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 The laser frequency shifts between spacecraft are related to the time derivatives of the strain as:
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LFA: SINGLE-LINK MEASUREMENTS

yslr(t) =
Hl (t − δs(t)) − Hl (t − δr(t))

2(1 − k̂ ⋅ n̂l(t))

Hl (t − δs(t)) − Hl (t − δr(t))
but… what is ?τ
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∼ ···h +,×

Unequal and time-dependent delays

Equal and constant delays
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 We apply a similar procedure to the Michelson combinations , , and : X(t) Y(t) Z(t)

LFA: MICHELSON COMBINATIONS

X1.5(t) ≈
4
c [L3(t) ·y123 (t −

L3(t)
c

−
L2(t)
2c ) − L2(t) ·y231 (t −

L2(t)
c

−
L3(t)
2c )]

X1.5(t) ≈
4L
c [ ·y123 (t −

3L
2c ) − ·y231 (t −

3L
2c )]

X2.0(t) ≈
8
c [ L2(t) + L3(t)

c ] [L3(t)··y123 (t −
2L3(t)

c
−

3L2(t)
2c ) − L2(t)··y231 (t −

2L2(t)
c

−
3L3(t)

2c )]

X2.0(t) ≈
16L2

c2 [··y123 (t −
7L
2c ) − ··y231 (t −

7L
2c )]

X2.0(t) = y1−32(t − L−2 − L2 − L3)
−y1−32(t − L3)
+y231(t − L2 − L−2)
−y231(t)
+y123(t − L−2)
−y123(t − L−2 − L−3 − L3)
+y3−21(t)
−y3−21(t − L−3 − L3) ,
+y1−32(t − L−2 − L2 − 2L3 − L−3)
−y1−32(t − 2L3 − L−3 − 2L−2 − 2L2)
+y231(t − L−2 − L2 − L3 − L−3)
−y231(t − L3 − L−3 − 2L−2 − 2L2)
+y123(t − 2L−2 − L2 − 2L3 − 2L−3)
−y123(t − L3 − L−3 − 2L−2 − L2)
+y3−21(t − L−2 − L2 − 2L3 − 2L−3)
−y3−21(t − L3 − L−3 − L−2 − L2)

X1.5(t) = y1−32(t − L−2 − L2 − L3)
−y1−32(t − L3)
+y231(t − L2 − L−2)
−y231(t)
+y123(t − L−2)
−y123(t − L−2 − L−3 − L3)
+y3−21(t)
−y3−21(t − L−3 − L3) ,

yslr(t) ≈ −
Ll(t)
2c

·Hl (t −
δs(t) + δr(t)

2 ) Laser frequency shifts: ∼ ·h+,×

∼ ··h+,×

∼ ···h +,×

Unequal and time-dependent delays

Equal and constant delays
BUT the approximation 
is not accurate enough 

for high frequencies
Hybridize!
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 Given a hybridization frequency , we estimate the matching time withfHyb tHyb ≈ tc −  f −8/3
Hyb ×

5
(8π)8/3 ( Gℳc

c3 )
−5/3

 We combine the LFA approach with the full LISA response 

 We use the LFA for the long inspiral and the full response for latest part of the waveform.

HYBRID RESPONSE
 Deviations from the LFA appear as the binary evolves toward the late inspiral and merger-ringdown phases.

Hybrid response

6

PHENOMXPY 
 [García-Quirós+ 2025]
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Hyb ×

5
(8π)8/3 ( Gℳc

c3 )
−5/3

 Hybridization is done at the level of the links  and , , :yslr X(t) Y(t) Z(t)

 We combine the LFA approach with the full LISA response 

 We use the LFA for the long inspiral and the full response for latest part of the waveform.

HYBRID RESPONSE
 Deviations from the LFA appear as the binary evolves toward the late inspiral and merger-ringdown phases.

Hybrid response

yslr(t) = Σ(tLFA; tHyb, σ, + 1) × yLFA
slr (tLFA) + Σ(tFull; tHyb, σ, − 1) × yFull

slr (tFull) X(t) = Σ(tLFA; tHyb, σ, + 1) × XLFA(tLFA) + Σ(tFull; tHyb, σ, − 1) × XFull(tFull)

yslr(t) ≈ −
Ll(t)
2c

·Hl (t −
δs(t) + δr(t)

2 ) yslr(t) =
Hl (t − δs(t)) − Hl (t − δr(t))

2(1 − k̂ ⋅ n̂l(t))

X1.5(t) = y1−32(t − L−2 − L2 − L3)
−y1−32(t − L3)
+y231(t − L2 − L−2)
−y231(t)
+y123(t − L−2)
−y123(t − L−2 − L−3 − L3)
+y3−21(t)
−y3−21(t − L−3 − L3) ,

Σ(t; tHyb, σ, ϵ) = [1 + eε(t−tHyb)/σ]
−1

6

PHENOMXPY 
 [García-Quirós+ 2025]
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Hyb ×

5
(8π)8/3 ( Gℳc

c3 )
−5/3

 Hybridization is done at the level of the links  and , , :yslr X(t) Y(t) Z(t)

 We combine the LFA approach with the full LISA response 

 We use the LFA for the long inspiral and the full response for latest part of the waveform.

HYBRID RESPONSE
 Deviations from the LFA appear as the binary evolves toward the late inspiral and merger-ringdown phases.

Hybrid response

 Relative portion of the waveform projected by the

yslr(t) = Σ(tLFA; tHyb, σ, + 1) × yLFA
slr (tLFA) + Σ(tFull; tHyb, σ, − 1) × yFull

slr (tFull) X(t) = Σ(tLFA; tHyb, σ, + 1) × XLFA(tLFA) + Σ(tFull; tHyb, σ, − 1) × XFull(tFull)

yslr(t) ≈ −
Ll(t)
2c

·Hl (t −
δs(t) + δr(t)

2 ) yslr(t) =
Hl (t − δs(t)) − Hl (t − δr(t))

2(1 − k̂ ⋅ n̂l(t))

X1.5(t) = y1−32(t − L−2 − L2 − L3)
−y1−32(t − L3)
+y231(t − L2 − L−2)
−y231(t)
+y123(t − L−2)
−y123(t − L−2 − L−3 − L3)
+y3−21(t)
−y3−21(t − L−3 − L3) ,

Σ(t; tHyb, σ, ϵ) = [1 + eε(t−tHyb)/σ]
−1

LFA: 95% (Full: 5%) 

6

PHENOMXPY 
 [García-Quirós+ 2025]
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RESPONSE VALIDATION: TEST CASE

 Good agreement for the Hybrid and LFA during the 
early inspiral phase.

 Larger errors for LFA in the merger-ringdown.

 Hybrid = Full response in the merger-ringdown.

 LFA(inspiral) + Full(merger-ringdown) = Hybrid 

 PyIMRPhenomTHM [García-Quirós+ 2025] with
(l, m) = {(2, ± 2), (2, ± 1), (3, ± 3), (4, ± 4), (5, ± 5)}

 One order-of-magnitude improvement with unequal 
and time-dependent delays w.r.t equal and constant delays.

Figure: ( , , )M = 3 × 106 M⊙ q = 4 χ1 = χ2 = 0.8

7
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CPU times: 1 node  1 core×

 Averaged over 100 realizations 
• q ∈ [1,10]
• χ1,2 ∈ [−1,1]

GPU times: NVIDIA Hopper H100 64GB HBM2

 Fixed .δt = 5 s

 Speed up factor in CPU:
• Hybrid ∼ 2
• LFA ∼ 3 − 5

 Data-transfer overheads in 
GPUs for the Hybrid

RESPONSE VALIDATION: TIMING BENCHMARKS

8
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RESPONSE VALIDATION: POWER CONSUMPTION

 Higher instantaneous power consumption for LFA and Hybrid.

 Consistent speedups.

 Hybrid consumes 1/2 of the energy of the Full.

 LFA consumes 1/3 of the energy of the Full.

 These factors are applicable also to  emission.CO2

9
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RESULTS: QUASI-CIRCULAR PE
 Zero-noise IMR injection with 2.0 TDI Full response 

 Recovery with different responses with same delay config. 

 Fisher initialization. 

 Sampler: Bilby ptemcee 

• nwalkers = 28, ntemps = 8, npool = 112 

 , . 

 SNR of the injection = 1875

fmin = 10−4 Hz fmax = 0.02 Hz

(112 cores) (GPU)(112 cores)

10

mailto:jorge.valencia@uib.es


IGWM 2025, June 24 Jorge Valencia, jorge.valencia@uib.es      /15 

RESULTS: ECCENTRIC PE

11

 IMRPHENOMTEHM [Planas, Ramos-Buades+ 2025]
 12-dimensional parameter space: m1, m2, χ1, χ2, D, egw, lgw, ι, ϕ, β, λ, ψ

Hybrid response performance (112 cores  1 node)×

M
=

3
×

10
6

M
⊙

,
q

=
1.

4,
SN

R
=

62
0

Preliminary Preliminary
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RESULTS: GW MEMORY PE

12

 IMRPHENOMTHM + (2,0) [Rosselló-Sastre, Husa, Bera 2024]

M
=

1.
8

×
10

6
M

⊙
,

q
=

1.
25

,
SN

R
=

25
00

Biases when ignoring (2,0)

M
=

5
×

10
6

M
⊙

,
q

=
2,

SN
R

=
10

00

Hybrid response performance (112 cores  1 node)×

 10-dimensional parameter space: m1, m2, χ1, χ2, D, ι, ϕ, β, λ, ψ

Preliminary Preliminary
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RESULTS: PRE-MERGER PE
 Injection with the full response, recovery with different 

responses 

 , . 

 SNR of the injection = 90 

 hours before the merger.

fmin = 10−4 Hz fmax = 10−3 Hz

∼ 10

13

 

(GPU)
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 , . 

 SNR of the injection = 90 

 hours before the merger.

fmin = 10−4 Hz fmax = 10−3 Hz

∼ 10

13

(GPU)
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CONCLUSIONS

 Simplified time-domain expressions for the TDI mechanism by using finite differences.

14

 Main take-home messages: 

•LISA computes derivatives of the GW polarizations, emphasizing short-timescale structure of waveforms.  

•Hybrid response for signal including merger-ringdown. 

•LFA response for pre-merger signals. (low-frequency content)

 We have tested the hybrid response against the full response with benchmarks and injection-recovery studies.

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

 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.

Check out the paper! arXiv:2505.09600
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δs(t) =
Ll(t)

c
+

k̂ ⋅ Rs(t)
c

, δr(t) =
k̂ ⋅ Rr(t)

c
,yslr(t) =

Hl (t − δs(t)) − Hl (t − δr(t))
2(1 − k̂ ⋅ n̂l(t))

LOW-FREQUENCY APPROXIMATION (LFA) RESPONSE

 The low-wavelength approximation corresponds to frequencies 
, where timescales much smaller than  

can be ignored. Consequently, inter-spacecraft time-delays of  can be 
neglected [Marsat+ 2020].  

   In this limit:

f ≪ c/(2πL) = 0.019 Hz (0.019 Hz)−1 ∼ 50 s
L/c ∼ 8 s

Hl(t − L/c) ≈ Hl(t) − (Ll /c) ·Hl(t) + 𝒪 [(L/c)2]
since  is small compared with the timescale of the system.L/c

 However, calculating  requires the evaluation of  at  and , whose 
magnitudes ( ) are larger than . For , 
we can safely ignore timescales much smaller than  and 
expand retarded quantities in powers of ,  or a combination of both.

yslr Hl δs δr

∼ 8 min 50 s f ≪ c/(2π∥Rr,s∥) = 3.2 × 10−4 Hz
(3.2 × 10−4 Hz)−1 ∼ 52 min

Ll /c ∥Rr,s∥/c
in  [Marsat+ 2018]fL = 0.019 Hz

fR = 3.2 × 10−4 Hz

(LFA)
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FOURIER-DOMAIN RESPONSE COMPARISON
๏ What is the best choice for ?  ϵ ϵ = 1/2

ϵ = 1/2

yslr(t) = −
Ll(t)
2c

∞

∑
m=0

1
(2m + 1)! [ Ll(t)

2c (1 − k̂ ⋅ n̂l)]
2m d2m+1

dt2m+1
Hl (t −

Ll(t)
2c

−
k̂ ⋅ (Rs(t) + Rr(t))

2c )
τ = t −

δs(t) + δr(t)
2

yslr(t) = −
L
2c

∞

∑
m=0

1
(2m + 1)! [ L

2c (1 − k̂ ⋅ n̂l)]
2m d2m+1

dt2m+1
Hl (t −

L
2c

−
k̂ ⋅ (Rs + Rr)

2c )

yslr(t) = −
Ll(t)
2c

∞

∑
m=0

(−1)m[(ϵ − 1)m − ϵm]
m! [ Ll(t)

c (1 − k̂ ⋅ n̂l(t))]
m−1 dm

dtm
Hl(τϵ),

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

•  Rigid equilateral LISA constellation and   Ll(t) = L

• Same Fourier conventions.

ℱ[yslr(t)] =
iπfL

c
sinc [ πfL

c (1 − k̂ ⋅ n̂l)] exp [ iπf
c (L + k̂ ⋅ (Rs + Rr))] H̃l

ℱ [ dm

dtm
x(t)] = (−2iπf )mx̃( f )

ℱ[x(t − t0)] = e+2iπft0x̃( f )

sinc(x) =
∞
∑

m=0

(−1)mx2m

(2m + 1)!
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 We apply a similar procedure to the Michelson combinations , , and : X(t) Y(t) Z(t)

LFA: MICHELSON COMBINATIONS

·Ll < 12 m s−1

··Ll ∼ 2 × 10−9 m s−2

[Colpi+ 2023]

𝒪 (10−7 ·yslr)

𝒪 (10−16 ·yslr)
𝒪 (10−23 ·yslr)

𝒪 (10−6··yslr) 𝒪 (10−13··yslr)

𝒪 (10−15··yslr)
𝒪 (10−22··yslr) 𝒪 (102···y slr)

This error term will be low in the 
early inspiral of a slowly varying 
signal, satisfying ···y slr ≪ ··yslr ≪ ·yslr

X1.5(t) = y1−32(t − L−2 − L2 − L3)
−y1−32(t − L3)
+y231(t − L2 − L−2)
−y231(t)
+y123(t − L−2)
−y123(t − L−2 − L−3 − L3)
+y3−21(t)
−y3−21(t − L−3 − L3) ,
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RESPONSE VALIDATION: MISMATCHES

𝒪(x, y) =
⟨x |y⟩

⟨x |x⟩ ⟨y |y⟩
, ℳ = 1 − |𝒪 |

๏ Accuracy metric:

๏ Mismatches across: , M ∈ [106,107] M⊙ q ∈ [1,20]

๏ We set ,  and .fmin = 10−4 Hz fmax = 0.05 Hz δt = 10 s

๏ Hybrid:     &   .ℳA2.0,E2.0
< 10−5 ℳT2.0

< 10−2

๏ .fHyb = 3 × 10−4 Hz

๏ LFA:     &   .ℳA2.0,E2.0
< 10−1 10−1 < ℳT2.0

< 1

๏ CPU vs. GPU: cubic spline vs. linear interpolation.

๏ Unequal and time-dependent delays.
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MISMATCHES CHANGING fHyb
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ECCENTRICITY
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