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Massive black hole binaries for LISA
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The LISA instrumental response

The low-frequency response
Pattern function response with HM:
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LISA response and multimodality in the sky

Multimodality pattern:
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Fisher localization: impact of response approximation

Sky localization at z =1

Analysis settings:

e Fisher matrix localization: sky area of the main
mode of the posterior

 Randomization over 1000 orientations, mass ratios,
spins

 Change the response model: keep or ignore the
motion and high-f effects

4 )

e ‘Pattern function’ response is the main source of
main-mode localization at high mass, from |
subdominant HM 0=y -

e Multimodality broken in turn by subdominant effects | —— frozen
in response (motion, high-f) lowf

\ / frozen-lowf

0 10t 1 1% 107108 10°
M. (M) [Marsat, Mangiagli, Toubiana, in prep.]
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e Sky localization at high mass: weak effects, high SNR Large dispersion of main-
e Unlike LVK localization from triangulation, LISA mode sky localization
localization potentially vulnerable to systematics depending on orientation
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MBHB sky localization at merger

5% best sytems Median 5% worst sytems

104 106 108 10 106 108 104 106 108
Msource (MG)) Msource (MQ) Msource (MQ)

= =10 sq.deg.:LSST field of view
— 0.4 sq. deg.: Athena Wide Field Imager

See also: [McGee&al20 18, Mangiagli&al 2020]



Sky area: which parameters are the most important ?

4 )

Large dispersion in sky What are the dominant
area, ~4 orders of parameters determining
magnitude the sky area error ?
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MBHB catalogs: full parameter estimation

Astrophysical models [Barausse 2012]: LISA detection rates from 90 yrs simulated:

 Heavy seeds - delay (Q3d) e Q3d:30/ 4yrs

* Heavy seeds - no delay (Q3nd) e Q3nd:471 /4 yrs

* Poplll seeds - delay (Pop3) e Pop3: 129/ 4yrs
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MBHB catalogs: sky multimodality

o | mode
o 2 modes
o >2 modes

= _/

Threshold: 5% .,
probability in
the sky mode

* Bayesian PE required to explore
multimodal posteriors

e Simulation of 90yrs catalogs

e Custom proposals for degeneracies

0 ;
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Luminosity distance determination

For distance determination, higher harmonics are
crucial, breaking the distance-inclination degeneracy.

Relative 1-0 error in distance at zpe = 1

1009 dashed: 90% interval
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Large dispersion in

distance determination,
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MBHB catalogs: sky localisation and galaxy counts

Sky areas

Sky area and error volume
computed from Bayesian PE
(main mode), with lensing

Catalogs: [Barausse 201 2]

Galaxy counts

Simplistic, simulated catalog cut in
mass with no consideration of
completeness, EM emissions...

Simulated galaxy catalog

courtesy of [D. lzquierdo-
Villalba&al]
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Pre-merger localization

z=1

e Fisher matrices: 10000

random parameters 0
» MCMC: 100 PE runs ;LSSTJ
* Here, sky area of the Athena J

main mode

—2 ]
0 M =3%10°M0, z = 1 | [M=3x10°M,,z=1

[Piro&al 2022]
[See also Mangiagli&al 2020]
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Advance localization
challenging, much better
post-merger
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4 )

Large dispersion in sky
area, ~4 orders of
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Pre-merger localization: degeneracies
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Waveform systematics and parameter estimation

Systematic biases:
lgnoring the effect of the noise, bias given by the best=fit parameters on the
model signal manifold: A0 = 6, — 0.

* the bias is SNR-independent (optimization problem), but requires to

explore the full parameter space [expensive]
e the statistical errors scale with SNR

- / \\
Parameter space Injections: Templates:
e ~ exploration: NRHybSur3dq8 Efficient Fourier-domain models:
Are current waveform models _ 5106 107 e SXS NR simulations hybridized e PhenomHM
, e M_=[10°,10°,10"]M , S
accurate enough for LISA ? £ ; with long EOB inspirals (covers ¢ PhenomXHM

Can the sky localization be biased ? * Zmin = ~6 months for M = 1()5M®) e SEOBNRv4HM ROM

- Jo N L 240 PE runs e Surrogate interpolant, time- e SEOBNRvSHM_ROM
* uniform q,y.x> domain

e randomize orientations
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Example Parameter estimation with systematics |

o Injection: NRHybSur3dq8 {M = 10°M_,q = 4,y, = 0.5, , = 0.3}
* Template: PhenomXHM

Intrinsic params. Sky localisation

\Q 1 P SNR __/_\/_//___,,’——————
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Example Parameter estimation with systematics |

Intrinsic params.

A

M, =10° Mg
z SNR
1.0 317
1.76 158
3.11 79
5.59 40
10.21 20
18.97 10

;
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Q-II

o Injection: NRHybSur3dq8 {M = 10°M_,q = 4,y, = 0.5, , = 0.3}
* Template: PhenomXHM

Sky localisation

LISA plane




Example Parameter estimation with systematics |

o Injection: NRHybSur3dq8 {M = 10°M_,q = 4,y, = 0.5, , = 0.3}

* Template: PhenomXHM

Intrinsic params. Sky localisation

M, = 10° Mg
e : o SNR
. / 1.0 317
. //ﬂ 1.76 158 4
) i’/. Q- / -
S G/ 3.11 79 Wi
N ~ 5.59 40 \\
- 10.21 20 :-g? Q-.L.IS.A-\PI-aPEIIIIIIIII
18.97 10 =
~
Q.
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IQ '<D
/"a' /\,'
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Example Parameter estimation with systematics |

o Injection: NRHybSur3dq8 {M = 10°M_,q = 4,y, = 0.5, , = 0.3}
* Template: PhenomXHM

Intrinsic params. Sky localisation
<<P = ‘ MZ — 105 M@
° 2 SNR .
o | 1.0 317 D
= 0 L6 B8
> 3.11 79 <
S 5.59 40 Lo
5 e s 10.21 20 3
0, | — 18.97 10 2
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Example Parameter estimation with systematics |

o Injection: NRHybSur3dq8 {M = 10°M_,q = 4,y, = 0.5, , = 0.3}
* Template: PhenomXHM

Intrinsic params. Sky localisation
MZ — 105 M@ ]
SNR &
: 317
79 &
40
20 =
1 E8
0 QQ’
Aok
& -
N
3 -
Q’?‘ ke '% > Y
3 S Q
Q Q-
AL (rad)
-
The good:
* converges on the true parameters

l%lxl&l/\l !
ANEPAN RPN SEEPAN

AV AN aD D .
R G L

e mild biasatz =1, SNR = 317
\_

S W RN
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Intrinsic params.
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Example Parameter estimation with systematics I

Mz — 106 M@

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4, v, = 0.5, y, = 0.3}
* Template: PhenomXHM

Sky localisation

<

SNR

1.0
1.76
3.11
5.09
10.21
18.97

1907
954
477
238
119
99

7,

<'.3 - N et
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Example Parameter estimation with systematics I

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}

* Template: PhenomXHM
Intrinsic params.

Sky localisation

»‘x - Mz — 106 M@ J i aes L
‘ 2 SNR & @
X 1.0 1907
SE 1.76 954 <
& - 5.59 238 n
h 10.21 119 T LisAplane
o 18.97 59 = S
Q")\ S}
&
&>
Q- 4y -
f < )
o~ 59‘) /Q-
B
3 €
Q o Q‘DQ =
7 RPN 8 © : '
Q F F QL & W
5} )\L (rad)
Q-
| "o% ]
= Q-
N\
&
Y:>‘ -
)
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Example Parameter estimation with systematics I

Intrinsic params.

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}
* Template: PhenomXHM

Mz — 106 M@
z SNR o -
)
1.0 1907 Q-
1.76 954
3.11 477 o -
N
5.59 238 o
10.21 119 g
18.97 59 =
SN
Q-
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Example Parameter estimation with systematics I

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}
* Template: PhenomXHM
Intrinsic params. Sky localisation

'\,\, R Mz — 106 M@
> | | 2 SNR Q7
B 1.0 1907

3.11 AT7 Q

N 5.59 238 -
S 10.21 119 R
N 18.97 59
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Example Parameter estimation with systematics I

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}

* Template: PhenomXHM
Intrinsic params.

Sky localisation

30
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SNR N
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e e
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238 - '
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The bad:
e converges ‘near’ the true parameters
NS e significant bias at z = 1, SNR = 1907
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Example Parameter estimation with systematics ll|

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}
* Template: SEOBNRv5S5HM ROM

Intrinsic params. Sky localisation
X - MZ — 106 M@
”"k 2 SNR
> ] 1.0 1907
= o 1.76 054 & ﬁé\
» 3.11 ATT |
.0 \ 5.59 238 §///
‘ 10.21 119 = |LISAplane
P \_-IIIIIIIIIIIIIIIIIIIIIIIIIIIII
il ‘ [ 18.97 59 AN
Q- Qg
SN ‘ 1N % A
N N
O - " - {
Q'
\>9 - - | '
AN A\ 9 Q ¥ Q
» Y- N Q- N o
S / / AL (rad)

\ < A

$ WO O (> 2D W R P
%’3\ ’;\' Q’ Q’ SRS TGN

M (1051\1_') q X-
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Intrinsic params.

Example Parameter estimation with systematics ll|

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}

* Template: SEOBNRv5S5HM ROM

Sky localisation

MZ — ].06 M@ % .
'%ﬂ, 1.0 1907
= > 1.76 954 N e —
N 3.11 ATT Q>
!‘>‘. o
R 5.59 238 -
i 10.21 119 2 |LISAplane
\, A E B EEEEEEEEEEENEEEEEEEEEEEEEEE
18.97 59 i;/ >
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;f.) ) = ) ) \
> (@) | o
| AN T ' =Y o N\ 3 AD
©) @)@ K R
Q'(-D - - - )\L (I'ad)
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=~ 5
Q.‘ C_\\
o W@ |
N . ; : - : , l S N ; e
N} .
Oty L. SR IRN 0 S MU S
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M(‘ (1051\[ :IF.L:) q X+
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Example Parameter estimation with systematics ll|

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}
* Template: SEOBNRv5S5HM ROM

Intrinsic params. Sky localisation
» MZ — 106 M@ {
Q»-@ ; SNR O ( Q ) B
, - 1.0 1907 e TN R N
> > 1.76 954
D < 3.11 477 Q7 ]
L () 5.59 238 R
B 10.21 119 I . LISA plane
T T T T P \'-.IllIIIIIIIIIIIII-IIIIIIIIIII
2N 18.97 59 EQ
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> A
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T R ) k 2/ | I\ ) Q Q
o
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- : . i %
S
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\ )@ IO
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M, (10°M..) q X+
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Example Parameter estimation with systematics ll|

o

5

G A
<

Q o
%

o

Intrinsic params.

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}

* Template: SEOBNRv5S5HM ROM

p

MZ — 106 M@
i z SNR
1.0 1907
1.76 954
- 3.11 477
5.59 238
10.21 119
18.97 59
% %
¢ &
% % %
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Example Parameter estimation with systematics ll|

e Injection: NRHybSur3dq8 {M = 10°M_,q = 4,5, = 0.5, y, = 0.3}
* Template: SEOBNRv5S5HM ROM

Intrinsic params.

Sky localisation

35

N
W ] Z SNR \\f.w.\
o 1.0 1907
o &Y 1.76 954 <
- 3.11 477 A
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e
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&
N
<~V r A
Q
S} The ugly:
> * converges to the wrong sky mode
,1‘\ ‘##‘### . .
Q: RO SRS IIG I & S & e important bias at z = 1, SNR = 1907
SN N N Q7 Q \_ J
M. (10°M.,) q X+



Statistical significance of biases: intrinsic parameters

Bias in chirp mass:

Mleb z =1 ) NMleb 2z =1 Mle7 2z =1
5
40 - L [ ] phenomhm 40 -
phenomxhm | 40 - -
30) - e 1 seobv4hm = 301 J —
—1 1 seobvbhm 30 1 ’» H H
() - N 20 - .
20 ] 20 =L :j i
el N1 T '
102 10~} 10Y 10? 102 103 102 10~} 10Y 10! 102 103 102 10~} 10V 10! 102 103
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Conclusion and outlook

Highlights LISA localisation capabilities for MBHBs crucial for multimessenger science

e MBHB signals are merger-dominated, post-merger localisation can be very good

* Main mode localization: from pattern response at high mass, inclination/latitude dominated
* Pre-merger localisation can be challenging, except for the very best events

* Degeneracies in the sky position can occur, worse pre-merger

e Systematics: possibly strong for high-mass signals, can also mislead towards the wrong sky
mode

Outlook

* More realistic waveforms: precession and eccentricity

* More realistic analysis: proper time-domain analysis, superposition of multiple signals, realistic noise,
data gaps, glitches...
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Galaxy counts in the LISA + weak lensing error box

Simplistic estimate: simulated catalog cut in mass Weak lensing and peculiar motions have to be taken
with no consideration of completeness, EM emissions... into account

2.00 -
1
101 M

Simulated catalog courtesy of [D. Izquierdo-Villalba&al] : : : : :
175 | S— . A . S - 1000.0

| 50 E— SN S N——

100.0
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W
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More detailed study
[see also Lops&al 2022] needed about the content
of the error box !
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Fitting factors in parameter space
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Waveform systematics and parameter estimation

Mismatch (unfaithfulness):

Indistinguishability criterion: Lindblom&al 2008]
[Chatziioannou&al 201 9]
1 Toubiana-Gair 2024]

In £(0) = =2 (h(0) = hux[h(8) = hex)

In £(6s) ~ In £(6;_,)

e Constant D: dimension,
approximate

D 1 e Scaling SNR? robust
2 SNR”

MM <

MM — 1 o maXt7()07¢7"'

Mismatch, optimization over time/phase/polarization:

(hm‘htr)

e Computed locally [fast]
* SNR-independent
e Different versions: single-detector

\/(hm‘hm)\/(htr‘htr)

optimized over sky, combining /i, A,

Linearized biases (Cutler-Vallisneri): [Flanagan-Hughes 1997]

[Cutler-Vallisneri 2007]

In the linear signal approximation, estimation of
bias [fast]:

41

F;; = (0;h|0;h)
AO; = F-(9;h|oh)

/

tools ?

-

\

Can we assess biases with efficient
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Linking mismatches and biases

103 Mleb z =1
! o  phenomhm
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] o
®,0g0
10—2 UL ALY | N N ,§.g,9 ' AL | N AR | ' A
0= 10t 10 10! 107 10°
6;‘71(JM(-)

From indistinguishability criterion:

D 1

MM <
2 SNR?

2
=1/ =SNR*MM
S

e, > 1 means that the mismatch is large

enough to indicate a significant bias

103 Mleb z =1
10 - 4
1 |
—~ 10 ¢ o
S ot R ®
\.% ' % ®o
i P
L
(@)
10~} L
O
O
102 g T T e S S S
102 10~} 10Y 10! 102 10
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From bias measured in PE:

Gb(-"\/l (')

€, > | indicates means that PE measures a

significant bias
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Massive black hole binaries

20 -

15 -

MBHB SNR contours post-merger

merger

-------------------------------------------------

"N EEE | EEEEEEN EEEEEEEEEE®N H EEESESESESE| "NENEEEEEEEEEEEE ' EEE EE

-------------------------------------------------------------------

10 |
Msource (MG))

extremely loud signals...

Example MBHB GWV signal with higher harmonics

106 108

- 3000
1000 =
500
% _
22| __ _Miw =

200 N 10 104 10~3 102 101
=0 Ticks: f (Hz)

e SNR/64 (40h) - R

e SNR/16 (2.5h) Hisher h i

. gher harmonics strong

20 * SNR/4 (7min) at merger (break
" * merger degeneracies)
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Data analysis simulations
still missing precession,
eccentricity
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MBHB signals are merger-dominated in SNR

1w

108

106 107
Msource (M(D)

MBHB SNR contours pre-merger and post-merger

2d

-----------------------------------

------------------------------------------------------------------

108

106 107
Msource (MQ)

merger

----------------------------------------------------

--------------------

-----------------

---------------------------

w0

Msource (M(D)

r

last hours before coalescence

\.

Most of the SNR accumulates in the
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The length of MBHB signals

* How long before merger can we
detect the signal ?
e SNR=10 to claim detection

q — 57 SN}{threshold = 10

20.0

10

el B
ol B WY

S N

S . e
o B - N\

2.0

102 100 10t 100 10° 107 10°
Msource (MQ)

Astrophysical models [Barausse 2012]:
* Heavy seeds - delay

* Heavy seeds - no delay

* Poplll seeds - delay

log,(t(SNR = 10) /day)

103 107 :
1OQg

10lg

109 10_2 100

(MBHB detected signals:
Bulk shorter than ~10days

Tail extending to ~3months
\.

J
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Fisher vs MCMC localisation
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Early detection for ‘golden’ sources

M3eb
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[See also Mangiagli&al 2020] Time of coalescence measurement error
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Analysis settings: waveform models

Injections: Aligned spin case: mismatch with NR ~ 10™* — 1072

NRHybSursdq8  [Varma&al 2018]
* SXS NR simulations hybridized with long EOB R e — | SEOBNRWEM -

inspirals (covers ~6 months for M = 105M®)
e Surrogate interpolant, time-domain

Templates:

Efficient Fourier-domain models from 2 families:

e PhenomHM London&al 2017]
¢ PhenomXHM 'Garcia-Quirds&al 2020]
e SEOBNRvV4AHM_ROM [Cotesta&al 2018]

e SEOBNRvVSHM_ROM  [Pompili&al 2023]

o
%
=
Mode content for all: 22, 21, 33,44
4 ) _ |
Limitations: e g =15.0, 1 =0.5, x2 = — 0.0 —— q=7.0,x1=—0.6,x2=—0.0 ]
° allgned splns only - 1501 - 11001 - 115()1 - 12001 - 12501 - 13001 | 1501 - 11001 - 11501 - 12001 - 12501 - 1300
* in the inspiral, all based on PN/EOB Mo [Pompili&al 2023] Mo,
- J

48



Pre-merger analysis: accumulation of information with time

Method

 Represent a cut in time-to-
merger by a cut in frequency,
becomes inaccurate at merger

SNR-based time cuts:

SNR DeltaT
10 40h
42 2.5h
167 /min
666 -

-15° e\ / > \\\%\

LISA-frame sky map 22

— 40 h

2.5 h

";77 L—— Tm
Post-merger
\x\,jw

8-maxima sky degeneracy
only broken shortly before merger

2-maxima sky degeneracy
75" survives after merger (‘Reflected’)

75
60° 40 h
2.5 h
45 7
Post-merger \\\\\\E;(-§--§\\\\\\\\\\\

= f\)

0° -150° -120°  -90° -60° - 90° 120°  150°

IR}
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LDC-2: source sueereosition and global analxsis

— Full Galaxy

e Verification binaries
1071

LISA Data analysis challenges —— Mpis

— Instr noise

e Superposition of many sources, with a
population of GBs also forming a stochastic
background -> Global fit

* High SNR for MBHBs, waveform systematics N |
important ’ | "

.l |

e EMRI waveform models o " il J H | .
N J
e i [LISA Data Challenge]

10737 4

X-TDI, 1/Hz
=

e Data gaps
e Glitches, instrumental non-stationarity

1077 10+

—2.0

LISA Data Challenge 2 ‘Sangria’

[
1
ot

e ~|0 massive black holes

* Population of galactic binaries (~10000
resolved)

* Unkown noise level

|
o
o

log-Frequency [Hz|

|
wn

—4.0

a0 100 150 200 250 300 350
Time [days]
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ma (10°M.)

Aty (s)

D (Gpc)

¢ (rad)

d)

A (ra

d)

my (10°M.) = 2.6170%3
] I 1

my (10°M,) = 1.24759¢
1 ] |} |}

LDC-1 (Radler) results

System:

M = 3.8-10°M
qg=2.1
z =3d.7

Aty (s) = —31.527 540 L — 1 . 2
' T
il

h22 only, aligned spins

LI (o) = 105023370
] ]

@ (rad) = 3.10*2.18

g R [ i
B hiissiiiintilici, i A

A (rad) = —2.57700)
L]

A (rad) ¢ (rad)

A (rad)

: 'y

0
: : ¢ ¢
Q;c \\») ﬂ,'? ,“b) My O ,‘%D »
/ 7 7 V
. . 7 7/ -/
¢ (rad) Ar (rad)

Strong 22-mode degeneracies,
multimodal sky (reflected)
Use this knowledge to sample !




The SNR of higher harmonics

PhenomHM, q=5, averaging over spins and orientations

20 20 20
3000
151 15 157 ‘Mode SNR'’:
| | | Som|Sem )
2 10 2 10 2 10 1000 \/( Im|92fm
51 51 51
500
03 107 e Cross-terms not negligible
Z
200 &
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,Tu(loI\IE.I);=1.50ta:ua FIdUCIaI System: MBHB PE 22 VS HM: degenerate Case

M =5-10°Mg
q=3

na (105M.) = 0504509
LI Y |

~ Sky position

-l injection . o
z=4 — ptmemc 22 | Distance-inclination

_ — ptmcmc HM
L 7T/3 \ P J

At (s) = 62.43*52%
] | ]

1Dy (Gpe) = 36,597 12
] 1 1 I

¢ (rad)

i i
! ‘ :. ¢ (rad) = 125“:8:“ \\
g 7 ' I '
] ]
[] ]

. .
1] (rad) = 105744
]

A (rad) = 2985
[ |

3 (rad) = —0.397(30

Y (rad) = 0.847530
] ] ]

Higher harmonics
crucial in breaking
degeneracies

. 9'. { : o, | . . | : . . '
FELSFFISTE o7& @ ¥ PSS - /
my (T0°M.) ms (10°M) ) A(rad) B (rad)
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Understanding degeneracy breaking by higher harmonics

> / Shifted marginal sky posterior
_ P ¢ & YpP Sky zoom (h22), Sky zoom (h22), no LISA
=N Projection effects in full response motion and no high-f
o \ marginalization
e % %
o | QF N ()
> / A —ill- injection
T = —raa —~ 22
E o = R — W —_ Y — ptmcmc
t: a7 4-: / ::: / o
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q | | w N ~ /\\ ‘ analytic
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gV V/iV/4 B { Gl £
— . 4 el 4 B ] \ =
< - / S \ f %>
__ 9 — “,}\. i - ptmcmc 0 QF h W QF
h = ihx = ), —2Yom (1, ©)hem o] 7 |opiam | 1 N
q,° D PX
—2Yv€m(ba 90) — —2nm(ba 0)6 1 ;/\\
When measuring several modes hy,,: = = g
e Distance/inclination degeneracy broken = e ol
* Phase independently measured EA =
e Better sky localization (caveat: edge-on, — el
ov \,\Q oF \05 > :
see [Katz&al 2020]) o n,-\-\ {5«?” o
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Sky area: impact of WD background

The WD confusion
background matters
Sky localisation will be
updated as the GB
analysis is refined

Degradation of median sky localization at 2 = 1 due to WD
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Pre-merger localization: role of instrumental response for ‘golden’ systems

Here: main mode sky area

Response (signal with HM here):

e ‘Full’: keep all terms

* ‘Frozen’:ignore LISA motion
* ‘Low-f’:ignore f-dependency
* ‘Frozen Low-f’:ignore both

For low masses, best candidates
for advance localization:

* |ocalization from the LISA
motion saturates reaching
merger

* |ocalization from high-f effects
dominates at merger

For high masses, HM at merger
convey most of the information
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Here: main mode sky area

4 )

Higher modes become
most important at
merger and for high mass

o J

Adg3% (degz)
=)

Adg3% (degz)
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Pre-merger localization: role of HM for ‘golden’ systems
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Pre-merger analysis: likelihood with decomposed response

InLC

Degeneracy breaking for 8 sky maxima

Instrument response:
e ‘Full’: keep all terms

‘Frozen’: ignore LISA motion
‘Low-f’: ignore f-dependency
‘Frozen Low-f’: ignore both

Likelihood: In £(d|f) = — Z

channels

henm, , Full response

Or
AL

Br

40 h

25h

PE maxIn L

)\L—|—7T/2
A+
)\L—7T/2

N

1
2

In L

5 (1(0) — d|r(0) — d)

Sky modes L-frame

hem , Frozen response

GO°

()

Approximate degeneracy measure: likelihood at the other sky positions

40 h

2.5h

7 min

ronly

I
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N

InLC

7\

-

ntipodal

Reflected

hem , Low-f response

High-f feature

crucial

)

40 h

2.5h

7 min

[Marsat&al 2020]
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LISA/Athena candidates

‘Platinunm’

Mource = 3 X 10° Mg , 2 = 0.3

* Very long:>lyr
* |ocalization unimodal early on,
no sky degeneracies
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Multimodality of the sky localization: astrophysical catalogs

Post-merger
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Approximate degeneracy measure:
likelihood at the other sky positions

Threshold used here (a bit arbitrary):

InL > —20

Blue: presumably not degenerate
Red: presumably degenerate
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Multimodality of the sky localization: a likelihood estimator ?
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