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Waveform modeling is challengeable and computationally expensive,
currently Analytical kluge (AK) is used in LISA Data Challenge.
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Overview I
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The tiny change of phase-coupled parameters significantly change
the GW waveform.
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Overview I

@ The phase-coupled

; parameters
contribute a extremly
R 6D sharp peak as
. GW phase sensitivity.
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The signal morphology is a 6D (phase-coupled parameters)
modulated sharp primary peak.
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Overview IV
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Figure: The 5D (6k,¢x,90,70,0 (constant modulations)) subspace has simple
landscape with few peaks and no extrem sharpness.
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QNI A

(1) h:EnzmA,,me"“’"z'". The
primary peak
corresponds to the
match of all the
harmonics, while the
partial match result
in secondary peaks.

@ The interaction
among the three
subset of parameters
produce secondary

£ S peaks.
The prlmary peak is surrounded by muI |pIe secondary peaks.
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Table: The peak width is ~ 1o, range 1 is currently what we can handle, range
MLDC/LDC correspond to the general search space.

ranges width in ¢ . range 1 MLDC LDC
Peak params peak width | - cih width width
1(Mg) 1 ~ 20 ~ 20 ~ 400
M(Mg) 1 ~ 20 ~ 20 ~ 600
A 1 ~ 20 ~ 320 ~ 350
S/M? 1 ~ 20 ~ 40 ~ 160
€ 1 ~ 20 ~ 400 ~ 1100
5
17 1 ~ 100 ~10° 10‘}(:ag(sF(D12D)
Relative volumn
of the 5D search range 1 ~32x10° | ~2x10% | ~1.5x 103
(no 1)
1000 10% or 10° 10°
CPU cores needed ~ (DONE) TODO TODO

MLDC (2005-2013 yr), LDC (2018-now yr)
The astrophysically motivated search range is too wide so that it is
a Needle-in-the-Haystack for EMRI data analysis.
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Overview VI
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The §Q contribute extra degeneracy to likelihood surface of
bumpy-AK besides the intrinsic nonlocal degeneracy of AK itself.
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Methods |

@ Time frequency method
fitting excess power beyond the noise background.
Ref: Wenlin Qing& Gair series works during 2005~ 2008.

@ Machine learning method
Use Al for signal detection and partial parameter estimation.
Ref: Xueting Zhang 2020, Tianyu Zhao 2023, Qianyun Yun 2023, Bo
Liang 2024 and 2025

© Matched filtering

~ (d|h) _[f ab*+3%b
SNR= o (a|b)—/_f5n df.

maximal match the phase between data and template model.
Ref: Babak 2008, Cornish 2008, Ali 2013, Changqin Ye 2023, ZXB
2024, Cole 2025, Strub 2025
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Methods: Dimension reduction |

The EMRI's 14 parameters © could be split as following,
©=0,U6,U @3,

@ O = {u, M, \,S/M? eg,vp,}, those 6 phase-coupled parameters,
contribute to the GW phase evolution, producing a 6D sharp primary
peak. In which, ey,v9 are more sensitive as being initials.

@ Oy = {bs, ¢s}, the sky location bring detector motion to GW time
dependent quantities.

@ O3 = {0k, &«, b0, 0, 0, D}, those extrinsic parameters, contribute
time independent modulation to the GW amplitude and phase.
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Methods: Dimension reduction Il

We proposed dimension reduced likelihood via variable separation in
likelihood function via waveform decomposition and nested optimization,

ne) = Y [~ e) 2@ iFe))] . M
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8D /7D likelihood: analystical maximization over D + lag shift for v+
global optimizer for ©1,0; (8D/7D)+ local optimizer for ©3 (5D), they
are used in a nested way. (ZXB 2024)
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Methods: particle warm optimization (PSO) |

@ the figure is from
Mohanty's book in
2018.

Vs\;,(,’ @ PSO is a point

estimation method,
v no posterior.
‘ \b% © PSO beongs to

genetic algorithm

R & e S e family, it can
Ersy G e S .
e2sar] 3 Eé kg provides the better
o - i initial start location
' for MCMC.

The PSO is suitable for peak morphology of EMRI signal.
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Results: search AK signal using narrow prior(Zou 2024) |

@ Using narrow prior,
or search range,
4200 around the
injection, we can
locate it.

@ the olverlap betweem
the recovered signal
and the inection is
good, and the
parameter estimation
error is small within
~ 1o for the most
successful PSO run.

We need hierarchical search to cover the Needle-in-the-Haystack.

=)
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Results: Search bumpy-AK signal using narrow prior (Zou

2025) |

EE o i f fho e © The narrow prior is £10
o ! o St FIM ¢ for phase-coupled
! parameters.

@ We use PSO to collect
the degenerate peaks,
superinjection (SIP) and

i o o superthreshold (STP),
o [ their average statistics
: can mitigate the bias of
< f L= , L parameter estimation.

We need hierarchical search to cover the Needle-in-the-Haystack
and dual layer degeneracy.
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Hierarchical search EMRI signal using wide prior |

Using the population
model predicted wide
prior, only the 7D
likelihood can locate the
secondary peaks aring
from GW, e.g., SNR
threshold exceeds 20.

1 Jdn B
5 10 15 20 25 30

)
So it may be potential to use the secondary peaks to estimate the
narrow prior in a hierarchichal way
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Results: Hierarchical search EMRI signal using wide prior Il
P A= m @ The wide prior is

‘ given by the
K] hBe ] ) =T population model.

@ we observe clustering
; of secondary peaks

- e . for u,M and ey with
e e - e threshold 20, for A,

S/M? with threshold
30.

We are testing PSO to collect the secondary peaks and extract the
narrow search range from them in a hierarchcal way.
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Results: Hierarchical search EMRI signal using wide prior

@ The distribution of
secondary peaks in
5D is a band, which
resulting from A and
S/M2 where u, M,

= A ey are always
T clucstering around
the signal.

@ We can estimate the
narrow prior based
on the clustering.

We have find an inspiring clue to design our hierarchical search
strategy.
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Unsolved issues |

@ For Vacuum-GR EMRI, we need hierarchical search to overcome the
Needle-in-the-Haystack issue within population model predicted prior.

@ For Beyond Vacuum-GR EMRI, e.g., the bumpy-AK, how to break the
correlation and degeneracy between EMRI's parameters, environment
parameters or other parameters related with no-GR effect?

The hierarchical search strategy need to be well designed to
cover the dual layer degeneracy.
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