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Talk outline

» LISA mission status

» Parameter estimation for SGWBs with LISA

»  Status of LISA SGWB characterisation

* Some outstanding challenges

- Lack of noise knowledge
- Astrophysical foregrounds
- Source confusion

- Instrumental data gaps and glitches



LISA mission status

LISA expected to be adopted in January 2024. Red Book, Science Management
Plan and Science Implementation Requirements Document being prepared now.

Red Book (among other things) describes science objectives of mission. There are
three relating to SGWB

Characterise the astrophysical SGWB
- What is the amplitude and spectral tilt of the astrophysical SGWB?

- What does it tell us about its source population?

Measure, or set upper limits on, the spectral shape of the cosmological
SGWB

- Is there a SGWB of stochastic origin in the LISA data?

- Can we reconstruct the cosmological SGWB spectral shape, to gather information about
the process generating it?

Characterise the large-scale anisotropy of the SGWB
- Is the SGWB frame the same as the SMB one?
- What are the host galaxies of sSBHBs?
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LISA mission status

+  SMP will stipulate (TBC) that there is an initial closed data period of ~18
months. After that data will be released regularly (~once per year).

# Science on closed data will be done by Science Topical Panels focussing on
specific science objectives.
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All data releases will include both TDI data and catalogues. After DR1,
these will be accompanied by minimal science interpretation.

Launch and Cruise Phase Commissioniné Nominal Science Phase
18 months 6 months 54 months (4.5 years)
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\i DR1
Hardware commissioning during Cruise Phase
Instrument and constellation commissioning
Data taking period - L1 produced daily - DR2
L2 data production by LMC and NASA GS
L2 consolidation and L3 data Production

Il or3

- Consolidated LO-L3 data released on public archive

Mor:



LISA mission status

Catalogues will include
- parameter posteriors for all resolvable sources;
- adescription of the stochastic component of the data streams;

- (at best) minimal separation into instrumental, astrophysical and cosmological
components.

Current work on LISA data processing focuses on building the pipelines
that will be used to construct the catalogues.

SGWB community should
- prepare for science interpretation of measured backgrounds;

- lay groundwork for participation in STP(s) and in exploitation of open data;

- work with data analysts to ensure data products and associated tools produced
by the ground segment are suitable for subsequent SGWB analysis.



sources of all of these different types (see Cornish talk).
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LISA Data Analysis

e [ISA Data Analysis requires a Global Fit of an unknown number of
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LISA Data Analysis

e Typical strategy adopted is to
iteratively update the solution
for one source type and then
move to the next.

e Solution will be continuously
refined as new data is added.

e A key component of the
analysis is variable
dimensionality.

e SGWB and instrumental noise

are components of the global fit.
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SGWB characterisation: likelihood

»  One channel (Whittle) likelihood can be written
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»  With multiple channels (see, e.g., Adams & Cornish 2014)
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o/ (2m)2<Ne det(S(fi) N

»  Can do maximum-likelihood estimation, or recover parameters of the
background in a Bayesian analysis

p(Ald) =




SGWB characterisation: unmodelled

#  SGWBinner uses a flexible
model for the signal
component of the PSD,
combined with a simple 2-
parameter model for the
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instrumental noise. N
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*  Number of bins used for
reconstruction allowed to vary § 107°
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Mock LISA Data Challenges

e ML.DCs established in 2006 to demonstrate readiness for LISA data
processing. Discontinued after Round 4, in 2010.

R Mock LISA Data Challenge  wuarsnew:

LISA Data Analysis e Challenge 4 posted.

In support of the Laser Interferometer Space Antenna Datasets now
(LISA) gravitational wave observatory, we are conducting available. (Nov 20,
several rounds of mock data challenges. The LISA Mock 2009).

Data Challenges were proposed and discussed at

Round 1C meetings organized by the US and European LISA Project e Challenge 1C

that were attended by a broad cross section of the posted. (Oct 18, 2009).
Round 3 international gravitational-wave community. These

challenges are meant to be blind tests, but not really a  Challenge 3
Round 1B contest.These serve the dual purposes of fostering the concluded. (May 1,
development of LISA data analysis tools and capabilities, 2009).

Round 2 and of demonstrating the technical readiness already

achieved by the gravitational-wave community in distilling » Challenge 3.5:

Round 1 a rich science payoff from the LISA data output. Reissued. Discard
earlier data. (Mar 27,

Community Resources The Mock LISA Data Challenge (MLDC) Taskforce has 2009).

Challenge Participants

I
!

ound 4
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Mock LISA Data Challenge 3.5

e MLDC data set 3.5 included a stochastic background

3H
3273

(R (fs D ha (f, Q) = =21 f| 7> Qe (| f]) X Saar6(f — )52 (€2, Q)

e with constant energy density and unknown amplitude.

e LISA response approximated by a rigidly-rotating triangle with equal
constant arm lengths. Single link optical and test mass acceleration noises
were uncertain at +/- 20%.

N3y (t) = ngy (t) + DignGie(t) + nise(t)
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Mock LISA Data Challenge 3.5

e Two groups analysed the data set correctly.

modes and their
fractional errors
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Mock LISA Data Challenge 4

e MLDC round 4 included the “whole enchilada”, but MLDCs were
discontinued before submissions were fully finalised / assessed.
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LISA Data Challenges

+ The LDC group was established in 2018 to resume activities begun by the
LISA Mock Data Challenges. There are telecons on Thursdays @ 4pm CEST.

+  Ground segment pipeline development is being driven by the Data
Challenges. Data sets are being constructed to address specific questions
posed by the Science Group.

LISA Data Challenge 1: Radler

We are plad o amwource the release o7 datasess fo- the frst "rew” LISA Data Challenge, codenamed

Radier. The pumaga of 178 firs? cha enge (R 10 *2s<de tha main LISA faurees saparataly, Lrce” an idaalized Log In to download »
raturen-rasa madel Our 2im i o Introducs new researchers Tn LISA data analyass, o «ehahiliiata

existing anelyas codes devaloped dunng tra original Mock LISA Deta Thallenges [2005-2011), ard 7e { DC-1 documentation » ’
egtanlish LDC process anc smndands. D

Radler incluges six subchallenges, descrinad balow.  his chelenga will not be blind (30urce parameters g
availkble), butyou ere welcome to iry the analysis withcut referting w the snawer Furthermore, versions of
e datasets withcu: instrument "ise areé Includec in the release. LDC working-qroup membe-s will be
praparng thelr ova &calysia using thair algovithms af cholsa, ana invite you 1o joir them (to do g0, 2-mal us
20 W2 Car pair you sporopnately). OF Courses, you may orjanze 10 Work on your owr, o with yous
ColaDoretons

For uesge trackang purposes, we reguect that you e up a lagin for thie weosite befora downloading the
detesets. Pleese submit your results by December 31, 2018, using the subrmission intzrface erd format
1k wiill appear shortly on his page. Please plan to include 2 descripticn of your melhods (or a link 1o a
mathods pape<) with your submizRise. Wi waud 2 sa 4eatly appraciaie 1 i you Wik 10 SPas yeur 2ods

13, 00 6., or on o AL, https: / /lisa-1dc.lal.in2p3.fr/1dc

Whila wa a'd oLy hest ta chack tha datazate for carracinass, emall prodlame a7 iInsaneistenciae may have
eacznad e | hae bast way to validate tha dats e to analyze 10, 30 et us krow of any probisms!
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LISA Data Challenge 1-6

LDC1-6. An isotropic stochastic GW signal of primordial
origin.

Statistics are Gaussian, but the o

spectral shape is shrouded in ==} M
mystery, with parameters chosen for
us by the LISA Consortium
Cosmology Working Group. The
signal is generated using LISACode
as a choir of elementary sources —
uniformly distributed across the sky.

To make things easier for you,

instrumental noise is Gaussian,

uncorrelated, and of the same level

in each LISA link.



LISA Data Challenge 1-6

# Similar to MLDC 3.5. Data set versions with zero/known/unknown
instrumental noise were created. Three groups successfully analysed the

data.
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LISA Data Challenge 1-6

*  One analysis used SGWBinner (Flauger et al.).
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LISA Data Challenge 2a

e The Sangria dataset included a full galaxy of GBs, plus massive black hole
binaries. The galactic binaries form a cyclo-stationary GW background.
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LISA Data Analysis: state of the art
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LISA Data Challenge 2a

e Several successful analyses of the LDC 2a data set.

e Caveat: all analyses assumed noise was stationary.
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LISA Data Challenge 2a

e Digman and Cornish (2022) have extended the PSD model to allow for
cyclostationarity, to incorporate into the global fit pipeline.
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LISA Data Challenge 2a

e Digman an
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Challenges: lack of noise knowledge

« Typically assume a known sensitivity when assessing mission performance.
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Challenges: lack of noise knowledge

*» Reality is different. In LISA Pathfinder only 25% of total noise power was
explained by measured noise sources.

Run ending on 27-02-2017 . Native
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Solutions: T channel

* Equal-arm Sagnac channel is insensitive to gravitational waves at low

~ ~

frequency - use this as a noise monitor. A4 — 7 A+ h, T = nr
(Inal*) =04 (Inr|®) = o7, (Ih[*) = o
0.5 | °
I
oab——— Prior on a at 0.602 mHz 4}

0.1}

‘weakly-constrained’
‘strongly-constrained’

0< a <1000
0< a <0.86
0.39< a <0.47

0
20

Robinson et al. (2008)
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Solutions: TDI channels

o

» For an unequal arm length interferometer, T channel is no longer
insensitive to gravitational waves. Sagnac ¢ channel performs better.
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Solutions: TDI channels
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Solutions: TDI channels

* Signal is less correlated -> potential to measure noise at high frequency.

XYZ afy
100 107
< ’ 7
g 1071 4 1071 ¢ \
%‘ 3
"> 1074 1077 ; |
< 1 I R R Q
S 103y X == Xe. =12 1073 - ap ay gy
& {[=== XY --- X2 ---1¥YZ --- ap ay - By
10-4% R AP 107 L e e e e ey S——
10 4 103 102 10* 07 102 101
AET A&l
p 1 N ——— 10° f====t==== : P —
3 L E b ——" I Fooooosstol = SITe-o A4 i
R ~ : SSIlnsoo<w A a e
3 1071 | 1074 B A
o : H R s Y
e 107 e S S S e S et a—— : ’ 102 o e e e e ¥ 1
-~ ] L :
3 10734 — ARE — AT — ET 1034 — A& —— AT — T \| L)
& { -— AE - AT ET ——— A& - AT &r | |
1074 ' ' . 1074 ' . :
104 103 102 107! 107 102 101
AET AEC
> 100]_______________:::- . 100 ge=== Es===—o o v
= B SR N 7 1 [ ‘*f;‘\-\\ '
S 107 ‘ 107! TS
:g . - ,/’A:I. \'. "1.
B L I B {1 e S \|‘|:
~ i ]
s e — AT — — — ; — I '
5 103 AE AZ E7 : 10- | AF A 'd ‘,
R - AE - A7 - E | --= AEf  aee AT - & i
0% v v — . 10 4 ! T -
10-* 103 107 101 107 0-¢ 10-2 102

Hartwig et al. (2023) Frequency [Hz) Frequency [Hz]



https://lisa-ldc.lal.in2p3.fr/ldc

Solutions: simplified uncertainties

* Another approach is to assume a form for the instrumental noise. This was
already done in SGWBinner and in the LDCs. SGWBinner uses

_ p2 me | 2mHz L 2 f G
Foms(f, P) = P* 27 _H( f ><T> |

et fm? | 0.4mHz\?]| | i o 1 \* (2nf\’
Pacc(faA) = A 4 Hy 1+ ( f ) _ _1_|_ (SmHZ) ] (ﬁ) <T>

PX)(f P, A) = 16sin? (27”%> {Poms(f, )=+ {3+cos (47”%)} Paco(f, A)}

C C

» MLDC/LDCs employ a similar model, but with the noise levels allowed to
vary independently for each optical link.
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Solutions: simplified uncertainties

» Hartwig et al. (2023) explored the 12 parameter model for an unequal arm
interferometer. Correlations between channels help determine noise

components.
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Solutions: simplified uncertainties

* Background parameters recovered consistently with no bias.
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Challenges: lack of noise knowledge

Model more generic deviations using splines. Can successfully recover
single link PSD and injected background parameters for a power-law

SGWB signal.
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Baghi et al. (2023). See Baghi talk on Thursday
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Challenges: lack of noise knowledge

* Include further uncertainties by allowing both PSDs and real /imaginary

components of CSD to vary, and assume unequal arm interferometer.

Sn(f‘{w’&}) = S(f)des.1OC(f|{log10(f’i)}’{wi})
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Challenges: lack of noise knowledge

o

» Using this model, we find that the amplitude of modelled SGWBs needs to
be a factor of a few bigger for confident detection.
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Summary: lack of noise knowledge

» Distinguishing between an SGWB and instrumental noise will be difficult

different transfer function offers limited information;
using a model for the noise components helps break degeneracies;

generic reconstruction of one component only possible if other
component is modelled;

priors on amplitude of instrumental noise allow reconstruction of loud
backgrounds.

See Baptiste-Bayle talk on Thursday
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Challenges: astrophysical foregrounds

» SGWB will be obscured by astrophysical foregrounds, including galactic
white dwarf binaries.
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Challenges: astrophysical foregrounds

# There will also be a background from stellar binary black holes.....
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—— LISA PLS 4yrs SNRpr,s=8 /
10-7 === LISA PLS 4yrs SNRp;s=8 + GB +SOBBHs /
\\\ —— SGWB from GWTC-3 SOBBHSs (median, this work) /
10~ \\ [0 25-75 uncertainty range (this work)
\\ \\\ 5-95 uncertainty range (this work) /
B 10—9 \\ \ / /
O N\, N /
c N\ \ /
= 10710 - /] /
R __———-— \\\ \\\ /// /
e === sl By N / /
10~11 :
e \\
~
~ \
10—12 \ \\\
N //
g \ e
1013 Tl
\
‘\
10—14
10~ 1073 1072 107!

Frequency [Hz]
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Challenges: astrophysical foregrounds

# ....and perhaps from extreme-mass-ratio inspirals.
10738 5
{ —— Model 1
1 —— Model 2
1073 E Model 3
: Model 4
10—40 4 Model 5
{ —— Model 6
< e T Model 7
= 10 —— Model 8
= —— Model 9
g 10-42 4 — Model 10
—— Model 11
—— Model 12
10743 3

Instrumental Noise

. I —

1073 102
Frequency

Pozzoli et al. (2023)
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Challenges: source confusion

+  Presence of other sources in the data 10-36
. . stochastic everything
1mpacts parameter estimates for

38 _ .
10 alactic  instrument,
inaries  noise \

sources of interest.

§ 10740
| ‘ »
* For resolved sources, assess impact & \ Sl LT SN AI
. 0 . 5 i 10742 | " SR CARY o ¥ 1'. =1 | ™
using joint Fisher matrix = ol T e,
ROEE i =t =2y 2 [ N AT TN
— (FmiX)T 7(2) a -~ (F1—21 )T I‘2_21 I\_j\__\‘ l. t ‘h"' i \r
- 10746 B R | _—" i,
| ALl T~ AT il
i (1) mix ((2)\—1 mixyT) ] M o 135 M 1, ‘§§§§’§l5li!§%
Fll = (I I (F ) (F ) 1048 N : . {ln, il
. 1073 1074 1073 1072
= : i N f[Hz]
Pl = Dt P @)yt # (Can interpret as noise from residuals
(1),e _ (p(1)y—1 ()4 (2)
A(9sys = (F )z’j (6.7 hm |h )

*  Assuming near-orthogonality | ,
(A6 ALYy = (TV) 5 (Okhin’ |0iR ) AG 063"

Fl—ll ~ (F(l))—l + (F(l))_lrmiX(F(Q))_l(FmiX)T(F(l))_i[ (anh%”&mhm))(r(l));ﬂi



Challenges: source confusion

log M) = 83.3077+0.0001
| |

Bl True values
Predicted bias

Get additional errors from
mismodelling of sources, e.g., ignoring
environmental effects or GR
modifications or waveform errors.

| -oas9s g
1 1

For example, fitting for a single source
of type A in the presence of residuals

0.0128
B =5.008710015%
1 1

from a population of type B.

Residuals create a ~stochastic signal
that could be confused with an SGWB.

80 ==Y (04), [@p 1o (62)) + (Tm=(02)) (TP(62)) | > (0P (8)I5m” (67)
a=1 L b=l 4

(Tm(02)), = @h*19;7(0), T = @h*9;n%), (TP(07)) = (0:h®(07)10;h° (67)))

J

1)



Challenges: gaps

Many possible causes of gaps in the LISA data stream, of both known and
unknown origin.

Gap type Frequency Duration  Total loss (hr/yr)
Antenna repointing every 2 weeks
PAAM angle adjust 3 per day

TM stray pot. est. 2/yr

TTL coupling est. 4/yr

Unplanned: platform

Unplanned: payload

Unplanned: micro-meteorites
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Challenges: gaps

» Various approaches to dealing with gaps: gap filling, noise filtering, time-
frequency analysis etc. Results depend critically on assumptions about
noise behaviour across gap.

» Treating gap as missing data
D(t) = w(t)h(t;0) + w(t)n(t) = H(t;0) + N(t)

l0g p(D|6, ) o« — (D(t) — H(t: 6)|D(t) — H(t:6))x,= —(D — H)'S3H(D — H)

Af [N/2+1]
(Xn)ij & o Z W (fi — vp)W(fj — vp)Sn(vp)
p=0

» Treating noise as independent in each between-gap segment: likelihood is
product of likelihoods for each segment.
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....................

Challenges: gaps

.....................

M = 20111116 237147411 040

“,.‘ﬂ\.":..‘n' |+ ‘,,Qh

q=2.0187-000%

)

x = 05137:38%8

L (4

Using the wrong
model leads to
biases for resolved
sources.

For SGWBs, it is
less clear. Gaps
may provide
natural segment
breaks for
stochastic analyses.

Analysis may
ultimately be done
in time-frequency
domain.
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» Pathfinder glitches well

Challenges: glitches

5
— Data
e Fit
47 —— Residuals
»  LISA Pathfinder 37

observed glitches at a
rate of 1/day. Expect
glitches in LISA too.

Ag [fms—2]

described by a single
exponential
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X/
L X4

X/
0‘0

Challenges: glitches

If glitch overlaps merger,
can get biases for
individual resolvable
sources.

Avoid biases by fitting for
glitch simultaneously with
signal parameters.

Need reliable glitch model.
[gnoring glitches or fitting

"""""

S
them poorly could lead to " | aH NIl
residual noise that is ifeﬁ % i L_r
confused with SGWB. S Qﬁ:&“‘:‘
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Summary

SGWB detection and characterisation is an important part of the LISA
science case described in the Red Book.

Development of data analysis strategies is underway, partly drive by the
ongoing LISA Data Challenges.

State of the art: characterisation of galactic binary foreground within global
fit to Sangria data set, unmodelled /modelled recovery of SGWB in isolated
data sets.

Many challenges still to overcome: lack of noise knowledge, astrophysical
foregrounds, confusion noise, modelling errors, data gaps, glitches etc.

Work on these topics needed now to inform construction of global fits and
prepare the way for LISA science exploitation within the STPs/on open data.



Extra shides



LISA mission status

Project must build a mission that can address Red Book science objectives. This
is encoded in observing requirements.

OR?7.1: Characterise the stochastic GW background from SOBH binaries with energy
density normalised to the critical energy density in the Universe today, Q, based on the
inferred rates from the LIGO detections, i.e., at the lowest Q =2 x 10-10 ( f /25 Hz)32/5.
This requires the ability to verify the spectral shape of this stochastic background, and to
measure its amplitude in the frequency ranges 0.8 mHz < f <4 mHz and 4mHz < f <
20mHz.

OR?7.2: Probe a broken power-law stochastic back- ground from the early Universe as
predicted, for example, by first order phase transitions (other spectral shapes are
expected, for example, for cosmic strings and inflation). Therefore, we need the ability to
measure Q = 1.3 x 10-11 (£ /10-4 Hz)~! in the frequency ranges 0.1mHz < f < 2mHz and
2mHz < f <20mHz, and Q =4.5 x 10-12 (f/10-2 Hz)? in the frequency ranges 2mHz < f <
20mHz and 0.02 < £ < 0.2 Hz.

Project not required to necessarily deliver the Red Book science.



Sources: massive black hole mergers

»  Expected to occur following mergers of the host galaxies. LISA can observe
gravitational waves from these with very high signal-to-noise ratio.



Sources: massive black hole mergers




Sources: massive black hole mergers

Expected to occur following mergers of the host galaxies. LISA can observe
gravitational waves from these with very high signal-to-noise ratio.

Expected event rate depends on assumptions about black hole population
(Klein+, 2016)

- Light pop-III seed model: expect to see ~350 events.
- Heavy seed model, no delay in binary formation: ~550 events.

- Heavy seed model, with delays: ~50 events.

LISA observations expected too provide mass measurements to ~ 0.1-1%,
spin measurements to 1-10%, sky location to ~tens of square degrees and
luminosity distance to ~10%.



Sources: extreme-mass-ratio inspirals

23 The inspiral Of d Orbit in xy plane Orbit in xz plana
. R 10 T T T T T 10 T T T T T
compact object into a
- . 5 - 5 -
massive black hole in
~ 0 o 1 ~ of ° ]
the centre of a galaxy.
5 . 5 -
+ Form as a result of Y'Y SRS S— S—— 1) SR S——
. . -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
scattering in dense x x
¢ Potential Waveform, lanzati
galacto-centric stellar o S
! | 4e-22 o
clusters. onE ]
012 } ; '-,.'I //./"_ 2e-22 il
. i | S 1 f 0 -
KX O]_‘blts are eXpeCted tO 013 ko N AAAAA
: 014} | . 2022 | _
be both eccentric and o ie .
015 F | . 4022 | |
inclined - I‘iCh -0.16 L - L - . 0 2000 4000 6000 8000 10000

1(s)
waveform structure.



Sources: extreme-mass-ratio inspirals

There are large astrophysical uncertainties, but expect to see between a few
tens and a few hundreds of events.

Mass MBH  Cusp M-o CO EMRI rate [yr~']

Model  function spin  erosion relation Ny, mass [Mg)] Total Detected (AKK) Detected (AKS)
M1 Baraussel2  a98 yes Gultekin09 10 10 1600 294 189
M2 Baraussel2  a98 yes KormendyHol3 10 10 1400 220 146
M3 Baraussel2  a98 yes GrahamScottl3 10 10 2770 809 440
M4  Baraussel2  a98 yes Gultekin09 10 30 520 (620) 260 221
M5 Gairl0 a98 no Gultekin09 10 10 140 47 15
M6 Baraussel2  a98 no Gultekin09 10 10 2080 479 261
M7 Baraussel2  a98 yes Gultekin09 0 10 15800 2712 1765
M8 Baraussel2  a98 yes Gultekin09 100 10 180 35 24
M9 Baraussel2 aflat yes Gultekin09 10 10 1530 217 177
M10  Baraussel2 al yes Gultekin09 10 10 1520 188 188
M11 Gairl0 a0 no Gultekin09 100 10 13 1 1
M12 Baraussel2  a98 no Gultekin09 0 10 20000 4219 2279




Stellar-origin black hole binaries

GW150914 would have been 1018 e
observable by LISA ~5 years = &

before being observed by IR
LIGO, with S/N~10 in a 5yr
observation. (Sesana 2016)
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[y
©

[a—y
o
1
N
o

LISA provides sky location to
~0.few square degrees and
time of coalescence to ~few s.
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characteristic amplitude
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Stellar-origin black hole binaries

GW150914 would have been
observable by LISA ~5 years
betore being observed by
LIGO, with S/N~10 in a 5yr
observation. (Sesana 2016)

LISA provides sky location to
~0.few square degrees and
time of coalescence to ~few s.

Number of events could be
high (several tens) but there
are significant uncertainties.

.
10* & s/N>8

1 jg% IS/NI>5 T j

108 } El3 \ } .
wp I T p Rl
) - ? s 1E - ]
6 10 W =13 =
S = JE
g { [ dF .
o E 1 1 1 v 1 5B 0 o144 1§
° T T T T 1 T T T T 1
E 104 E S/N>8, t <10yr ;E S/N>5, t .<10yr j
o0 I 4
= F |: 1 i
100 ¥ } % 3 } } E
{ [ dF .
E . 1 o 0 1 1 3E 0 oqoqoq o3
v o0 v O v 0 v 0
SFIFFFSF §T5FF S
Mass distribution R/(Gpc3yr 1)
PyCBC GstLAL Combined
Event based
183 Iy 8.6
GW150914 3.2783 3.6%) 3.478¢
+30.3 +31.4 +30.4
LVT151012 9.2+, 9.213L 9.4130
+92 +94 +92
GW151226 35492 37+ 37493
+100 +105 +99
All 53740 567 3514
Astrophysical
Flat in log mass 3115 30153 3017

Power Law (—2.35)

+136 +138 +138
100713 95+13 99+13




Other sources

»  Cosmological sources

- Processes occurring at the TeV scale in the early Universe

- Cosmic string networks.



4

4

Other sources

Cosmological sources

R Qgw(f)

R Qew ()

Processes occurring at the TeV scale in the early Universe

Cosmic string networks.
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SGWB detectability: correlation

»  Assuming two data streams of the form d; = n; + hj, satisfying

(a(FRS(F)) = 507 = FTrs(NSW)  Rr(DAS) = 567 — FV61sS1(D)

» Filter data using a Kernel function of the form

@)

Cro(K / / dr(t)K(t —t')d;(t") dtdt’ :/ di(f)K(f)d5(f)df

— OO
- Optimal filter maximises the response in the presence of the signal to the
RMS response to the noise. Desired filter is of the form

Kry(f) o< Trs(£)Su(f)/S3(f)

» This is a matched filter for cross-correlation and yields optimal SNR

[ s ]
int o _/min o R




SGWB detectability: Fisher matrix

» Fisher matrix provides Gaussian approximation to precision of
parameter estimation. Increasingly valid as SNR increases.

Computed using

= Olnp dlnp
Hij = B { 00 06 ]

»  For estimation of SGWB parameters, assuming stationary-Gaussian
noise, expression becomes

o [T 1 98u(f) 8Su(/)
F”'_T/O 5.7 ox  an o

»  For multiple detectors:

= D oxm
S =l k =1l k
Ty =T | (e e (B o dt



SGWB detectability: frequency dependence

10774
Karnesis, Lilley & Petiteau (2020) ; \ noise AA channel + GB SGWB
suggested a simple approach to i 1+ .SBEIE FSSIZYFBSGWB
o o _ === [njecte
characterising SGWB detectability. e = 5%
_ e =30%

»  Use piecewise constant model for = 1010
spectrum with instrumental noise & /
uncertain by a specified amount. =

= D
Sn‘|‘€+ e_NSO+Sn

D E SIM SO — /_ dSn 10—11_:
Dlsu 5= [ ro g 5 \
i) - +) _ - T
p(SO|D7 Sn) =C (FN—l (A ) [ (A )) Frequency [HZ]
AT ND C = : —_ ¢ Can compute analytic Bayes factor
Sn + S £ €F (et + ) (ND) for signal versus noise hypothesis

and hence assess detectability vs f.



Single link signal model

* Decompose signal into Fourier modes

S e ~ -~ ~
hab(Z,t) = / df / dQy, ™ REN kA (F, k)egy (k)

 Assume statistics for homogeneous, isotropic and non-chiral SGWB:

— AL~ ~ R R AB
(ha(f k) R(f Ky = 8(f = )k — K)o ap th if )

(half, k) ha(f,¥)) =0

« Compute the cross-spectral densities for all single link measurements

f2 — 27
b:_)]%:,: ZRzymn 4A — ff C . f(L” mn)ZPffXA(f szmn(f)
ijdmn
dfd; mifk-(Fi—Tm) 7.
Y mn(f) = [ & o2 IEEE) (0 £ k) €l B)*

47



Single link signal model

 (Consider just 2 main noise sources in each single link

77:7 (t) OI\IIS( ) + D'ijn;'[;'hd (t) - nTNI(t)

1]

« Assume fixed and perfectly known noise shape

2 4 2
STN(f) = AZ x 107 X (1+ (24 )(1+ (57 ) <(gu7) * @), (2220)
: 4 2
SOMS(f) = P2 x 107 (1+ (2 . 1(} JHZ) ) X (QZf) x (m?/Hz) (2.22b)

* Consider either equal noise levels: A;; = A=3and F;; =P =15

 or uneqgual noise levels (20% std): A;; = {3.61,3.02,2.87,3.43,2.65,3.45} ,

P;; = {14.00,16.93,9.43,21.55, 17.04, 20.83}



Single link signal model
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Single link signal model

 Consider 1st generation TDI for simplicity

e Compare Michelson X,Y,Z,
X = (1 = D13D31)(m12 + Di2m21) + (D12D21 — 1) (13 + D13n31)

e and Sagnac

a = N2 + D1anes + D12Da3nzr — (13 + Disnse + Di3Dsaney)
( = D12(n31 — n32) + Das(mia — mi3) + Ds1(n23 — n21) -

 (Construct quasi-orthogonal variables

g_o:—2,'3+'y T_a+,'3+'y - 4—X L X—2Y+Z T_X—I—Y—I-Z
V2 ve V. I v2 V6 V3




Single link signal model

Define Fourier trafo of TDI variables as vector of Fourier coefficients
applied to single link measurements:

Z C (f 7713(f

1yeL

Formally define CSD via expectation value of FT
T el L 1 uv ¢
TNVN=58"")f=7F),

Write result as contraction of single-link CSD matrix and TDI coefficient
matrix

AV = Y ) enn(F) i (F) i (F)) -

tinncd

I G5 alf) ShmnlF) 8 = 1.

23 mnel

CL.I (})

- o’

SUY(f)




