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LISA MBHB science and motivation

LISA sources BBH SNR contours
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Motivation: what will LISA tell us?

Massive black hole binaries (MBHB) are crucial sources for LISA. 10" 10° 10° 10* 10> 10° 10" 10° 10
How well can LISA extract their parameters ? M (Mg ) (source-frame mass)

e Science questions: advance detection ? Localization for EM counterpart ?
Cosmology ? Constrain population and formation channels ?

e Link to instrumental choices: tradeoffs

e Aim: Bayesian parameter estimation (PE) tools

* More realistic signals: include merger and higher harmonics

e Understand degeneracies



The length(s) 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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LISA instrumental response

LISA orbits Response
SSB-frame: global view of the orbits From spacecraft s to spacecraft r
o through link's:  y = AV/V + Time-delay
- 1 1 interferometry (TDI)
M\ Yslr = 51_]%.7”7”'(h(ts)_h(t"“))'nl
Sun o ) Fourier-domain (separation of timescales [Marsat-Baker 2018])
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Low-f approximation: two

LIGO-type detectors «_
in motion [Cutler 1997]
High-f: more complicated
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Time and frequency-dependency
Time: motion of LISA on its orbit
Frequency: departure from long-wavelength

LISA frame t AL GW e T8 Degeneracy pattern
Short-lived signals: . c True
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Higher harmonics in GW signals

/
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MBHB with higher harmonics M =2-10°My, g¢=3

Ticks:

* SNR/64 (40h)
* SNR/16 (2.5h)
* SNR/4 (7min)
* merger




The SNR of higher harmonics

PhenomHM, g=5, averaging over spins and orientations [Preliminary]
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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 e MultiNest: Nested Sampling

Data: signal+noise d=s+n * Parallel Tempering MCMC, differential evolution

Millions of likelihoods Computational performance of
needed waveforms/likelihoods crucial

Waveforms Accelerated likelihoods - -
h—|— - ZhX — Z —2}/EWL([/7 Sp)hﬁm (h1|h2) _ 4Refdf hl(f)hQ (f)
tm Likelihood for n=0: Sn(f)
* PE example: EOBNRv2HM (Non-spinning model, e Sparse grids: amplitude/phase and response
includes modes (22,21, 33,44, 55) + Reduced * Cubic spline representation 300-800 pts
Order Model (ROM) for sub-ms evaluation e Cost: h22: 1-2ms, 5 modes him: 15ms
 LDC:PhenomD (22, spins aligned)
* Fast Fourier-domain LISA response [Marsat- Likelihood with noise: + GPU acceleration:

Baker 2018] * Downsample for a short MBHB signal [Katz&al 2020]
e Cost: h22: 3-5ms
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Understanding degeneracy breaking by higher harmonics

S / Shifted marginal sky posterior
I Projection effects in
> \ marginalization
A>T 3
= Y
£ o ~
=z 7
Oy A 4
g o
EN .
F o | .
d SO IR S \\?“ Y ooa /\ a /-\ a j‘" a ;\ \,\\ \,\

D (Gpc) ¢ (rad) Ar (rad)

The role of higher harmonics

hi —ihx =  —2¥un (s, 9)hem

Yo (1, 0) = _oYom (1,0)e"™?

When measuring several modes hy,,:

* Distance/inclination degeneracy broken
* Phase independently measured
e Better sky localization (caveat: edge-on)

Sky zoom (h22),

full response
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Pre-merger analysis: accumulation of information with time

: : LISA-frame sky map 22
Cutting signals before merger 5 om
" 2.5 h TR
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Pre-merger analysis: decomposing the instrument response

Decomposing the response

it fL . ' ' e
Talr = ‘Zf sinc |[rfL(1—k-ng)|explinf(L+k-(pr+ps))]ni-P-ni(ts) 0.00- A0h| ]25h} |7 minjpeak
Time and frequency-dependency in transfer functions %\: 0.05 -
Time: motion of LISA on its orbit = — -
Frequency: departure from long-wavelength approx. =
—0.10
Response: ¢ ‘Full’: keep all terms
* ‘Frozen’:ignore LISA motion 0.00 -
e ‘Low-f’:ignore f-dependency LA T R R e
 ‘Frozen Low-f’:ignore both B
= —0.05-
—_— = Full
Sky modes L-frame = — = Frozen
o 75 —0.10{ T Low-J
GO° Frozen low- f
e o | |
True 10~ 10~* 102

O O * “True’: true position f (Hz)

* ‘Reflected’: eliminated by

7y motion, degenerate for high-f
- * ‘Antipodal’: degenerate for
Reflected motion, eliminated by high-f
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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

hem, , Full response

channels

Approximate degeneracy measure: likelihood at the other sky positions
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Multimodality of the sky localization
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Approximate and conservative
degeneracy measure: likelihood at the

other sky positions

Threshold used here (a bit arbitrary):

InL > —20

[Preliminary]
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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
* Successful analysis of MBHB in LISA Data Challenge | (Radler)
Outlook

* Explore the parameter space

 Optimize samplers for known degeneracies (MCMC jump proposals)
* More realistic analysis: multiple signals, realistic noise

* More realistic waveforms: precession and eccentricity

* Assess waveform requirements: how accurate do the waveforms need to be ?
15
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