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Status of lisabeta

Objectives and scope Levels of approximation
¥ Science prospective MBHBS:
¥ Fisher: for high SNR limit (depends on
¥ Prototyping real analysis (LDC) signal !)
¥ Set noise realization to D
¥ Source types: MBHBs, SBHBs for now ¥ Initialize MCMC from Fishelr
N GBs soon ¥ Full run with initialization from priors
¥ Full run with noiseé (refactoring)
¥ Consortium-available (fU” members, ¥ Superposition of sources, unknown
public soon) noise, noise artifactsg
https://gitlab.in2p3.fr/marsat/lisabeta (SBHBs less advanced)
https://gitlab.in2p3.fr/marsat/lisabeta_release
Tools implemented Costs
¥ SNR computations ¥ SNR: few ms

¥ MCI\ﬂCl: ensemple sampler with ¥ Fisher: <100ms at high-M, worse at low-M
parallel temperingptemcee ) ¥ Likelihood: MBHB 2-3ms, SBHB 3-5ms

¥ Nested samplingrymultinest - ¥ Inference with Fisher init. (best case):

¥ Informed proposals to deal with sky ~1CPUh
degeneracies ¥ Inference of complicated posterior, with

¥ Fastlikelihoods noise: 100-200 CPUh
¥ Waveforms: PhenomD, PhenomHM
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LISA response

LISA orbits

LISA frame

Short-lived signals: use
frame based on LISA plane
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Fourier-domain (separation of timescalé&arsat-Baker 201§

Tor = ;L sincf fL(1! kan))]exp[i!f (L + ka(pr + ps))] n &P an,(t)
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Parameter estimation in practice. ptemcee

Ensemble sampling

¥ Evolve an ensemble of chains (walkers) C
¥ Choose randomly another chain, /X
propose new point with stretch-move
¥ ldea: the proposal adapts to the current %,

state of the chains |

Parallel tempering N /\ ===l
T =10 "
¥ Evolve an ensemble of chains (Walkeﬁrs> — T=100

—

¥ Choose randomly another chain, 7 | |
propose new point with stretch- move~ i T .

¥ Idea: the proposal adapts to the current ]L % H_ — | AT N
state of the chains 00 00 o5 1o

Tallored proposals and map

¥ Known degeneracies in the sky position

¥ Branch with a jump proposal for degenerate
locations

¥ Parameter map for most efpcient sampling

Rel3ected
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MBHB signal: Fourier-domain response

Response decomposed
11 fL

Tar = 5

+ Doppler phase (delay to the center of exp [2i! Tk apg(t; )]

constellation):

0.00-

Time andfrequencydependency ing
transfer functions

Time motion of LISA on its orbit
Frequencydeparture from long- 1 0.10
wavelength approx.
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0.00-

Response:

¥ OFullO: keep all terms = 1005
¥ OFrozenO:ignore LISA motlo S

¥ OLow-fO:ignore f-dependenc 1 g.10-

¥ OFrozen Low-fO:ignore both

sincffL(! kan)]exp[i!f (L + ka(pr + ps))] n; aP an,(t¢)

1 0.05-

40 h

Full
Frozen
Low-f
Frozen low{

10 3
f (Hz)
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MBHB signal: Higher harmonics in the waveform

Higher harmonics 10! ¥ Dominant modehy;

hy ! 1h, = #2Y!m(!,")h!m ¥ Each modeh!m ! e! e
o M= | ¥ HM strong for high g and
Example in time domain:(g=8,1,=051,=0 "= #2, $,= 1.2) edge-on .
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MBHB signal: heterodyned likelihood

Decomposing the likelihood:
InL = %(S! dls! d)

= %(s! Sols! sp) +(s! sold! sp)!

Residuals from reference waveform:

. 0
Sim = Mm€'m

Implementation:

(51 sols! 5= (rumrhy € et )

I in !
(rmle " i (d! so))

(s! sold! so) =
[

¥ Fix a sparse frequency grid (~128)

¥ Linear interpolation of the
residuals, mode-by-mode

¥ Precompute 0-th and 1st
polynomial inner products against
phase and data terms, with a bne
resolution
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PE for MBHBs: degeneracies and role of HM

Fiducial system: | S
M =5 416M, Distance-inclination

my (10°M.) = 1.507500
]

!‘\ R
9,
-l injection =
— ptmcmc 22 | = &7
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Higher harmonics crucial
In breaking degeneracies
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PE for MBHBs: LDC-1 result

System: ¥ John BakerOs code
M =3.8410°M, ¥ Differential evolution, PT

q=2.1 ¥ Proposals adapted to degeneracy

2=5.7 ¥ Costly overall (100e6 likelihoods)
1=1.2

h22 only, aligned spins 3> 1
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SBHB signal: Fourier-domain signal and response

Here simple amplitude and phase 1:00-
A(f)r 170 PRE
| (f)! f!9/3 | 150,
(but might have eccentricity+precession !) N ~N L
Response decomposed oo oo
Tar = A ;L sincffL(! kan)]exp[i!f (L + kKa(pr + ps))] n; &P an,(t¢)

+ Doppler phase (delay to the center of constellatior§xp [21! Tk apo(ts )]

Orbital delay phase!" g (rad) Transfer T.22 Transfer T 22 Transfer T,2?
1500/ 1.0 10 10
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i Complicated modulations, long-lived signalg.
Departure from the low-frequency approx.
. Large Doppler phase )
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PE results: SBHBs
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MBHB burn-in: need for an efbcient search

Likelihood of individual walkers in the ensemble (each color a walker):

ldeal sampling, no burn-in

0 500 1000 1500 2000 2500 3000 3500
Steps

Using parameter estimation settings for search - non optimal

—InL

——

10" 4

0 2000 1000 6000 8000 10000 12000 14000
Steps
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LISA data - band-passing, whitening

N
=,
=
b
=)
5]
=
o
L
=
B
=10
2

5l 100 150 200
Time [days]

¥ Band-passing :select frequencies below 2mHz
¥ Whitening :work with signal/noise, so that all frequencies/times contribute equally




LISA data - band-passed, whitened in time domain

x10~1

Instr. noise

- Verification binaries
Full Galaxy
— NIBHBs

X-TDI strain
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LISA data - band-passed, whitened in time domain

Whitened, band-passed data
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MBHB Initial search: F-statistic on small data segments

10°

l(]l |

0 250 500 750 1000 1250 1500 1750
Steps

¥ Select short data segment

¥ F-statistic: approximate response, optimize
analytically over extrinsic parameters

¥ Sampling easier for a lower dimensionality

¥ Get a brst guess of intrinsic parameters +
time

S PSP £ 4
b+ o It



MBHB Initial PE: sampling with low frequencies
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¥ Initialize from F-statistic samples, draw
randomly extrinsic parameters

¥ Restrict to low frequencies

¥ Sample and get a brst guess of all params

|0
\oﬁkﬁi}fh T\sf’f_ '
G g
s o

Fw@%ﬁ |

A

2l

YA
on f& '7
i

'

0 T T
2D
Az (rad)

27 SR 7 q ' I1RE
> ;80 Je S
= Ry v 0 1 7
e S e A AW i
L S » RN EN NI /5_’9 ~ .1,‘/\\.\ /Q‘? NN
D (Gpc) ¢ (rad) (rad) A, (rad)



MBHB Pbnal PE: sampling with all frequencies

¥ |Initialize from samples obtained with low-

frequencies only
¥ Include all frequencies

¥ Sample and get bPnal posterior
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Outline

¥Reminder about LISA sources and signals: MBHBs, GBS
¥Data analysis - the basics

¥Status of lisabeta

¥Example PE for MBHBs

¥Improving the search for MBHBS

¥Improving the sampling for MBHBs
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MBHB sampling with degeneracies: need efbcient method

¥ Complicated structures in extrinsic
parameters make it hard to sample

¥ Proposals work best for Gaussian-looking
posteriors

¥ Proper convergence requires to explore
the full parameter space (multiple times),
gets very costly
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MBHB sampling with degeneracies:. parameter map

¥ Ignoring motion and high-frequency effects:
response becomes very simple

¥ Use variables as close as possible to what we really
observe, to make the posterior look Gaussian

¥ Sampling can be done in any set of parameters, with

Jacobian of the transformation analytic here

Response variables: 2 complex (+ 2 sky angles)
. . : + :
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MBHB sampling with degeneracies: parameter map

Toy problem, completely degenerate extrinsic 22 likelihood without motion and high-f effects

D (Gpe) = 124.39+ 2379

i
i Blue: no param map
{1 —— Red: parameter map, iterations/10
& | L}
=V
E o
B
=8
N
¢ (rad) = 1.507550
t gl
q/'?. 1 1 1 E
T &
E N
E)
o] +2.13
Az (rad) = 0.01755
3> ] ] i
1
o :
= :
RN :
< :
N .
/.«,.Q ) J ; : 1 B, (rad) = 0.067)2
g Ry i
— 7] [ ATt s
"é . I\ .‘ . :
=S AINVA
B \Q) 1 1 ';’:ll; L’";\
NS D
g g’n, Yr (rad) = 1.577}33
o (AN O ‘ ] 1 i
= Vv i !!&1 4 :
:IE’_ o ! 'F“ 1 : 1
R i't\ f E: ; E
RS ?és' : i :
NN
Uy, (rad)



parameter map
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Demonstration notebooks

¥ https://qgitlab.in2p3.fr/marsat/lisabeta/-/blob/master/
examples/example_mbhb.ipynb

¥ https://qgitlab.in2p3.fr/marsat/lisabeta/-/blob/master/
examples/ldcl _mbhb_demo.ipynb

25
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Noise properties

{ We are making probabilistic statementsE ]

Noise pSD_ Assuming properties of the random noise !

¥ Noise autocorrelation function: K (1) = In(t)n(t+ !)"
(stationarity: depends only on )

¥ Noise PSD formal debnition:  S,(f)=2 di &' K(!)

¥ Stationarityindependance in FD IfA(f )i’ (f )" = %Sn (F)o(f # )
¥ Gaussianity: noise in freq. bins is Gaussian(f ) ! N (0O, T T Sh(f))

1016 Example PSD

10~
Y 1 2 Less-than ideal assumptions for LISA !
o ; Non-stationarity, glitchesE
[ 10!

1049

102 — ' - - ;

102 10—+ 103 102 10~} 10"
f (Hz)
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Likelihood and Bayesian analysis

Likelihood
¥ Likelihood: L = p(datalsignal params)
¥ PDF of the noise: collection of independeit p(n = n;) = const ! % 0 f S Zf | & |2
Gaussian noise variables in each bin " | n (1)
1 o > 1
¥ Likelihood is the probability that the noise makes = §4 S, (f)lﬁ(f)l = Q(”|”)

up for the difference between observed data and 1
theoretical signal:d = h(!)+ n Inp(d|!)=1In p(n=d! h(!)) = ! é(d! h(H))[d! h(!))

Bayesian formalism

. . . 0
¥ Matched-bltering overlap: ph;|hoq O4Re d Ml Az €

h GW signal
Snff g ! param%ters
¥ For Gaussian, stationary noise, for independent d data stream

channels: | l o sighal params.
InL(d|!) = ! | %(h(!)! dih(')! d) 'o ”0?59 real.
channels Sn hoise PSD
d= h(!o) + no
¥ Bayes theorem debnes the posterior: p(! |d) = L(dL!()dr;o(!) Po(!) prior

p(d) evidence
28



Parameter estimation tools

Signal-to-noise (SNR) Fisher matrix analysis
¥ Quadratic expansion of log-likelihood around true
Measures |Oudness Of Signal: Signal, approx. I|kel|h00d as a GaUSSian
, . h(!):hl(!o)+!!i"ih+---
SNR® = (hih) =4 §|h| InL:!E! LiF 11 +0O(! 13)
Fij :(!ihlljh)

Simple detection statistics: SNR>8-10
(true detection statistics LIGO/Virgo ¥ Matrix inversion to get to the covariance of the
more complicated) Gaussian c = ' !

¥ Valid at high SNR, and misses degeneracies

Bayesian sampling tools Levels of approximation
¥ MCMC methods, nested sampling ¥ Fish_er: for high SNR limit (depends
¥ MCMC proposals: ensemble samplers onsignall)
(emcee), differential evolution, E ¥ Set noise realization to 0
¥ Parallel tempering: explore full ¥ Initialize MCMC from Fisher
parameter space ¥ Full run with initialization from priors
¥ Informed proposals to deal with ¥ Full run with noise
degeneracies ¥ Superposition of sources, unknown

noise, noise artifactsk
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GW signals seen by LISA - the basics

|
Insplral

IMR Signal

1.0 -

0.50 0%/

Y%

ain (10721

e - .

St

-1.0 H

— Numerical relativity
Reconstructed (template)
1 1

I

|

Merger Ring-

f)f)“

M I i

1

down

-

—{

Phases of the signal:
. covered by post-

¥ Inspiral

Newtonian (PN) perturbative series

¥ Merger
relativity (NR)

. covered only by numerical

¥ Ringdown : NR, superposition of
Quasi-Normal Modes (QNM)

LISA: different BHB signals

¥ MBHBs : very loud, merger-
dominated (mostly short)

¥ SBHBs : early inspiral, some chirping
during LISA obs. (multiband ?)

¥ GBs: quasi-monochromatic,
superposed

¥ EMRIs : long-lived, many harmonics

¥ Stochastic backgrounds

¥ TDEs !

30
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1076y
e Galactic Background
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10‘1 7 - L 3 Verification Binaries
u\u\ ant] == EMRI Harmonics
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10718+ N\ WP | — GW150914
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I \
-19
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Contrasting LIGO/Virgo and LISA responses: LISA

LISA-frame

SSB-frame: global view of the orbits Low-f approximationtwo LIGO-type

detectors in motion |[Cutler 1997]

IREEN

I o |
High-fthree channels
with complicated
frequency-dependence
AL GW

| Sky localisation from the
Short-lived modulations induced by the orbits

signals: LISA for long-lived signals
frame

Sky localization can also come from
high-f effects.

~ Degeneracies - multimodality in the
sky possible !
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Massive black holes: signhals and challenges

¥ Very loud sources, SNRs of
several thousands !

¥ Detection of merger easy, but
detection as early as possible ?

¥ Advance localization for
multimessenger observations ?

¥ Signals can be short (< 1day)
and degenerate

¥ Waveform model systematics
for such loud signals ? Biases,
residuals for other sources ?

¥ Subdominant features in the
signhal are important

“MBHB merger in time-domain

Y-tdi (frac. freq.)

1.3840 1.3845 1.3850 1.3855 1.3860 1.3865 1.3870
Time (sec) x 107

FD signal with harmonics =2 a10° M, , q=2

10! 17
All
10 18 8 %
(3,3)
‘ 4,4
105 4.4
] oise S;
10! 20'5
10! 21_;
22 | — L ——
10 N
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Galactic binaries: signals and challenges

Superposed signal

¥ Mostly WD-WD, some other 10~
compact objects

10738 5

1(]739 i

¥ Full galaxy: ~20 million systems !

1040
~_
—

¥ AbOUt ""20000 |nd|V|dua”y é/w—m

resolvable - \ \—/
107424 : i

¥ Form a (non-stationary) 1

background -

¥ Veribcation binaries

¥ Quasi-monochromatic GW
emitters

¥ Modulation by LISA motion
(sidebands in Fourier-domain)

¥ Superposition of signals in
Fourier-domain

TDI X amplitude

10—

10-3 102

Freq. (Hz)

Individual signal

. ll “l“ ‘Id.o"",
10-10 | \'Wr |
| |
Il
10~ L7 ]
0.000 0.001 0.002 0.003 0.004
f (mHz) +1.007x 10"
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Extreme mass ratio inspirals, stellar-mass black holes

zlr 4

EMRIs 7
¥ Long-lived, complex signals, large number of wave cycles
(10*! 10°)
¥ Strong precession and eccentricity features, orbits in the
relativistic regime around Kerr

[Berry&al 2019]

¥ Exquisite determination of some parameters N also
means that the signals are hard to bnd !

10 15 20 25
rir g

¥ Theoretical work on waveform models needed
Simple amplitude/phase, Complex high-f resp

Stellar-mass BHs
. . y 10 %% 81 125
¥ Quiet signals: a few detections in the LISA banc
¥ Inspiral regime far from merger, very large numl o .
Of CyCI 68(105 | 106) o Orbital delay phase!" g (rad) 0 Transfer T, 22
0.5
¥ Challenge of detection: template banks impossibl™ A /\/K\[\A\
IR
¥ Multiband analysis, archival searches ? A W-?’P: i
1'1.0 ‘ ‘ ‘ ]

34 10!
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LISA data - LDC-2 Sangria
e R T B e e e e SR Ty

N
=3
-
o
=
o)
=
o
o
—4
B
do
2

200
Time [days]

¥ MBHBs : chirping signals, emerging from low-f noise
¥ GBs: quasi-monochromatic, horizontal lines
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LISA data - LDC-2 Sangria Time-Domain

1 x 10~ l9. | . . . . -
~\‘/\/\/\/\" — Instr. noise
/\/\/\/\/\’w ey "-'/\/\/W’“ — Verification binaries
31 -. . . | | 7 | — Full Galaxy
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¥ MBHBs : loudest ones clearly visible by eye above the noise
¥ GBs: superposed signals, annual modulation due to the LISA motion
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LISA data - LDC-2 Sangria Frequency-Domain
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¥ MBHBs : loudest ones visible in the spectrum, subdominant
¥ GBs: signals local in frequency, both individually resolvable and building akgadosnd
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LISA Fourier-domain response

Response 5% 5ar 0 ¢

Laser frequency shift, spacecrafts
storthroughlinkl: yO'! !{!

1 1 " 45 %61 & (), "~( .
ysir O =——=——n; = pptsq « hpt, qq A o s
21« R-n

(Transfer function for modulated and delayed siﬂnal

I/ 0123

FT rFptchpt © dptggs OT of dipf ¢

\.

Fourier-domain forchirping signals (separation of timescales):
11 fL

2
Time andfrequencydependency

Time motion of LISA on its orbit
Frequencydeparture from long-wavelength

Tar =

sincPfL(1! kan))]expi'f (L + ka(p + ps))] n aP an;(ts)

+ Time-delay interferometry (TDI)
linear combinations o¥sir  with more delays
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LISA mission - 2034
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Characteristic Strain

LISA sources

LISA sources MBHBs SNR
10'16;\'
| vemmt Galactic Background |1
N day hour, _ J MBHBs at z =3 )
10‘17 - 10" M, % Verification Binaries .
; \{\u\ SN = EMRI Harmonics
| - | hour 1 = LIGO-type BHBs
10718 \ WV — Gw150914 i
e N Gal. Bin. (SNR >7) |]
10_19 _ \\ 10° M. J_:
102} o
_ Observatory
Characteristic Strain
10-21 | = = Total
107 107 103 102 107 10°
Frequency (Hz)
Terminology:
3000
¥ Massive black holes binaries (MBHBS)

¥ Stellarmass black hole binaries (SBHBsJ? '© 10" ' M}fj’fm 107 07 0 a0
masses observable by ground-based ~ (source-frame mass)
detectors[Sesana 2016]

¥ Galactic Binaries (GBs): mostly WD-WD

¥ Extreme Mass Ratio Inspirals (EMRISs)

¥ Sochastic backgrounds (GBs, cosmo.)

¥ TDEs !
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Contrasting LIGO/Virgo and LISA responses: LIGO/Virgo

Pattern functions

Simple multiplicative response

S: F+h+ + F! h!

Angular dependence:

1! )
5 1+cos?! cos(2'),

FI =cos! sin(2")

F.

Time-of-arrival triangulation

¥ Two detectors: ~ring on the sky
¥ Better localization for 3 or more
detectors (even low SNR!)
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LISA Instrument response

One-arm frequency observables

From spacecraft s to spacecraft r
through link s:y O ! ! {!

.1 1
Ysir O 5 ——=——n = ppisq « hptrqq A
21« R-n,
< . - . Equal-arm Michelson Unequal-arm Michelson
ts Ot« L « Q—-ps, tr Ot« Q—lpr Q) @ @ @
hOh P Rg ™ hs Ps R GW at SSB 27 * *
R — i NV
Time-delay interferometry (TDI) i DO
¥ Crucial to cancel laser noise , ' 3
¥ First generation: unequal arms XT = ofya * Yise)+ (VA" + Vs 2o R + Vi) # (V& + Yida) ss
. . . . X GW (t)
¥ S?COHd generation: propagation and 3exing #f(ysle YR+ (YR + R o # (v + v # (v + yfetl,vz),33$’223?-
¥ Michelson X,Y,Z - Uncorrelated noises A,E, T * T — (
Approximations
¥ Long-wavelength approximation: two moving LIGOs rotated'Hy} + ofloigday

¥ Rigid approximation (order of the delays does not matter, delay=L simple in Fourier
domain)
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