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* Why space?
e LISA Science
e | PF Heritage

* |3 proposal

e observatory design, consortium etc
* sensitivity curve
e science performance

* The path to LISA

» schedule, CDF, Phase A, COH'SCFtiUi,
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Why Gravitational Wave Observation from Space?

e Push down to much lower frequencies: mHz

* expect rich science from:

e super-massive BH binaries out to high redshift

* the orbiting of solar mass black holes around super-massive black
holes in galactic centres (EMRIs)

* Ground-based instruments limited by seismic and gravity
gradient noise

* Fractional length stability of ground-based instruments is
difficult to achieve at these frequencies
* e.g., temperature and structural fluctuations

* Increase arm-length to improve strain sensitivity

* go to space
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The LISA Concept

* Probe the change in proper
time between free-falling test
masses caused by GWs

* Free-falling test masses are
housed in drag-free spacecraft Sun
separated by a tew million km

* Proper time is inferred by the //
time of flight of photons %

exchanged between the

satellites
* We have multiple transponder \\ //

links from which we can form

1 AU (150 million km)

Michelson-like signals
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Measurement S/C to test mass Measurement S/C to test mass

* test-mass to test-mass o o

measurement Is
synthesised from:

e test-mass to SC
e SCto SC

e SC to test-mass

e Combine 6 links on
ground

* Time Delay
Interferometry

o o
o o

S/C to S/C measurement

M Hewitson, LISA, ASTROD, Taiwan, May 2017



LISA Performance
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LISA Science
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LISA Science — Massive Black Holes

2 8
* Masses 10 to 10 Mg
e Questions:

* When did the first Black Holes appear in pre-galactic halos and what is
their mass and spin?

e How did Black Holes form, assemble and evolve from cosmic dawn to
present time, due to accretion and mergers”?

* What role did Black Holes play in re-ionisation, galaxy evolution and
structure formation?

* What is the precise luminosity distance to loud standard siren black hole
binaries?

* What is the distance — redshift relation and the evolution history of the
universe?

e Does the Graviton have mass?
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LISA Science — Extreme Mass Ratio Inspirals

4 6
* EMRIs (1 to 10 My into 10 to 5x10 M)

e How are the stellar dynamics in dense galactic

nuclei?

* How does dynamical relaxation and mass

segregation work in dense galactic nuclei?

e What is the octupation fraction of black holes in

low-mass galaxies?

* How large are deviations from Kerr Metric, and

what new physics causes them?

e Are there horizonless objects like boson stars or § °

gravastars?

e Are alternatives to GR viable, like Chern-Simons
or scalar tensor theories or braneworld

scenarios?

waveform amplitude (x1 0'2
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LISA Science — Ultra-Compact Binaries

e Binaries in the Milky Way

* \What is the explosion mechanism of type la
supernovae”?

* \What is the farmation and merger rate of compact
binaries?

* What is the endpoint of stellarevolution?

M Hewitson, LISA, ASTROD, Taiwan, May 2017 1



LISA Science — Stochastic Signals

e Cosmo

e Direct

ogical
y probe Planck scale epoch at 1 TeV to 1000 TeV betore

decoupling of microwave background

* Were there phase transitions and ot which order?

e Probe

Higgs tield self coupling and potential, and search for

supersymmetry.

e Are there warped sub-millimetre extra-dimensions?

e Can we see braneworld scenarios with reheating
temperatures in the TeV range?

* Do topological defects like Cosmic Strings exist?

e Astrophysical

M Hewitson, LISA, ASTROD, Taiwan, May 2017
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LISA Prop

A proposal in response to the ESA call for L3 miss

Lead Proposer
Prof. Dr. Karsten Danzm:

- LISA

Laser Interferometer Space Antenna

n concepts

osalfor ESA's L3

1 Introduction

‘The groundbreaking discovery of Gravitational Waves
(GWs) by ground-based laser interferometric detec-
tors in 2015 is changing astronomy [1] by opening
the high-frequency gravitational wave window to ob-
serve low mass sources at low redshift. The Senior
Survey Committee (SSC) [2] selected the L3 science
theme, The Gravitational Universe [3], to open the 0.1
to 100 mHz Gravitational Wave window to the Uni-
verse. 'This low-frequency window is rich in a variety
of sources that will let us survey the Universe in a new
and unique way, yielding new insights in a broad range
of themes in astrophysics and cosmology and enabling
us in particular to shed light on two key questions: (1)
How, when and where do the first massive black holes
form, grow and assemble, and what is the connection
with galaxy formation? (2) What is the nature of grav-
ity near the horizons of black holes and on cosmologi-
cal scales?

We propose the LISA mission in order to respond to
this science theme in the broadest way possible within
the constrained budget and given schedule. LISA en-
ables the detection of GWs from massive black hole
coalescences within a vast cosmic volume encompass-
ing all ages, from cosmic dawn to the present, across
the epochs of the earliest quasars and of the rise of
galaxy structure. The merger-ringdown signal of these
loud sources enables tests of Einstein's General Theory
of Relativity (GR) in the dynamical sector and strong-
field regime with unprecedented precision. LISA will
map the structure of spacetime around the massive
black holes that populate the centres of galaxies using
stellar compact objects as test particle-like probes. The
same signals will also allow us to probe the population
of these massive black holes as well as any compact ob-
jects in their vicinity. A stochastic GW background or
exotic sources may probe new physics in the early Uni-
verse. Added to thislist of sources are the newly discov-
ered LIGO/Virgo heavy stellar-origin black hole merg-
ers, which will emit GWs in the LISA band from several
years up to a week prior to their merger, enabling coor-
dinated observations with ground-based interferome-
ters and electromagnetic telescopes. The vast majority
of signals will come from compact galactic binary sys-
tems, which allow us to map their distribution in the
Milky Way and illuminate stellar and binary evolution.
LISA builds on the success of LISA Pathfinder
(LPF) [4], twenty years of technology development,
and the Gravitational Observatory Advisory Team
(GOAT) recommendations. LISA will use three arms

and three identical spacecraft (S/C) in  triangular for-
mation in a heliocentric orbit trailing the Earth by
about 20°. The expected sensitivity and some poten-
tial signals are shown in Figure 1.
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Figure 1: Examples of GW sources in the fre-
quency range of LISA, compared with its sensi-
tivity for a 3-arm configuration. The dataare plot-
ted in terms of dimensionless ‘characteristic strain
amplitude’ [5]. The tracks of three equal mass black
hole binaries, located at z = 3 with total intrin-
sic masses 107, 10° and 10° M, are shown. The
source frequency (and SNR) increases with time,
and the remaining time before the plunge is indi-
cated on the tracks. The 5 simultaneously evolv-
ing harmonics of an Extreme Mass Ratio Inspiral
sourceat z = 1.2 are also shown, as are the tracks of
anumber of stellar origin black hole binaries of the
type discovered by LIGO. Several thousand galac-
tic binaries will be resolved after a year of obser-
vation. Some binary systems are already known,
and will serve as verification signals. Millions of
other binaries result in a ‘confusion signal, with a
detected amplitude that is modulated by the mo-
tion of the constellation over the year; the average
level is represented as the grey shaded area.

An observatory that can deliver this science is de-
scribed by a sensitivity curve which, below 3 mHz, will
be limited by acceleration noise at the level demon-
strated by LPE. Interferometry noise dominates above
3 mHz, with roughly equal allocations for photon shot
noise and technical noise sources. Such a sensitivity
can be achieved with a 2.5 million km arm-length con-
stellation with 30 cm telescopes and 2 W laser systems.
This is consistent with the GOAT recommendations
and, based on technical readiness alone, a launch might
be feasible around 2030. We propose a mission lifetime
of 4 years extendable to 10 years for LISA.

Page6
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2 Science performance

‘The science theme of The Gravitational Universe is ad-
dressed here in terms of Science Objectives (SOs) and
Science Investigations (SIs), and the Observational Re-
quirements (ORs) necessary to reach those objectives.
‘The ORs are in turn related to Mission Requirements
(MRs) for the noise performance, mission duration,
etc. The majority of individual LISA sources will be bi-
nary systems covering a wide range of masses, mass ra-
tios, and physical states. From here on, we use M to re-
fer to the total source frame mass of a particular system.
The GW strain signal, h(t), called the waveform, to-
gether with its frequency domain representation i(f),
encodes exquisite information about intrinsic param-
eters of the source (e.g., the mass and spin of the in-
teracting bodies) and extrinsic parameters, such as in-
clination, luminosity distance and sky location. The
assessment of Observational Requirements (ORs) re-
quires a calculation of the Signal-to-Noise-Ratio (SNR)
and the parameter measurement accuracy. The SNR
is approximately the square root of the frequency in-
tegral of the ratio of the signal squared, /1(f)?, to the
sky-averaged sensitivity of the observatory, expressed
as power spectral density Sy(f). Shown in Figure 2
is the square root of this quantity, the linear spectral
density \/Sy(f), for a 2-arm configuration (TDI X). In

the following, any quoted SNRs for the Observational
Requirements (ORs) are given in terms of the full 3-
arm configuration. The derived Mission Requirements
(MRs) are expressed as linear spectral densities of the
sensitivity for a 2-arm configuration (TDI X).
‘The sensitivity curve can be computed from the in-
dividual instrument noise contributions, with factors
thataccount for the noise transfer functions and the sky
and polarisation averaged response to GWs. Require-
ments for a minimum SNR level, above which a source
is detectable, translate into specific MRs for the obser-
vatory. Throughout this section, imati
is done using a Fisher Information Matrix approach,
assuming a 4 year mission and 6 active links. For long-
lived systems, the calculations are done assuming a
very high duty-cycle (> 95%). Requiring the capabil-
ity to measure key parameters to some minimum ac-
curacy sets MRs that are generally more stringent than
those for just detection. Signals are computed accord-
ing to GR, redshifts using the cosmological model and
parameters inferred from the Planck satellite results,
and for each class of sources, synthetic models driven
by current astrophysical knowledge are used in order
to describe their demography. Foregrounds from as-
ical sources, and back ds of logical

origin are also considered.
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LISA - 2. SCIENCE PERFORMANCE
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Mission Profile.and Orbit _¢&7™

e Breathing angles + 1 deg

* Doppler shifts + 5 MHz

e Launch on dedicated Son )
Ariane 6.4
e Transfer time ~400 days m
5

e Direct escape V.. = 260 m/s ( ' S

e Propulsion module and S/C \\\\ //
composite

1 AU (150 million km)
L
1 AU

——
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Operations concept

e Checkout and testing during cruise

e |nitial acquisition

e Main science mode: all TMs in free-fall along lines of sight between S/Cs
e DFACS with uN thrusters
 Minimum deliberate disturbance (~100% duty cycle)

e No station keeping

* Daily communication with observatory of ~ 8 hours
o 35 kbit/s, 334 MB / Day
e data links on laser light between S/C (~15 kbit/s)
e X band

e Maintenance activities

e antenna repointing every 9 days

* |laser frequency plan adjustments

ﬁ M Hewitson, LISA, ASTROD, Taiwan, May 2017



Defining the target sensitivity, céive™

 Started with a bottom-up definition
e | PF measured acceleration contributions

e Current best estimates for OMS noise source

* This evolved to include margin

* Observatory configuration was defined early in
the process

ﬁ M Hewitson, LISA, ASTROD, Taiwan, May 2017



Observatory canfiguration &

e 3 arms was baseline from the start, based on GOAT report

e Telescope diameter triggered much thought
e size ranged from 20 to 40 cm

* 30cm was chosen
e monolithic construction at this size should not be a cost driver
e this diameter doesn’t drive SC volume

* not completely shot-noise limited, so increasing doesn’t help that much (see arm-length
discussion)

e Laser output power: 2W

e considered achievable goal given currently flying lasers and current levels of testing
* Arm-length

e possible range considered: 1to 5 Gm

e 2.5 Gm is loosely considered a threshold in technical complexity of mission

e not much high-frequency gain above 2.5 Gm

https://www.cosmos.esa.int/web/goat

ﬁ M Hewitson, LISA, ASTROD, Taiwan, May 2017
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Sensitivity versus Arm-length.__s& 7
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Acceleration noise in LPF . _s&7

figure removed
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Total dx noise per link
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Strain Sensitivity (1 // Hz)
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Payload concept (per S/C) €&~

02 ++tuu i1 ' e vty by b b b by

AT Universit
ofGlasgovz .

e 2 LPF Gravitational ¥ s
Reference Sensors
* TM, EH, FEE, caging
mechanism, discharge system -

e 2 Optical Benches

e imaging of received light,
ocal and science IFOs, back-
ink/phase reference

e 2 Telescopes and mounting

structures

* Breathing mechanism

Images courtesy of Airbus D&S GmbH,
Friedrichshafen
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ESA (NASA?) Provided




Setting science requirements
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SO2: Trace the origin, growth and merger history
of massive black holes across cosmic ages

5 M Hewitson, LISA, ASTROD, Taipei, May 2017 o9



SO2 breakdown

S02
Origin, growth and
merger history of
massive black holes

Sl2.2

Growth mechanism of
Seed black holes l MBHSs

Si2.3
Observations of EM
counterparts

Si2.1 Si2.4

Existence of IMBHs

OR2.1 OR2.2.a OR2.2.b
Inspiral of MBHBs coalescence of MBHBs measure spins to 0.1

OR24.a OR24.a

2.3.a OR2.3.b . Inspiral signals from equal Inspiral signals from
p
mergers of Milky Way type follow up EM observations ass systems unequal mass systems

103 — 105 Mg 10% — 109 M, 105 — 10° Mg galaxiesé&kglfgglisation, vialjc::;lijsr::iisky 600 — 104 Mg ~ 100 + 10° M.,
z< 15 z2<9 z2 <3 ~ 3 N
10 < < 15 z < 1 2 <3

MR2.2
Sensitivity constraints, data processing latency, protected
periods

MR2.4.a MR2.4.b
Sensitivity constraints Sensitivity constraints

MR2.1 MR2.2 :
Sensitivity constraint Sensitivity constraint :

~ 30



Mass/Redshift plane
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Data Processing (1)

Calibration

Preprocessing

S 4

Source Astrophysics TDI Processing

Catalogues DA

M Hgwitson, LISA, ASTROD, Taiwan, May 2017 32



Data Processing (2)

e [he many data streams needed to extract the science of
LISA are sent to ground at low sample rate (few Hz)

e A number of post processing steps are needed to

e make accurate measurements of the arm length (as a
function of time)

e correct timing jitter
e Noise subtractions, data cleaning, calibrations

e Use Time Delay Interferometry to compute physical
variables sensitive to G\Ws

e cancel laser frequency noise, spacecraft jitter, etc
e additional data conditioning

M Hewitson, LISA, ASTROD, Taiwan, May 2017 33



The challenge of LISA data analysis

e LISA is signal dominated!
e Multiple signals are

everything

always @resent in the e ins_mmen\
-
» Need to disentangle all AL 1
those signals to extract e or ety

information about the
sources

e Mock LISA Data Challenges

e international community
& working on the problem

} M Hewitson, LISA, ASTR®D, Taiwan, May 2017 34



Mission

Path to launch

Mission  §

| Consolidation } | Mission |

| Proposal || S = | Selection |
| TTOPOSAE Definition | | ~
i Selection |} . :
Lt ]« Review |

Review  }

. Review |

Phase 0 :, Payload " _
CDF o | Phase0 Competitive Industrial Phase A studies ¥

2017 20138 2019 2020

i« Mission |

| Adoption (La aleig
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STUDY SCHEDULE

LISA| Slide 5

SESSION
Kick Off

DAY
Wednesday

DATE
08/03/2017

TIME
13:30-17:30 CET

#2

Friday

10/03/2017

9:30-13:30 CET

#3

Wednesday

15/03/2017

9:30-13:30 CET

#4

Friday

17/03/2017

9:30-13:30 CET

#5

Wednesday

22/03/2017

13:30-17:30 CET

#6

Friday

24/03/2017

13:30-17:30 CET

#7

Wednesday

29/03/2017

9:30-13:30 CET

#8

Friday

31/03/2017

9:30-13:30 CET

#9

Wednesday

05/04/2017

13:30-17:30 CET

#10

Friday

07/04/2017

9:30-13:30 CET

#11

Wednesday

12/04/2017

9:30-13:30 CET

#12

Wednesday

03/05/2017

9:30-13:30 CET

Internal Final

Presentation

Friday

05/05/2017

9:30-16:30 CET
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* Overall mission analysis

* Ground stations and operations -~

e orbits, launch, transfer, etc

Power, mass, volume budgets

Overall architecture
Data handling
Payload definition

DFACS

Programmatics

Structures
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Summary

e |3 Proposal is in!

e has been studied by ESA's advisory group
* Phase 0 (CDF) is nearly complete

e Payload Phase O starts soon

e \We have a robust baseline mission which delivers
the science of The Gravitational Universe

* Properly builds upon the heritage and
experience of LPF

e We are ready to build LISA!

j‘ M Hewitson, LISA, ASTROD, Taiwan, May 2017



