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» Introduction
» Sensitivity from noise budget
e Low frequency: LISAPathfinder
e High frequency: model of long arm interferometry
» Sensitivity from science case
» Update on proposal sensitivity

» Conclusion
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» Laser Interferometer Space Antenna

» 3 spacecrafts on heliocentric orbits and distant from few
millions kilometers (2.5 millions km in the proposal L3)

» Goal: detect relative distance changes of 10-%!: few picometers

- mimions Km

S/IC1
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e

» Spacecraft (SC) should only be sensible to gravity:

e the spacecraft protects test-masses (TMs) from external forces
and always adjusts itself on it using micro-thrusters

® ReadOUt: | - 5 millions km

- interferometric (sensitive axis)

- capacitive sensing
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LISAPathfinder

» Basic idea: Reduce one LISA arm in one SC.

» LISAPathfinder is testing
e [nertial sensor,
e Drag-free and attitude control system

o Interferometric measurement between 2 free-falling test-masses,

e Micro-thrusters
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LISAPathfinder timeline

» 3/12/2015: Launch from Kourou

» 22/01/2016: arrived on final orbit & separation of propulsion module
» 17/12/2015 — 01/03/2016: commissioning

» 01/03/2016 — 27/06/2016: LTP operations (Europe)

» 27/06/2016 — 11/2016: DRS operations (US) + few LTP weeks

» 01/12/2016 — 31/06/2017: extension of LTP operations

Launch:
— Vega from French Guiana

e B - Orbit:
— Elliptical orbit around Earth @ — Large orbit around L1

— Six apogee-raising manoeuvres with the spacecraft's A — 1.5 million km from Earth
own propulsion module (two weeks)
Propulsion module
o will be jettisoned a month

: 0’ after the last burn
Ground station:
~ Cebreros (Spain) 35 m-diameter antenna Duration of cruise to L1

after last burn: six weeks :

v -~ re




LISAPathfinder timeline B

» 3/12/2015: Launch from Kourou

» 22/01/2016: arrived on final orbit & separation of propulsion module
» 17/12/2015 — 01/03/2016: commissioning

» 01/03/2016 — 27/06/2016: LTP operations (Europe)

» 27/06/2016 — 11/2016: DRS operations (US) + few LTP weeks

» 01/12/2016 — 31/06/2017: extension of LTP operations

Last command: 18/07/2017
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Interferometric noise

Low frequency noise: .
Not real test-mass motion

actuation noie + ...

‘DIDEROT

PARIS

4
S—”




» Exchange of laser beam to form several interferometers

» Phasemeter measurements on each of the 6 Optical Benches:

Test mass interferometer

e Distant OB vs local OB Reforence

interferometer

Science
interferometer

e [est-mass vs OB -

coupler

i
e Reference using adjacent OB %gggcggggggtst ’1 Received light: 300 pW
Ission using si C 0 E

e Transmission using sidebands

elescope

Back-link
fibre
® D'Stance bEtween Spa cecra ftS Test mass interferometer DFACS Transmitted Ilght 1W
mtaé?frgrr(])?ﬁeter | m&ggg wion
} N O l Ses SO U rces : ﬁ?(ia?e?%meter ‘ &\*

e Laser noise : 1013 (vs 10-21) > ecetod ot 300 i

. Telescope i
e Clock noise (3 clocks) Transmﬂedgm-1\\
e Acceleration noise (see LPF) [CIUSRINEISEEND

e Read-out noises
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» Exchange of laser beam to form several interferometers

» Phasemeter measurements on each of the 6 Optical Benches:

® DiStant OB VS IOcaI OB Down-link to Earth Telescope
e Test-mass vs OB :
Phasemeter

e Reference using adjacent OB
e Transmission using sidebands

Back-link

e Distance between spacecrafts Transmited lgne 1 W

Micro-Newton
thrusters

Low pass

» Noises sources:
o Laser noise : 103 (vs 102!) > A
e Clock noise (3 clocks) Transmttedgm.1\ |
e Acceleration noise (see LPF) [CRINERZIVEISHPNT

e Read-out noises
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» Composition of a number of effects:

Sraxm = (geon) (o) + (o)’

with k = {s, sb, 7, €} refering to the interferometers. kj is the inverse of the fraction of the laser
power at frequency of interest :

1 . : :
Ks = 5 science interferometer at the carrier frequency (11)
Jo(m)
_ L fhct. 1
\,/é fmod J1 (m)2

Ke = 1 test-mass interferometer

Ksh science interferometer at the sideband frequency

Kk =1 reference interferometer

® Ifk:SOer:> P]:PrecandPQ:Plocal)]
e lfk =1to0re=> P,Q:Placal,landPQ:Plocal,Q
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» Due to the small number of photons in the incoming beam

o Emitted laser POWErp, ., = npx P,
el — aser

e Received laser intensity:

]}e — = 2 ( — 1)
T o2 32

arm’‘laser

¢ Received laser power on the optical bench:

dtel Plaser : P_laser : laser power output

nrx : eta_.TX : transmission from laser to telescope

dse; : d_tel : telescope diameter

e Shot noise:

Larm : L.arm : armlength

Alaser - lambda_laser : laser wavelength

ST . M . -
¢ — IMS f Nopt - €ta_opt : optical efficiency
< 'r/o> ( )Jde Mhet P1 Po Jopt pt : o]
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» Electronic noise associated to the photodiode

\/Nsengd Rrpp ' “pd

<¢§fl/o> =Mins(f)

Rrp : Rfb : feedbask resistor
T : T_preamp : temperature at the photodiode preamplifier
I,q : |-pd : input current noise

Upa : U_pd : intrinsic voltage noise

Cpa : C_pd : photodiode capacitance

fret : f-het : heterodyne maximal frequency

LISA Sensitivity - A. Petiteau - LISA Cosmo WG - Mainz - 16 October 2017
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Readout: RIN & phase meter e

» RIN: Relative Intensity Noise:

e For a balanced detection, the phase noise contribution from RIN
IS

RINlaser \/1 < (Pl/P2)2
V2 1+ P /P

(071 ) =07l = Miass(f)

» Phasemeter measurement noise:

e Correlated term: <¢f/‘fc> :MIMS(f)gbf/]\jc

e Uncorrelated term: <gbf/‘f“> =Mias(f) r/o
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Optical Path Noises =

» Noises on the optical path:
Sopt,k,m(f) p— (M(f)ajtel )2 ............. > telescope

opmn

ointing\ 2 * 1
+ (M(f)aby ") < pointing (tilt to length)

line of sight
> alignement (OB/TM)

/ : .
+ (M(f)aSEe) stray light science
interferometer
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Other noises

» Unmodelled interferometer noise
» Backlink noise

» Residual laser noise after TDI

LISA Sensitivity - A. Petiteau - LISA Cosmo WG - Mainz - 16 October 2017
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ESACall2016_v1.2:Readout noise on science IFO at carrier ferquency

' ' |

(Total IMS)

(Total readout)
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ESACall2016_v1.2:Total Noise

Total combined [sum]
Acceleration [PSD x 4]

IMS combined [sum]

IFO science : readout [PSD x 1]
IFO science : OPN [PSD x 1]

IFO science : Unmodelled [PSD x 1]
IFO local : readout [PSD x 2]

IFO local : OPN [PSD x 2]

IFO local : Unmodelled [PSD x 2]
Backlink [PSD x 1]

TDI [PSD x 0.25]
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ESACall2016_v1.2:ASD noise in relative frequency fluctuation

all [sum]
acceleration

ro_carrier
OPN_carrier
Unmod_carrier
ro ™
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» Noise budget in 3 points:

e Low frequencies: acceleration noise (unperfect free-falling of the
test)

e High frequency: interferometric measurements noise

e Pre-processing pour réduire une partie des bruits (TDI)

- Received light: 300 pW

ometer > W
O
Telescope i
Transmitted light: 1 W

LISA Sensitivity - A. Petiteau - LISA Cosmo WG -



» Standard sensitivity, so called “strain sensitivity’ or “strain

linear spectral density” is

R ol1se PSD oise
S(f) = o = -

ReSpGW PSDcwerage GW

» Response to GW:

e Depends on orbits (see later)
e Depends on frequency partially due to TDI

e Computation:

- Analytic approximation

- Using simulators: PSD of TDI X with as input 192 white
stochastic GWs isotropically distributed on sky
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Resp. to GW of various TDI from simulation (LISAcode)
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Noises

Reference
interferometer

~{-12})

Science
interferometer

A

Fibre

coupler Telescope

Capacitive test Received light: 300 pW
mass readout Q2 O <
X

Back-link Q ' )

ICt
A )2
fibre
- DFA . .
" Transmitted light: 1 W
N

Reference X\ Micro-Newton
interferometer thrusters

S\
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Noises Response of the detector to GWs
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Noises

Response of the detector to GWSs

noises in relative frequency unit (M2~ {-1/2})
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» Analytic approximation

2 454cc,m m
\/SiX(f)— _O 14 f S , —|—SIMS,

\ 3 0.41 (55) T

ESACall2016 v1.2
— Analytic approx.
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i

2
h*Qaw (f) = ;L?fgs(f)
0

with Hy = h hg with hg = 100 km.s~ 1. Mpc™! = 3.24 x 10~ 18Hz.
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» For LISA

Basic - 2 years
Basic - 4 years
Basic - 8 years
GW SOBH low
GW SOBH high

0.001
Frequency (Hz)

‘DIDEROT
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s

Science performance logic

» Science

objectives

s

TS

» Observation v

equirements | OR || OR | [OR_ | OR_

1 “MRs MRs

requirements
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» Sensitivity

» Mission duration

SI1.1: Elucidate the formation and evolution of GBs
by measuring their period, spatial and mass
distributions.

OR 1.1.a: To survey the period distribution of GBs,
and have the capability to distinguish between ~ 5000
systems with inferred period precision 8P/P < 107°.

OR 1.1.b: To measure the mass, distance and sky lo-
cation for the majority of these GBs with frequency
f >3 mHz, chirp mass > 0.2 Mg and distance < 15 kpc.

OR 1.1.c: To detect the low frequency galactic confu-
sion noise in the frequency band from 0.5 to 3 mHz.
In Figure 2, the galactic confusion signal for a fiducial
population is shown assuming a 4 year observation af-
ter subtraction of individual sources.

—+ 22106
— 268/549

10 «—
11209 «—

57179 —

26 LISA Sensitivity - A. Petiteau - LISA Cosm

SI1.2: Enable joint gravitational and
electromagnetic observations of GBs to study the
interplay between gravitational radiation and tidal
dissipation in interacting stellar systems.

OR 1.2.a: To detect ~ 10 of the currently known
verification binaries, inferring periods with accuracy
SP/P <1078,

OR 1.2.b: To enable identification of possible electro-
magnetic counterparts, determine the sky location of
~ 500 systems within one square degree.

OR 1.2.c: To study the interplay between gravitational
damping, tidal heating, and to perform tests of GR, lo-
calise ~ 100 systems within one square degree and de-
termine their first period derivative to a fractional ac-
curacy of 10% or better.




» Sensitivity

» Mission duration

osolved galactic binariesz (4 yr observation time)
Verification binaries (4 yr observation time) O

Galactic confusion nolse
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» Sensitivity

» Mission duration

SI2.1: Search for seed black holes at cosmic dawn

OR2.1 Have the capability to detect the inspiral of
MBHBs in the interval between a few 10°> Mg and a few
10° Mg in the source frame, and formation redshifts be-
tween 10 and 15. Enable the measurement of the source
frame masses and the luminosity distance with a frac-
tional error of 20% to distinguish formation models.

SI12.2: Study the growth mechanism of MBHs from
the epoch of the earliest quasars

OR2.2.a Have the capability to detect the signal for co-

alescing MBHs with mass 10* < M < 10° Mg, in the
source frame at z < 9. Enable the measurement of the
source frame masses at the level limited by weak lens-
ing (5 %).

OR2.2.b For sources at z < 3 and 10° < M < 10° Mg,
enable the measurement of the dimensionless spin of
the largest MBH with an absolute error better than 0.1
and the detection of the misalignment of spins with
the orbital angular momentum better than 10 degrees.
This parameter accuracy corresponds to an accumu-
lated SNR (up to the merger) of at least ~ 200.

28 LISA Sensitivity - A. Petiteau - LISA Cosmo WG - |

$12.3: Observation of EM counterparts to unveil the
astrophysical environment around merging binaries

OR2.3.a Observe the mergers of Milky-Way type MB-
HBs with total masses between 10 and 10’ Mg, around
the peak of star formation (z ~ 2), with sufficient SNR
to allow the issuing of alerts to EM observatories with
a sky-localisation of 100 deg” at least one day prior to
merger. This would yield coincident EM/GW observa-
tions of the systems involved.

OR2.3.b After gravitationally observing the merger of

systems discussed in OR2.3.a, the sky localisation will

be significantly improved, allowing follow-up EM ob-

servations to take place. This has the["g15 4 Test the existence of Intermediate Mass Black

ness the formation of a quasar fol‘low Hole Binaries (IMBHBs)

This needs excellent sky localisation

distinguish from other variable EM sq OR2.4.a: Have the ability to detect the inspiral from

months to years after the merger. nearly equal mass IMBHBs of total intrinsic mass be-
tween 600 and 10* Mg at z < 1, measuring the com-
ponent masses to a precision of 30%, which requires a
total accumulated SNR of at least 20.

OR2.4.b: Have the ability to detect unequal mass MB-
HBs of total intrinsic mass 10* — 10® Mg at z < 3 with
the lightest black hole (the IMBH) in the intermediate
mass range (between 102 and 10* Mg) [9], measuring
the component masses to a precision of 10%, which re-
quires a total accumulated SNR of at least 20.



» Sensitivity

» Mission duration
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» Sensitivity

» Cadence for downloading data

MRs: » Protected period

MR2.1 Light, seed black hole

Observatory Strain Sensitivity
== Galactic Background

Frequency (Hz)
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» Sensitivity
» Protected period

MRs:

SI3.1 Study the immediate environment of Milky
Way like MBHs at low redshift

OR3.1: Have the ability to detect EMRIs around
MBHs with masses of a few times 10° My out to red-
shift z = 4 (for maximally spinning MBHs, and EMRIs

on prograde orbits) with the SNR > 20. This enables
an estimate of the redshifted, observer frame masses
with the accuracy SM/M < 107* for the MBH and
dm/m < 107> for the SOBH. Estimate the spin of the
MBH with an accuracy of 1 part in 10°, the eccentricity
and inclination of the orbit to one part in 10°.

LISA Sensitivity - A. Petiteau - LISA Cosmo WG - Mainz - 16 October 2017
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» Sensitivity
» Protected period

MR3.1 EMRIs around massive black holes

Observatory Strain Sensitivity| |
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» Sensitivity

SI4.1 Study the close environment of SOBHs by
enabling multi-band and multi-messenger
observations at the time of coalescence

ORA4.1: Have the ability to detect the inspiral signal
from GW150914-like events with SNR > 7 after 4 years

of observation and estimate the sky localisation with
< ldeg” and the time of coalescence in ground-based
detectors to within one minute. This will allow the trig-
gering of alerts to ground-based detectors and to pre-
point EM probes at the SOBH coalescence.

SI4.2 Disentangle SOBH binary formation channels

OR4.2: Have the ability to observe SOBH binaries
with total mass in excess of 50 M out to redshift 0.1,

with an SNR higher than 7 and a typical fractional er-
ror on the mass of 1 part in 100 and eccentricity with
an absolute error of 1 part in 10°.

MRs:

96 detected over a catalog of 17337

LISA Sensitivity - A. PaEtS t

Time to coalescence (year)

« « all
« « detectable
Mission duration



» Sensitivity
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» Sensitivity

SI5.1 Use ring-down characteristics observed in
MBHB coalescences to test whether the post-merger
objects are the black holes predicted by GR.

S15.3 Testing for the presence of beyond-GR
emission channels

ORS5.1 Have the ability to detect the post-merger part
of the GW signal from MBHBs with M > 10° Mg, out
to high redshift, and observe more than one ring-down
mode to test the “no-hair” theorem of GR.

S15.4 Test the propagation properties of GWs

SI15.2 Use EMRIs to explore the multipolar structure
of MBHs

MRs:

OR5.2: Have the ability to detect ‘Golden’ EMRIs
(those are systems from OR3.1 with SNR > 50, spin
> 0.9, and in a prograde orbit) and estimate the mass of
the SOBH with an accuracy higher than 1 part in 10%,
the mass of the central MBH with an accuracy of 1 part
in 10°, the spin with an absolute error of 107%, and the
deviation from the Kerr quadrupole moment with an
absolute error of better than 107>,

35 LISA Sensitivity - A. Petiteau - LISA Cosmo WG - Mainz - 16 October 2017
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» Sensitivity
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MR5.1 Tests of GR with high SNR rine-dow
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» Sensitivity

S16.1: Measure the dimensionless Hubble M R S
parameter by means of GW observations only

OR6.1a Have the ability to observe SOBH binaries
with total mass M > 50 Mg at z < 0.1 with SNR higher
than 7 and typical sky location of < 1deg®.

ORG6.1b Have the ability to localize EMRIs with an
MBH mass of 5 x 10° Mg and an SOBH of 10 Mg, at
z = 1.5 to better than 1deg”.

$16.2: Constrain cosmological parameters through
joint GW and EM observations

ORG6.2 Have the capability to observe mergers of MB-
HBs in the mass range from 10° to 10° Mg at z < 5,
with accurate parameter estimation and sky error of
< 10 deg” to trigger EM follow ups [17].
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» Sensitivity

SI17.1: Characterise the astrophysical stochastic GW
background

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 10719 (/25 Hz)z/3 [18]. 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 < 4mHz and
4mHz < f <20 mHz.

LISA Sensitivity - A. Petiteau - LISA Cosmo WG - Mainz - 16 October 2017

S17.2 : Measure, or set upper limits on, the spectral
shape of the cosmological stochastic GW
background

OR7.2: Probe a broken power-law stochastic back-
ground from the early Universe as predicted, for ex-
ample, by first order phase transitions [19] (other spec-
tral shapes are expected, for example, for cosmic strings
[20] and inflation [21]). Therefore, we need the ability

to measure Q = 1.3 x 107 (f/107* Hz)_1 in the fre-
quency ranges 0.lmHz < f <2mHz and 2mHz < f <
20mHz, and Q = 4.5 x 107 (/107 Hz)3 in the fre-
quency ranges 2mHz < f < 20mHz and 0.02 < f <
0.2 Hz.
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Update for the SRD -

» The ESA LISA Science Study Team is preparing the Science
Requirement Document based on the science

» Effective duration: 90% duty cycle on LISAPathfinder
=> 70% on LISA => 3 years of science data ? (pessimistic)

» Limitations on the Interferometric Metrology System noise
model used in the proposal:
e Optimistic for noise sources with large uncertainties

e No residual laser noise

=> relaxation of the IMS from 10 pm/YHz to 15 pm/4YHz

- Impact on middle and high-frequency ...
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» Impacted Science
Objectives:

e SO4: SOBHBs
(96 — 42)

e SOT: stochastic
background ...
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» The LISA sensitivity used in the LISA proposal is the results

of the adjustment of 2 approaches:

e from noises budget

e from science requirement

» It enables a large science case

» It will be adjusted and relaxed in the coming month to avoid
hard border line constrain on the technologies.

e Only a small reduction in the science case

» More studies of science performances needed
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» Introduce by Thrane & Romano 2013

» For isotropic unpolarised Gaussian stationary background
. . B
described by a simple power law
Y PP h*Qaw (f) = Qp ( J >

fref

» Sensitivity for a given SNR and observation time.

» Done by scanning all slopes
and finding for each slope the

amplitude corresponding to
the SNR.

» Example : old-LISA, 1 year

LISA Sensitivity - A. Petiteau



