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The LISA mission

LISA instrument Status

* Provisional launch date around 2034
rE— ;\/\ e Successfully finished phase A, entering phase Bl

Earth 7 5 million kM

from 2nd
laser
source

measurements

andlaser control | prag-free | Success of LISA pathf‘ nder '

| 1] . | control

1 AU (150 million km) Telescop Optical TM/SC [ 10-13 | LISA Pathfinder
Sun Bench GRS 0 2 £ 2 Requirements
1\4{?@9
| ™ [ Q%%
N - \ %,
=7 g
T T SR SC/SC N iﬁ\/?\
« . / ) ) 14
\§ p! w0 ]_O T \\ ;\
\ Sun A g (Laser source / Ref | : i \/ \ Ap i

. . eference S - “. l“l if

e Y P N o i /\." Mlulﬂ
) 4 ﬁl—(;ﬂ' Modulator ~< "I

NN S =] Thrusters % 0 +“¥f

W NWWH

' i
10‘15:— February 2017 |

10-9 104 1073 102
Frequency [Hz|

Specificities of LISA response Low-f approximation: two  Data acquisition, low-latency

Features in the instrument response that give us  LIGO-type detectors [Preliminary, in discussion]
the localization: in motion [Cutler 1997] e Scheduled gaps: ~5hrs every |5 days, longer gaps
B High-f: more complicated ~|/year

ime and frequency-dependency
ime: motion of LISA on its orbit
Frequency: departure from long-wavelength

e Unscheduled gaps

e Target duty cycle > 75%

e Protected periods: 6 days continuous operations
e Data downlink: 8hrs every day

e Real-time data downlink ?




The LISA sources

A rich landscape at low frequencies

MBHBs: massive black hole binaries
primary candidates for EM counterparts

EMRIs: extreme mass ratio inspirals (tidal
disruption EM counterpart ?)

GBs: galactic binaries, e.g. white dwarfs

SBHBs: stellar-mass black hole binaries

+ astrophysical and cosmological stochastic
backgrounds, other transients (TDE)
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Electromagnetic counterparts from MBHB mergers

Surrounding disk pre- and post-merger [from Tang&al 2018]
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Pre-merger emission Post-merger emission N :
e Circumbinary disk, lump e Shocks close to merger A '
e Minidisks e Formation of jets Al
e Accretion streams e Effect of mass-energy loss 5 She _
e Emission lines e GW recoil kick E —10:— —

e Reorientation of AGN jet —— K N L\ | %
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Massive black hole binaries
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MBHB signals are merger-dominated in SNR
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The length of MBHB signals

e How |Ong before merger can we AStrOPh)’SicaI models [Barausse 201 2]
detect the signal ? * Heavy seeds - delay

e SNR=10 to claim detection * Heavy seeds - no delay

e Poplll seeds - delay
q =5, SNRinreshola = 10
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MBHB localization at merger

Fisher matrix analysis
(with merger and HM)

Randomizing over mass
ratio, spin, orientation

5% best sytems

| At reference redshift z=1
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Example MBHB signals: ‘g¢olden’ sources
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Early detection for ‘golden’ sources
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Pre-merger analysis: can we localize well enough for EM observatories ?

Here: sky area of main
mode of the posterior

LISA-EM synergy

* |0 sq.deg.:LSST field of view
* 0.4 sq. deg.:Athena Wide Field Imager

Fisher-MCMC comparison
[See also Mangiagli&al 2020]

e Fisher matrices: 10000 random parameters
e MCMC (ptemcee): 100 random PE runs
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Localization of ‘golden’ MBHB sources: degeneracies
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Conclusion and outlook

Highlights LISA localization capabilities for MBHBs crucial for multimessenger science

* Many MBHB systems might be short, subset of low-z events could be observed for months
* MBHB signals are merger-dominated, post-merger localization can be very good
* Pre-merger localization can be challenging, except for the very best events

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

Outlook
e Better explore LISA’s localization capability across the parameter space
* More realistic analysis: superposition of multiple signals, realistic noise, data gaps, glitches...

* More realistic waveforms: precession and eccentricity
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LDC-2: source superposition and global analxsis

Full Galaxy

10-% 1 - Verification binaries

LISA Data analysis challenges —— b

Instr noise

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

e High SNR for MBHBs, waveform systematics
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Sky area: which parameters are the most important ?

What are the dominant

parameters determining

the sky area error !
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Sky area: which parameters are the most important ?

Set of MCMC PE runs at a fixed z=|,
randomizing over masses, spins and extrinsic
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Pre-merger localization: role of instrumental response for ‘golden’ systems

Here: main mode sky area

Response (signal with HM here):

* ‘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
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Pre-merger analysis: likelihood with decomposed response

In L

Degeneracy breaking for 8 sky maxima

Instrument response:

* ‘Full’: keep all terms
* ‘Frozen’:ignore LISA motion
* ‘Low-f’:ignore f-dependency
* ‘Frozen Low-f’:ignore both

Likelihood: In£(d|t) = — 3

channels

Approximate degeneracy measure: likelihood at the other sky positions
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LISA/Athena candidates

‘Platinum’
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Multimodality of the sky localization: astrophysical catalogs
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Outline

¢ Sighals and instrument response

* The crucial role of higher harmonics

* Understanding LISA’s localization capabilities

* Understanding multimodality in the sky position
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LISA instrumental response

LISA orbits

SSB-frame: global view of the orbits
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Time and frequency-dependency Low-f approximation: two
Time: motion of LISA on its orbit LIGO-type detectors . "
Frequency: departure from long-wavelength  in motion [Cutler 1997]
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~
i

True O
. r /
yr ~ \ ‘o \
Reflected




Pre-merger analysis: decomposing the instrument response

Decomposing the response

Tar = T sinelw L (L~ k-m)]explimf (L+ k- (pr +po)]mi - P-mi(ty)

+ Doppler phase: exp [2imfk - po(tr)] | | | |
0.00 - 40 h 2.5h 7 min peak
Time and frequency-dependency in transfer functions
Time: motion of LISA on its orbit B
Frequency: departure from long-wavelength approx. = —0.05-
3 — el
—0.10
0.00 -
Response: ¢ ‘Full’: keep all terms —~ I N T ]
e ‘Frozen’:ignore LISA motion Ef —0.05 -
e ‘Low-f’:ignore f-dependency = Full
e ‘Frozen Low-f’:ignore both — o Trozen
—0.104 — = Low-s
' Frozen low- f
L
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Outline

* Signals and instrument response

¢ The crucial role of higher harmonics

* Understanding LISA’s localization capabilities

* Understanding multimodality in the sky position
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Higher harmonics in GW signals

0
Higher harmonics him hy —ihy = Z Z oY (L, ©)hem
0>2 m=—/
Example in time domain: (=8 x1=05x2=0,0=7/2, gy =1.2)
—— NR === SEOBNRv4HM - SEOBNRv4 E—
| | | | ! ! | -
6200 6400 6600 6800 7000 7200 7400 7600
t/M
MBHB with higher harmonics M=2-10M,, q=3

10—17 ;

10—18_;

Ticks: 10-19
e SNR/64 (40h) =

e SNR/16 (2.5h) 10~
e SNR/4 (7min)
* merger 10721

1022

0.04
0.03 ~
0.02 =
0.01
0.00 5
~0.01 ;
~0.02 3
_0.03 <
~0.04

e Dominant harmonic h22

e Higher modes stronger at
merger/ringdown

e Higher modes more
important for high q and
edge-on



The SNR of higher harmonics

PhenomHM, q=5, averaging over spins and orientations

20 20
- 3000
1o 15- ‘Mode SNR’:
5 - 5 -
500
103 010 109 Cross-terms not negligible
Msource (MG)) %
20 200 ©
(Sﬁm | Sﬁ’m’)
(€m)#('m’)
15 1
50
10
20
5_
e ————— - - 10
10° 107 10° 103 10° 107 10°
Msource (M(D) Msource (MQ) Msource (M@)
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Example MBHB signals
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my (10°M.,) = 1507000
[ 11

a2 (10°M.) = 0.5075 0
U LI |

q=3
z =4

1Dy (Gpe) = 36,5912
R ] 1 ]

Fiducial system:
M =5-10°Mg

MBHB PE 22 vs HM: degenerate case

-l injection
—— ptmcmc 22

~

Distance-inclination

N (s;) =.62.'43j8;§g [ — 7'('/3 \— PtmcmC HIVD

q/
-~ .9

i i
! ' :' ¢ (rad) = 1.251‘8;8{ \\
d F ' I I
] ]
] ]

1 .
L) ¢ (rad) = 105755
1

Afrad) = 2957455
i

3 (rad) = —0.397( 30

1L @ (rad) = 0.84% 500
1 1

3 \

D H D H & D N S 3
JD\ RN D q, A Q. ,_\\ (_\\ 4_\\ =N
\,5’" KENIPIN PN <%% \\}. S ° ° ©

my (109V2) my (10°M)

31

Sky position

-

Higher harmonics
crucial in breaking
degeneracies

/




Outline

* Signals and instrument response

* The crucial role of higher harmonics

¢ Understanding LISA’s localization capabilities

* Understanding multimodality in the sky position
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Example MBHB signals
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Example MBHB signals
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17.5
Systems: 1000
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Pre-merger localization: role of response for ‘golden’ systems

Here: main mode sky area

Response (signal with HM here):

* ‘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

AQg3 (degQ)

1071

M3eb

—e— full

—o— f{rozen
lowiL

—o— frozenlowfLL

BT IT

f (Hz)
M1le7

102
10! -

100

—o— full

—e— f{rozen
lowiL

N —o— frozenlowfL
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M3eb6

full
frozen
lowfL

frozenlowfL

104

plat
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frozen
lowiL

frozenlowfL




Outline

* Signals and instrument response

* The crucial role of higher harmonics

* Understanding LISA’s localization capabilities

¢ Understanding multimodality in the sky position
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Example MBHB signals
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Example MBHB signals

q-2chi0_LISASciRDv1_L_2.5¢9
- 3000
17.5
Systems: 1000
15.0
* Fiducial [Marsat&al 2020]
12.5 H00)
o LISA/Athena candidates
e LDC-I @2 1.0 - =0
7.0
[LDC-I ] 20
5‘() - . . — .....
2(0)
0 B o

107 10° - - RS 100

o"[.w'mu‘(‘(* { M.
[F'd“‘"a'J . ‘M3e5’] [Platinumﬂ ‘M3e6’J ‘M|e7’]

SNR



Bayesian sky localization
(on different time stamps)

o ‘Gold’: M3eb, z=1
e ‘Heavy:Mle/, z=1
e ‘Platinum’; M3eb, z=0.3

* Wide range of
multimodalities dep. on
parameters

* Post-merger localization
unimodal )

Localization of LISA/Athena candidates
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Multimodality of the sky localization: astrophysical catalogs

20.0

17.57

15.0 -

12.51

2 10.0 1

7.5

5.0 1

2.5 7

0.0 L
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Reflected sky mode
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M, source / M. ©

Other sky modes
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Approximate degeneracy measure:
likelihood at the other sky positions 175

Threshold used here (a bit arbitrary):
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Multimodality of the sky localization: a likelihood estimator ?

400 post-mel"gel‘ PE runs Reflected sky position
Sky modes L-frame at ‘boundary’ of multimodality 50%‘
60° " 2107 12.5%
True 3
O O ‘é
oF
s
: 1073
4 ) r ) > g
~ " ==
Reflected S
O
107° . = .
102 10Y 20| 102 104 10°
—InL
Point-like estimate of multimodality: likelihood at the sky Other secondary sky positions
modes. 50%‘
. . 1 . 21071 I~ 12.5%
Relation to posterior probability weights from actual = T
(expensive) sampling ? E il o
o ' o
- ™ ?l. B ;
Dispersion in this < 10-3 e
. . O >
relation; thresholding =
approximate (%‘
107" —

p—d
3
DO
—_
-
o
N
-
—_
O—.
DO
—_
-
1NN
—_
-
o)
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Conclusion and outlook

Highlights
* Bayesian tools for fast PE of MBHB signals

* Explored the LISA parameter recovery of MBHBs
* Analyzed role of higher harmonics in breaking parameter space degeneracies

* Analyzed features of the instrumental response and breaking of multimodal sky degeneracies

Outlook

* Explore LISA’s localization capability across the parameter space
* More realistic analysis: multiple signals, realistic noise

* More realistic waveforms: precession and eccentricity
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Example MBHB signals
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my (10°M.) = 2.613003
[ i) 1

LDC-1 (Radler) results

na (10°M.) = 1.24+99!
1 1

7
> )
%

‘.

ma (10°M.)

2, 4.

- P
%

N ;) .» .)\ ‘d&
:/%

System:
M =3.8-10°Mg
q=2.1
z =0D0.7
0 = st L= 1.2

h22 only, aligned spins

002
X1 = 076753
1 |} 1

¢ (rad)

_ +0.05
x2 = 0.597 55
] 1 ]

A (rad)

1 1 2R -
i~ ID (Gpe) = 1054275531
1 ]

! -
i | oy (rad) = 3.107549
1 1

1
i

. 7> 7,
¢ (rad) Ar (rad)

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




LDC-2: source superposition and global analxsis

LDC-2 ‘Sangria’

e ~|0 massive black holes

e Population of galactic binaries (~10000
resolved)

e Unkown noise level

log-Frequency [Hz|
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._
S

X-TDI, 1/Hz
S
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w
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Full Galaxy
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Instr noise
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Pre-merger analysis: accumulation of information with time

LISA-frame sky map 22

: [CRR T
Method 60 N —

e Represent a cut in time-to- 5 =7 S 7m 4
merger by a cut in frequency, 30° /T g/" REPYREIEELL R AT
CF—=r 8

becomes inaccurate at merger

-150° -120° -90° -60° -30° 0° 30° 60° 90° 120°  150°

SNR-based time cuts: >

@) 8-maxima sky degeneracy
\\L—’//////,,.%§7

only broken shortly before merger
-45°

SNR DeltaT
10 40h
4?) 2.5h : Y 4on

60

167 /min 15° —
666 30° // Post-merger \§_\>
- /////\L k//‘/////—\\\\\w///' *\\\\\\ //—\\\\\\“)
&)

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

LISA-frame sky map hm
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-150° -120° -90° -60° -30° 0° 30 60 90° 120°  150°

SN
-30°
-45°
-60°

-75°



Understanding degeneracy breaking by higher harmonics

- / Shifted marginal sky posterior
V] e & YP Sky zoom (h22), Sky zoom (h22), no LISA
L9 ] . . . . .
A Projection effects in full response motion and no high-f

> \ marginalization

T - T T T ;\ T~

” / -~ injection
= oY ] :
I =~ —— ptmcmc 22
~ = / i
27 £ 7 — multinest 22

" g\ analytic

= N degenerac

X O N g y
L Suly N \_
: Q E /\\. T T T T
R = 5 O Q )

A (rad)

D (Gpc) ¢ (rad) Ar (rad) _
\\ y . — ptmcmct]‘ 4 )

-_— Y | muttinest |
The role of higher harmonics = O Yo,/ | 28 7 AN ¥ / LDC-1 Radler

e
¢
¢ (rad)

E Y 7V ;:._ < - (} : ] ) O <:,\\\
) T \\0 | -r / _ mecmc -: \\\ N \*'/ ", oF \
h"— o th — E —2nm(ba Sp)hﬁm 1/'., | e " fr::ultinest \_‘?\ - \\Nv/"’j e e e e
) Nl <Fisher Q° . ~
. d ' ! ! ,____/ _——//
Yo (1, 0) = _o Yo (1,0)e™? o ;é@g%ﬁ
—2Lpm\l, ) = —21pm\L,U)C P ﬁ \'\/‘
. ad < n/{\\\
When measuring several modes hy,, : = = oF |
* Distance/inclination degeneracy broken = o AN LA |
* Phase independently measured N &1 \ BN = = -
* Better sky localization (caveat: edge-on, N A A —— P r— ol 7| 0
B A B & & @ P S IV | N VA | N S
see [Katz&al 2020]) S S VoA a0 @ S P P e S
D {Cvp( } /\L {vl"d(l} D (Gpe) ! (rad) 7" //\’! (ld/d’) s’
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Bayesian methodology

Bayesian analysis

, L(d|0)po(0) * PE example: 0-noise simulation, n=0
Posterior: p(0|d) = p(d) e LDC: noise included
Likelihood: In£(do) =~ 3 %(h(e) _ dh(6) — d) Samplers:

channels

Data: signaltnoise d=s+n

* MultiNest: Nested Sampling
* Parallel Tempering MCMC, differential evolution

Millions of likelihoods
needed

Computational performance of
waveforms/likelihoods crucial

Waveforms
hy —ihyx =)  —2¥on(t, 0)hem

{Lm

* PE example: EOBNRv2HM (Non-spinning model,
includes modes (22,21, 33,44, 55) + Reduced
Order Model (ROM) for sub-ms evaluation

 LDC:PhenomD (22, spins aligned)

Accelerated likelihoods

(ulhz) = 4Re | df
Likelihood for n=0:

e Sparse grids: amplitude/phase and response
e Cubic spline representation 300-800 pts
e Cost: h22: I -2ms, 5 modes him:

I5ms

Likelihood with noise:

* Downsample for a short MBHB signal
e Cost: h22: 3-5ms
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Example MBHB signals
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