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Low frequency GW astronomy Ty
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 Wave amplitude scales with M; XM, : detectable “everywhere” in the
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* Detectable “everywhere” in the universe

* Sooner or later frequency crosses LISA
band : cosmological stratigraphy
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Characteristic strain amplitude

Supermassive BH mergers: the brightest sources
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Extreme Mass Ratio Inspirals

* Inspiral of stellar-mass compact object (CO)
into massive black hole (MBH): Hils & Bender
95

+ MBH mass 104 < M/Me < 107
+ Up to 104-10% cycles in band S e . - - s v/ W

+ If CO is a white dwarf, possible ,
electromagnetic counterpart (Zalamea+10)

* Gravitational waves encode precise
information on CO and MBH:

+ Mgn(1+2), agn measurable to extreme
precision

+ Detectable to z~few; sky localization ~1-10
deg? (Babak+17)

XMM-Newton
GSN 069 &

* Precise mapping of MBH spacetime

+ MBH multipole measurement -> test of no-
hair theorem (Ryan 95)




Non-transient GW astronomy

GW-binary astronomy of local
group

BH multi-band astronom
Masses in thg Stellar Graveyard
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 Tens of thousand of discernible sources

 Plus a stochastic foreground

[Kupfer'T, et alhittps://doi.org/10.1093/mntas/sty 1345 " |
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The shape of the Milky Way’s
components

The spatial distribution of DWDs with
measured distances (several
thousand) constrains:

e Bulge scale radius to 2%
e Disc scale radius to 3%
e Disc scale height to 16%

Korol et al 2019
See also Adams et al. 2012
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Discovering Milky Way satellites in gravitational waves

Satellites with stellar mass > 10° M R it

host detectable LISA sources

20+
LISA detections can inform us about
the total stellar mass and star g
formation history of the satellites %
g

s
.

Discovery of satellites invisible to

electromagnetic observatories

See talk

Korol et al. 2020; Roebber et al. (incl.Korol) 2020
See also Lamberts et al. 2019
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Structural parameters of the central bar

Fourier transformation of the DWD spatial distribution can reveals shape of the bar.

The detection of circumbinary exoplanets

Camilla DANIELSKI
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Specifically, It will constrain:

Tatal eeasy ke
¢ owem

e axis ratio to 10%
e lengthto<1%

Magnitude m=2
Fourier mode

at) °
Galactocentric distance (kpc]
vy {(Wilhelm, Korol et al. 2020)

orientation angleto < 71°

Phase m=2
Fourier mode

Galactoéenh;lc diﬁance (kpc)

Weighing Milky Way satellites

By exploiting our models we can recover the satellite’s total stellar mass: to within a

factor two if SFH is known and to an order of magnitude when marginalising over

different SFH models. If no detections are identified with the satellite we can still place

an upper limit on its stellar mass.

Number of detections N+ vN
Distance D+ AD

Korol et al. in prep.
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* Multi-band GW astronomy and fundamental physics

—— aLIGO E Atmerge < 10.0yr
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FIG. 3. Top panel shows bounds on deformation parameters at OPN to 2PN, as a function of total mass in source frame. Bottom panel shows the
same but for deformation parameters at 2.5PN to 3.5PN. All the systems have mass-ratio ¢ = 2, dimensionless component spins y; = 0.2 and
2 = 0.1, and luminosity distance D; = 1 Gpe.
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Interesting reading

Astrophysics with the Laser Cosmology with the Laser
Interferometer Space Antenna Interferometer Space Antenna

1 ; Contents I
Contents

v x 1 Introduction 8
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ar binaries 20 ' Document coordinator

meing CVs
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Detecting gravitational
wave 1n space

* Waves of space-time
curvature that propagate at
speed of light

* Doppler tracking of free
orbiting bodies modulated
at period of gravitational

wave
Av x | |
—_—~ CR 0 x OL Separation between bodies
Vo
Curvature
tensor

Humbolt Kolleg 2022
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* Propagating throughout GW curvature, beam accumulates a time modulated

Size of

.~ AV
frequency Shlft E = CR xO X S)L }detector

Curvature

tensor

Emitter (em) L Receiver (rec)
< >

» Acceleration of spacecraft via standard Doppler effect also shifts frequency

.. AV G —a
and mimics GW — = cR*y, oL + Tecc em
(0]

* Spacecraft (S/C) accelerate too much because of solar radiation pressure
@l

Humbolt Kolleo 2022 S. Vitale 14 ogenzia spaziole
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M Coping with S/C acceleration & == oimento

* Free-floating test-masses (TM) are carried inside S/C

| No contact between TM and S/C, “drag-free” along the beam
| Measure S/C-to-TM acceleration and correct signal for Dopple

 Residual noise due
A
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BLISA .
ik LISA interferometry &

e

e The LISA arm: two counter-propagating
links.

« LISA 3 arms: 6 single-link frequency
signals, 100 pW interferometry, =~
10 pm/+VHz equivalent test-mass
displacement.

* To beat laser noise, data processing
requires knowledge of light travel time
within 3 ns/1 m. Done with internal
“laser GPS”
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SLUSATLISA link

Instrument =
* The Gravitational
Reference Sensor with =t
the test-mass =
* The Optical Bench
Wlth: fromI 2nd Phase Meter
. ase, measurements
— Local interferometer
— Spacecraft to i \ e
§pacecraft S,
interferometer,
including telescope : | se/sc
) Laser source /. Reference
e Thrusters 7 L& el
Humbolt Kolleo 2022
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» LISA sensitivity limited at low frequency by acceleration of test-masses

« LISA 1s a low frequency instrument: much of SNR for most interesting
sources accumulated < 10 mHz

» Acceleration noise < femto g/vVHz
« Cannot be demonstrated on ground or in LEO

N1 ’ ! ! — GOCE — Grace — Microscope (preliminary) — LISA L3 Requirements
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LISA Pathfinder

* Force disturbance 1s
local. Test does not
require million km size

* One LISA link inside a
single spacecraft (no
million km arm)

2 TMs,
e 2 Interferomeier a

e Satellite chaSes-eneTe
mass

~ *Contrary to LISA, seconc —>
test-mass forced to ’ — ‘

uN thruster T electrical force

il

follow the first at very 7 \
SEEELT s ¥ low frequency by
% @esa L L ) electro Statlcs 3 Vitale drag—free ifo > differential ifo

= m
FEED NS S




The LTP

* Test masses gold-platinum,
highly non-magnetic, very
dense

« Electrode housing:
electrodes are used to exert
very weak electrostatic
force

* UV light, neutralize the
charging due to cosmic
rays

* Caging mechanism: holds
the test-masses and avoid
them damaging the
satellite at launch

* Vacuum enclosure to
handle vacuum on ground

e Ultra high mechanical
stability optical bench for
the laser interferometer

Humbolt Kolleg 2022
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» Electrostatic actuation
noise:

— For a given voltage
source noise, the
larger the needed
force you set, the
larger the force noise.

— Required force set
by accuracy of
gravitational balance

* Brownian noise from
residual gas:

— The larger the
pressure surrounding
the test-mass the
larger the noise

* Interferometer readout
noise: ~ 10 pm/VHz
as for LISA

Humbolt Kolleo 207
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107"
e C(Close to
prediction
» Except for — 1013
interferometer L
noise at 35 ‘T‘m
fm/VHz instead of =
10 pm/NHz we Q9
could show on el (o e
ground!
« March 2016
10—15
107° 10~4 10~3 1072
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Fiisionce Lassc Laser Modulator >  Optical Bench
Telemetry
Nd:YAG 1064nm 2 AOMs -» 4 Interferometers :
Onboard Computer

: Electrostatic
i~ suspension

The magic interferometer

Drag-Free & Attitude
Control System

Power monitors H

Frequency & A

Amplitude feedback . :
a Phasemeter :
Processes 32 channels from > :
\_ 8quadrant photodiodes | | 2 }':;nrg:rl:;.;aa':‘n
: ) v . ——> Analog signal
: ' DataManagementUnit |~ ------- » Digital signal
__________________ : PHYSICAL REVIEW LETTERS 126, 131103 (2021)

Computes test mass motion

and control loops T T T T T T T T s o T —

- - LPF OMS Requirement
—TM2 to TM1 Measurement (0;2)
=== (OMS Noise (modelled)
- - Phasemeter Readout Noise
= 10-1 ‘Q?/_ ____LPF OMSReq — Frequency Noise

S E i e e - Brownian Force Noise (not OMS) |3
——Shot Noise
--=-RIN
—— Thermally driven (upper limit)
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* Electrostatic force mostly compensates e S -~
gravitational force b oo

T . ket ‘ fre C2i ?
« Gravitational force canceled in dead hol b | s
1 , e = =
reckoning with ~1.8 kg balance mass e i |
: ! [& }

° 1 1 -2 ( TRE= ? l
Specification g,,,<650 pm s~ (3 o + pinEa 0 |
margin) = \

= e HHE

® ine N AR Min X [m] MaxX[m] MinY[m] MaxY[m] MinZ[m] Maxz[m] [ke]  [kg]  Xcoglmm] [mm] [

New Electrode Housing 0.054419202 -6E-05 -0.
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D) Guard ring z- screws (all) -0.026201 0.026185 -0.026197 0.026182 -0.037475 -0.029135 1.22E-10 2.42E-08 -0.000151604 -0.0003 -3:
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D) Guard ring 2- screws (all) -0.026201 0.026185 -0.026182 0.026197 0.029135 0.037475 1.22E-10 2.42E-08 -0.000151604 0.00033 3!
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D) 2Z- cover screws (all) -0.022529 0.022523 -0.020769 0.020756 -0.043075 -0.034735 1.23E-10 2.35E-08 -7.04325€-05 -0.0003 -3!
M3 HEXALOBULAR SOCKET SCREW M3x6.4 (D) Z+ cover screws (all) -0.022529 0.022523 -0.020756 0.020769 0.034735 0.043075 1.23E-10 2.35E-08 -7.04325£-05 0.00027 3!
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A) X-face screws 0.029662 0.037972 -0.030199 0.030198 -0.029194 0.029191 95.41E-11 3.64E-08  34.36440315 -0.0001 &
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A) X+ face screws -0.037972 -0.029662 -0.030198 0.030199 -0.029194 0.029191 5.41E-11 3.64E-08 -34.36440315 0.0001
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A) Y- face screws -0.032203 0.032203 0.028562 0.036872 -0.030198 0.030197 9.41E-11 3.64E-08 -9.38224E-05 33.2644
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A) Y+ face screws -0.032203 0.032203 -0.036872 -0.028562 -0.030198 0.030197 9.41E-11 3.64E-08  9.38224E-05 -33.264 (‘]
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A) 2- face screws -0.032993 0.032993 -0.032991 0.032991 -0.037472 -0.029162 9.41E-11 3.64E-08 -0.000201659 -1E-05 -3.
M3 HEXALOBULAR SOCKET SCREW 3X6.4 (A) Z+ face screws -0.032993 0.032993 -0.032991 0.032991 0.029162 0.037472 9.41E-11 3.64E-08 -0.000201659 1.1E-05 3:
M3 HEXALOBULAR SOCKET SCREW 3X6.9 (8) y+ dir 0.034734 0.043568 -0.019636 -0.015239 -0.006856 -0.002459 1,18E-10 2.39E-08  39.75527429 -17.436

M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)

M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)

M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)

M3 HEXALOBULAR SOCKET SCREW 3X6.9 (8)

M3 HEXALOBULAR SOCKET SCREW 3X6.9 (B)
EH Frame

0.015239 0.019636 -0.006856 -0.002459 1.18£-10 2.39E-08  39.75527429 17.4358 -4.
0.015239 0.019636 -0.006856 -0.002459 1.18E-10 2.39E-08 -39.75527429 17.4358 -4. \
-0.019636 -0.015239 -0.006856 -0.002459 1.18E-10 2.39E-08 -39.75527429 -17.436 -4.
0.033634 0.042468 -0.010393 0.010171 1.186-10 2.45E-08 -3.854340843 38.6552 -
-0.042468 -0.033634 -0.010393 0.010171 1.18-10 2.45E-08 3.854340843 -38.655 -
-0.035923  0.03592 -0.034455 0.034464 1.58€-10 5.326-07 0.168660707 -0.0001 0.

(d eésa Humbolt Kolleo 2022
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Consolidating the noise model.:
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