Lo(t) L3(t))] Xy 5(t) = y_3(t =Ly = Ly — Ly)
/ e ;_CHZ (z - ! > Y1) = k. h) X15(t) = . L3(t)g123 | t c 5c Lo(t)y231 | t . » =L
4

+ Y31t =Ly — L_y)

L 3L 3L
X15(t) = e [3]123 (t— 2_c) — Y231 (t — 2_c)] —¥231(7)

-1
E(I; vk O 6) — [1 + eg(t_tHyb)/al +y103(t = L_»)
Hyb —Vi3(t =Ly =L 53— L3)

+¥3_51(2)
—V3p(t = L_3—Ly),

~Ldutmbdn. Relative portion of the waveform projected by the LFA: 95% (Full: 5%)
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RESPONSE VALIDATION: TEST CASE

Full e wmwm [LFA Hybrid
x10—20 ' ' ' ' ' ' x10~2
Equal and constant delays !
2t i 5
kbt tbed 1\ ‘o o : Aa Ao RAafhal v fa A Cha A T
PyIMRPhenomTHM |Garcia-Quirds+ 2025] with _ Olﬂln\ M A ',«\ | A ,'ll 'ﬁ A 'r\‘ \ A ,:‘ £ :«‘ A v :«\ At ﬁr {'Eglm O
S A A A AR YA AVARVATAVATA VA e \Mu?n '
(Lm) ={(2,%£2),(2,£1),3,%£3),(4,£4),(5, £5)] IJ\'{,'VU\’{I'"{:\’V‘IH"I}"{:vl‘:"ll":‘l ‘ ',}'-""
92t ‘ ‘ | | v i -5
dutnbdr. (y00d agreement for the and LFA during the X072 , , : : _ L g
] ) Equal and constant delays - 12
early inspiral phase. 21 o o NI
— " T T foon v on oh 0
< n N |',||,.;!".I,l5| 'i,.!|.|l,. Ay
. . = ol ARARARARARARARARARARA - and I*’ﬁa"e‘u’wo
=dutmbd. [arger errors for LFA in the merger-ringdown. LA AYAT AT ATATATATRTEATR YA "L
ol
—92%
ket nadad 1\ . . % 1026 | | | | | i | «10~20 —2
= Full response in the merger-ringdown. ~6.10 —6.05 —6.00 —595 590 58 5 0 5
t—t, (s) <100 ¢ ¢, (s5)*107

—hutubdn. [ F'A (inspiral) + Full(merger-ringdown) =

edutnbdr. - One order-of-magnitude improvement with unequal

and time-dependent delays w.r.t equal and constant delays.

Figure: (M =3 x 10°M,, ¢ =4, y, =y, = 0.8)
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sh | Nas,

RESPONSE VALIDATION: TEST CASE &

x10—20 ' ' ' ' ' ' x10~2
Equal and constant delays !
2t | i 15
edutubdn. PyTNRPhenomTHM |Garcia-Quirds+ 2025] with AN AAAAAA AR AN AN AR A i“p\ Mo f.ir MH
s ofin ittt '\’l'“"‘”\lﬂ'éﬂll“““0
(Lm)={(2,+£2),(2, = 1),(3,+3),(4, £4),(5, +5)) A VYV VIV e
AP(TL A A A R A AR B A ') 5
dutnbdn.  (yo0d agreement for the and LFA during the X10-29 | | | | | | } X102
. . Equal and constant delays - 12
early inspiral phase. 2 . , W
— I T T | A - T 1 |
< n . N |',||‘,;!".I,l5| 'i,.!|,|l,.l lll
. . ?; Ot!lllll‘-"l!_.',"''ill"\-'!-:.“l.‘.""-f!lll'-\:!"l';\'-!.'n'-l'lll“;l!i’-‘.l!:-'.“_':lzlm'ml‘\l“"!I :;*‘;W!V\“‘"O
dutnbdn. T arger errors for LFA in the merger-ringdown. AR TATAVETE PAT AT A TR VAT A |',',' 1
| P
_2-
—2
el bl 11 — : 3 x102 . : : : . . - x10-%
= Full response in the merger-ringdown. V. |
2t 1t | 15
. . . An han Aa Aahahnhanl A‘\ﬂ,\,"‘\“‘  '
btk | A (inspiral) + Full(merger-ringdown) = < WARAANARAARA AN AN A AN VAR A i
S oA A Tyl e
wﬂgvgddﬂqUUvH¥,Jduvkuu¥ ‘W%
_ | B B | | v v} ' -5
-kdutubd.  (Opne order-of-magnitude improvement with unequal 7
o - B q X].O:_29 } } } } } } EI ><1Q_20
and time-dependent delays w.r.t equal and constant delays. 2 Unequal and time-dependent delays | 2
= i 1
= J
% OpAANANAAASNANANANASNANANAN = “‘V*’\a I!"“‘\;':ﬂw 0
~ ! 1
_2.
- )
: . _ 6 _ o, —6.10 —6.05 —6.00 —-595 —590 -585 -5 0 5
Figure: (M =3 X 10°Mg, g =4, y; =y, = 0.8) -t (5 A0 f g (e
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RESPONSE VALIDATION: TIMING BENCHMARKS

wh | Nasy
lisa % ; )

7.00 6.00 575  5.50
1023
-dutnbdr. - Averaged over 100 realizations |

e g €[1,10] 0%

o )(1,2 E [_1,1]

edutubd. Fixed of = 5s.

—_
-
L

dutubdr. Speed up factor in CPU:
e Hybrid ~ 2
o LFA ~ 3 — 5

Mean evaluation time (s)
3

=Ldutabdi. T)otq-transfer overheads in
GPUs for the Hybrid

Single-link measurements v, ()

log1g (Number of points)
5.30 7.00

Fourier TDI A(f), E(f), T(f)
log1g (Number of points)

Log-likelihood In £

log1g (Number of points)

6.00 5.75 5.00 5.30 7.00 6.00 5.75 5.00 5.30

1005

10—2¢

CPU times: 1 node X 1 core

0.2 0.4 0.6 0.8 1.0
x 107

GPU times: NVIDIA Hopper H100 64GB HBM?2
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RESPONSE VALIDATION: POWER CONSUMPTION

580

| 4.36 kWh —— Full
T — LFA
—dutdds Higher instantaneous power consumption for LFA and 0 Hybrid
—usmdds- Consistent speedups.
kel fiondadi 7\
consumes 1/2 of the energy of the Full.
/ 5y o40 14.81 kWh

e

—umdds LFA consumes 1/3 of the energy of the Full. . l

520} kLt

0 10 20 30
Time (hours)

~umdd™ These factors are applicable also to CO, emission.

Power consumption (Watts)
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sh | Nas,

RESULTS: QUASI-CIRCULAR PE <

. . . . . ERRt Full ~ ,
st Zero-noise IMR injection with 2.0 TDI Full response n Hybrid _ > Tull o fybrd 4 LFA
' A
L ———— LFA :
. . . . 101 L8 b 10_1? A : A
—aeats Recovery with different responses with same delay config. T | R A a A
© sl n 102k o
= NS [ & JJ l'l Q -
: e e e 1. : hesbiatnabeb 1 _ -4 _ S ot 2
waests Fisher initialization. Jumin = 107" Hz, f,,, = 0.02 Hz. = D Sio9 4 A >
' SN I 2
. . . I =104 > - >
. ket /\ _ . o -
—asatn. Sampler: Bilby ptemcee SNR of the injection = 1875 | sl N o
) &f@ . 10-5
e nwalkers = 28, ntemps = 8, npool = 112 i | T P R SR W
= Y
Injected Response for the recovery = —r m
Parameter 1 1 i
vatue Full Hybrid LFA ; |
@ @@ /
m1 (106 Mg) 4.285714 4.285619-0011 4.286170 0015 4.280510 0014 —— =—
my (10° Mg) 1.714286 1.714319-999¢ 1.714279-9007 1.716315 0008
X1 0.5 0.499819:0011 0.500275-9919 0.5217+9:9013 . AL
X2 —0.2 —0.20013:954 —0.201+9:994 —0.26613:9%4 3 re @ il @ ot
=
d (Mpc) 20000 19997133 2000173} 19504733 > Vi \jﬁw) AL
, (rad) 0.785398 0.7854:10:0010 0.7853+0-0011 0.8679+0-0014 - P == |
£ "\
+0.138 +0.137 +0.15 It
A (rad) 1.1 1.099910-0009 1.1000+0-0089 1.0770%0 0011 T ‘ ™ N
'g 3
A (rad) 2.0 2.0001+0:0007 1.9999+0-0010 2.06117+0-0006 £
: : : ———— = = = 4l e
¥ (rad) 0.5 0.500019-9912 0.500019-9011 0.526570 0015 - o = = % =
In L 1759645.5122 1759644.2120 1407784.6118 ERN
= ZAS\ 7N (e
Sampling time 3h 18m (112 cores) 1h 31m (112 cores) 9d 8h 25m (GPU) b sl
Q@ Q‘fp @’Q OSOQQ Q%QQ QOOQ Q?éo
# samples 11592 13300 11732 " SV C;J/Z (Mp?j) ! (tad)
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RESULTS: ECCENTRIC PE

~udutusdn. TNf[RPHENOMTEHM |Planas, Ramos-Buades+ 2025]

edutmbdn. 19)-dimensional parameter space: my, m,, ¥, ¥», D, Co: lgw, Lo, P, Ay

Hybrid response performance (112 cores X 1 node)

= 1k Full
o\ .k .
O IniE Hybrid
l |
m = | I
Z
7 .
o
. & <
A < —
— ~
|
>
. £
O = B
= -
\O
S
|
X . =
o i El
[ / LLLL <
S S|
> >
) Q
QY
€0.1mHz
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RESULTS: GW MEMORY PE

—dutubdn. TMRPHENOMTHM + (2,0) |Rossell6-Sastre, Husa, Bera 2024]

-kt 10-dimensional parameter space: my, m,, ¥, ¥, D, 1, @, B, A,y

Hybrid response performance (112 cores X 1 node) - Biases when ignoring (2,0)
S
8 Full l(_f\} Full
= Hybrid ! Full + (2,0)
1 %
a2
7 !
% .
v
- N
o —
1 1
a S
g 5
> iR S
© .
= i I]L 2
o ] —
X — —T X
i il 2
|| l i =
S N J.J | [
Il =
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sh | Nas,

RESULTS: PRE-MERGER PE &)

-sests Injection with the full response, recovery with ditferent e 5 Ful e Hybid A LFA
LFA | A
responses | c
_ 101
® A [
kelfionsbali/\ - —4 - —3 % ,% »" “\ )
fmin = 10 Hzafmax = 107" Hz. : ’:;10_2 cor 8 S . A
5 A )
—aete SNR of the injection = 90 - £ R
1077 Ao a
st ~ 10 hours before the merger. : % e
m m2 X1 X2 dr ¢ @ B A
Parameter Injected 10 hours before merger _
value Full Hybrid LFA 2
m1 (10° Mg) 7.5000 7.50310:039 749710031 749010034
ma (10° Mp)  2.5000  2.49919912 25009199995 250210011 H
X1 0.80 0.8211000s  0.832700) 0.8479-1%
X2 0.60 0.52+0:31 0.47+9:33 0.4410:36 Z;
dr. (Mpc) 10000 102001829 10280183 103201799
—~ )
L (rad) 1.0472 1.02670:980  1,020+9:9%%  1.041710-07° RNt
Q. Q B=F
¢ (rad) 4.0 4.0%570 4.177°9 4.071555 /Qf:% =
A (rad) 0.6  0.60610922 (060610923 (60110023 S -é/”
8 (rad) 0.6 —0.611%3933 —0.61173:93% —0.606+333 ==
¥ (rad) 0.4 0.42310-07L  0.42470°0%°  0.40670-9%3 £l \\
. = =
Ate (s) 0 743 —4ty ~19%4 ) i
In L 4129.972% 4129.873%  4130.1715 7 z
<
Sampling time (GPU) 1d 20h 30min 1d 5h 25min 18h 41min
# samples 10836 10248 10780
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sh | Nas,

RESULTS: PRE-MERGER PE &)

-sests Injection with the full response, recovery with ditferent

responses
abaunl 14 _ 10=3 ; Full
Jfin = 107" Hz, f, ., = 107" Hz. \
—aests SNR of the injection = 90
et ~ 10 hours before the merger.
Parameter Injected 10 hours before merger
value Full Hybrid LFA .
m1 (10° Mg) 7.5000 7.50310-039 749710931 7 490+0-034 P%
- " —
m2 (10° Mg) 2.5000 2.49910013  2.500970005s  2.50270:0%5 ~—
X1 0.80 0.8211000s  0.832700) 0.8479-1% <
X2 0.60 0.52703% 0.471033 0.44193°
| i
dr. (Mpc) 10000 102001829 10280183 103201799 i
. (rad) 1.0472 1.02672-9%0 102019985 104110075 7 i
SN—" l
¢ (rad) 4.0 4.0 4.173°0 4.0710°52 o g
o I :
A (rad) 0.6  0.6061t9922 060619923  0.601+9:923 < i
B (rad) —0.6 —0.61119933 _0.611+9:934 _0.60610.033 i
4 I |
¥ (rad) 0.4 0.42310-07L  0.42470°0%°  0.40670-9%3 N %Q
At (3 0 e o S i N
In L 4129.972% 4129.873%  4130.1715 7 A
Sampling time (GPU) 1d 20h 30min 1d 5h 25min 18h 41min tc (S>
# samples 10836 10248 10780
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CONCLUSIONS &)

et Simplified time-domain expressions for the TDI mechanism by using finite differences.
—ae=ts We have tested the hybrid response against the full response with benchmarks and injection-recovery studies.

s LFA accelerates the evaluation of the long inspiral and its application on deep alerts has been tested
with pre-merger PE.

—aests First instance to use different prescriptions for the low- and high-frequency regime and combine them in
the same response. Applications on the Global Fit.

el Main take-home messages:
oLISA computes derivatives of the GW polarizations, emphasizing short-timescale structure of waveforms.
eHybrid response for signal including merger-ringdown.

e LF A response for pre-merger signals. (low-frequency content)

Check out the paper! arXiv:2505.09600
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LOW-FREQUENCY APPROXIMATION ([LF'A) RESPONSE

sl The low-wavelength approximation corresponds to frequencies — 10°7%] %i With Scal A Y
f<c/(2zL) = 0.019 Hz, where timescales much smaller than (0.019Hz)™' ~ 505 o0 lN i - ijE >R\

can be ignored. Consequently, inter-spacecraft time-delays of L/c ~ 8s can be

\\
~
NN
——

neglected [Marsat+ 2020)]. R R + \ / Q
In this limit: i _— ; £
— N — ' 2 T | '
H((t — Lic) ~ H(t) — (L/0)H|(t) + O |(L/c)?] S 0 L
since L/c is small compared with the timescale of the system. % :
g i
_ 4 (t B 5s(t)) — H, <t B 5r(t)) L k-R® k-R() = i
Ysit) = — 5,(1) = === + IO ,
2(1 — k - ny1)) ¢ ¢ ¢

—umdd™ However, calculating y, requires the evaluation of H, at §, and &, whose
magnitudes ( ~ 8min) are larger than 50s. For f < ¢/(2z||R, ||) = 3.2 X 10~*Hz, - 14
10— 10-3 10—2 10-1

we can safely ignore timescales much smaller than (3.2 X 107*Hz)™! ~ 52 min and £ (H2)

expand retarded quantities in powers of L;/c, ||R, (|[/c or a combination of both. £ =0.019 Hz

in |Marsat+ 2018
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FOURIER-DOMAIN RESPONSE COMPARISON

® What is the best choice for €7 ¢ =1/2

_ L(H) ~ (=D"[(e = D™ —¢e™] | L(?) e 1 m—1 ﬂ
e=1/2 Yoarl) = 2 mZ_O i e <1 k nﬂ))_ dthl(Te)a
80+ < -
el - 1 2m ~
- L] L(1) N g2+ L) k- (R()+R(0)
Yal?) === Z;) Cm+ 1! | 2c (1 _k'“l> dt2m+1Hl(t_ ST >

® We compare this expression with the Fourier-domain LISA response in [Marsat+ 2018, 2020]:

* Rigid equilateral LISA constellation and L(f) =L

] & 1 i L N 12m d2m+1 L lA( . (Rs + Rr)
Yr(f) = — — (1-k-i) Ht-=-
2¢ = (2m+ D! | 2¢ | dezmtl 2c 2c

m

. . F [—mxa)] = (=2inf \"x(f)
e Same Fourier conventions. d

Fx(t — ty)] = e ™og(f)

. o0 (_l)mem
sinc(x) = ), G T
m=0

Flyy (D] = sinc | ——

Y infL fL (1 B

R-ﬁl) exp iif(L+f<-(RS+R,,)> 2
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[LFA: MICHELSON COMBINATIONS

—dutsllh 'We apply a similar procedure to the Michelson combinations X(¢), Y(¢), and Z(¢):

X, 5() = [L_s(t) + L3(t)] [9123 (t  L_3(t)+ L;(t) + Lz(t)) L_s(t).

(t_ 3(t)+L z(t ) + Lot ]

L_3(t)+ Ls(t)] [. L_3(t) + L_2(t) + La(t) L_5(t) .. L_3(t) + L_2(t) + La(t)
T Yz—21 |t — + Yz—o21 | t —
I c 1L 2c 2c 2c
L_o(t) + L2(t) ] [ L_o(t) + Lo(t) + L3(t) \  Ls(?).. L_5(t) + La(t) + L3(t)
— Y1-32 |t — — Y1-32 |t —
] c 1L 2c 2c 2c
L_o(t) + La(t) ] | L_5(t) + La(t) + Ls(t) \ | La(?).. L_5(t) + Lo(t) + L3(2)
— Yo3z1 |t — + Yo31 | T —
c | 2c 2c 2c
LD . d d
+ O 2 yslr} error from drs 3 ey
120, L2LL ’
+ O 3 lysl'r + 0 lyslr:|
d? d?
- : - » error from ——~ — o’
L2[ [212 drss  dt? O ( 10°y )
+ O lysl'r‘ + O yslr:| y slr
| _ | y
L3L . L3LL L} / SCINN G
+ 0O a lyslr + O 5l lysl'r + O [ 5 U Sl,,.] error from Taylor series truncation after — ~ —.
c dr dt3

IGWM 2025, June 24
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X150 =y1_3(t = L_y — Ly, — L)

—y1_32(t — L)
+ 231t — Ly — L_»)
—Y231(?)

+Y103(t — L)

— Vi3t =Ly —L_3—L3)
+Y3_91(2)

— V301t = L_3—L3),

[Colpi+ 2023]
L,<12ms™!
L, ~2x107ms™?

This error term will be low in the
early inspiral of a slowly varying

signal, satisfying v, <V, <y,

slr
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RESPONSE VALIDATION: MISMATCHES

® Accuracy metric:

O(x,y) = el M=1-|0]

VEIAOTY)

® Mismatches across: M € [10°,107] Mg, g € [1,20]

® We set f, = 0.05Hz and 6t = 10s.

min

= 107*Hz, f

max

@nyb =3 X 10_4 Hz.

® Unequal and time-dependent delays.

®© Hybrid: M, g < 107 & My, < 1072,

© LFA: M, p <107" & 107" <y <.

® CPU vs. GPU: cubic spline vs. linear interpolation.
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MISMATCHES CHANGING fy4
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sh | Nas,

FECCENTRICITY

€ow = 0.175

Eow = 0.095
X10_25 | | | | | | | X1I0_19 X10_23 Full LFA y ;110_19
4 Equal and constant dela;ys IT 1 21 Equal and constant delays 1+ 11
TN ’Haiﬁa"‘ ao d | (.
° 1[‘:' 4:‘ I l,h‘ |i r"\'u "I‘ l'“l | I " i'\ ln‘ ~ rllal\" 0 < ) \ i ’. } |'| A lnll 1
A0 M \ \ / N\ ~ I | e [ e L - | PGS | | W— ~/ I/ -
AL l,' 1 E b ! ! * |
v 0 1} ]
| - : -1
—4r w1028 : :! : . . : X]EO_ZO —2F%10-26 . . . . N : : ><1(:)_21 !
ol Equal and constant ;_deleliys . It ! 11.0 1 Equal and constant delays = I5
a [ i i '
3 | §ogy RN : i, [ ‘ i
: : | i b a0 i 1, = . ; ]
- ‘l! li I h i o I i 1 ha An . , ‘Il k il i
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