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GRAVITY HAS IS OWN MESSENGER

PERTURBATIONS OF THE CURVATURE OF SPACE-TIME
PROPAGATING AS WAVES AT THE SPEED OF LIGHT

EMITTED BY ACCELERATED ASTRONOMICAL BODIES
amplitude - phase - polarization of the wave follow the source motion

SPACE-TIME IS STIFF - ASTRONOMICAL SOURCES ARE “COMPACT OBJECTS”

UNIQUE MESSENGERS
TO EXPLORE THE “entire” UNIVERSE 

THEY TRAVEL ALMOST UNDISTURBED THROUGH SPACE-TIME
cosmological redshift and lensing

GRAVITATIONAL WAVES

CARRY ENERGY AND MOMENTUM 
INFORMATION 

ON THE PHYSICAL PROPERTIES OF THE ASTRONOMICAL SOURCES AND OF SPACE-TIME ITSELF

Sunday, February 2, 14



Frequency range of GW Astronomy 

Audio band 

Space 
www.elisa-ngo.org/ 

Terrestrial 

13"

Pulsar timing 
http://www.ipta4gw.org/ 

nHz 

CMB B-pol 

mHz http://www.tapir.caltech.edu/~teviet/Waves/gwave_spectrum.html"
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... BRIEF HISTORICAL RECOLLECTION

Laser Interferometer Space Antenna
 mature concept

LISA, NGO, eLISA

* FIRST MISSION CONCEPT STUDIES 
START IN THE 80s @ JILA

Laser Antenna for Gravitational 
radiation Observation in Space 

(LAGOS)

* LISA was proposed to ESA in early 90s 
first to the then M3-cycle, later as 

Cornerstone mission to the 
Horizon 2000 Plus

* The later LISA 
3 Spacecrafts in triangular constellation  

long baseline (5 Mkm)
cartwheel heliocentric orbit

appear in 1997
joint formulation study 

ESA - NASA

* ESA Cosmic Vision 2015-2025 
programme in 2005 

LISA was identified as a potential 
candidate for L1

* more than 2000 papers
have been published on

LISA
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courtesy by Karsten Danzmann
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SELECTED THEMES
  28 OCTOBER 2013
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eLISA has been SELECTED
 28 October 2013

THE HOT and ENERGETIC UNIVERSE
L2 

2028

THE GRAVITATIONAL UNIVERSE
L3 

2034

PLAnetary Transits and Oscillations of stars (PLATO)
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the gravitational wave h(t) 
induces  

a relative change in the 
distance between two freely 

falling test-masses 

Warsaw,'July'11,'2013' S.'Vitale' 5'

 evolvingLISA

eLISA is a constellation 
of the three spacecraft shielding each a drag-free geodesic  reference test mass 

being perturbations in the metric of spacetime,  gravitational waves require 
for their detection a “geometrical measurements” 

Doppler shifts on two electromagnetic beams traveling from one test particle to the other

�s = h(t)Larm�lenght

Sunday, February 2, 14



timescales of minutes to hours

fgw = !gw/(2⇡) = [10�4 � 1]Hz

�gw = c/fgw = [2⇥ 10�3 � 20]AU

eLISA:  EXPLORING  THE LOW-FREQUENCY GRAVITATIONAL WAVE  UNIVERSE

Larm�lenght�eLISA = 106km = 0.66⇥ 10�2 AU

Loptimal
arm�lenght =

c
4fgw

⇠ 0.5
⇣

10�3Hz
fgw

⌘
AU

Larm�lenght ⌧ �gw

Warsaw,'July'11,'2013' S.'Vitale' 5'
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timescales of minutes to hours

LIGO-VIRGO
ground-based

fgw = !gw/(2⇡) = [10�4 � 1]Hz

fgw = !gw/(2⇡) = [10� 104] Hz

�gw = c/fgw = [30� 104] km

�gw = c/fgw = [2⇥ 10�3 � 20]AU

eLISA:  EXPLORING  THE LOW-FREQUENCY GRAVITATIONAL WAVE  UNIVERSE

L
arm�length�Virgo

= 4km

Larm�lenght�eLISA = 106km = 0.66⇥ 10�2 AU

Loptimal
arm�lenght =

c
4fgw

⇠ 0.5
⇣

10�3Hz
fgw

⌘
AU

Larm�lenght ⌧ �gw

Warsaw,'July'11,'2013' S.'Vitale' 5'
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timescales of minutes to hours

LIGO-VIRGO
ground-based

fgw = !gw/(2⇡) = [10�4 � 1]Hz

fgw = !gw/(2⇡) = [10� 104] Hz

�gw = c/fgw = [30� 104] km

�gw = c/fgw = [2⇥ 10�3 � 20]AU

eLISA:  EXPLORING  THE LOW-FREQUENCY GRAVITATIONAL WAVE  UNIVERSE

L
arm�length�Virgo

= 4km

Larm�lenght�eLISA = 106km = 0.66⇥ 10�2 AU

fgw,ISCO � 2.2
�

106
�

M

⇥
mHz

Warsaw,'July'11,'2013' S.'Vitale' 5'
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eLISA as an OBSERVATORY in SPACE to explore the universe
0.1 mHz - 1 Hz

SELECTION OF “SOURCES”

ULTRA COMPACT BINARIES  IN THE MILKY WAY
OF ALL FAVLORS

MASSIVE BLACK HOLE MERGERS  

EXTREME MASS RATIO INSPIRALS

104 M� � 107 M�

10M� into 10

7 M�

STOCHASTIC SIGNALS FROM THE BIG BANG

THE UNKNOWN
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MASSIVE BLACK HOLE MERGERS  

EXTREME MASS RATIO INSPIRALS

104 M� � 107 M�

10M� into 10

7 M�

THE UNKNOWN

eLISA as an OBSERVATORY in SPACE to explore the universe
0.1 mHz - 1 Hz

SELECTION OF “SOURCES”
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INSPIRAL
chirping of the signal 

MERGER 

RING
DOWN

BINARY BLACK HOLES
INSPIRAL - MERGER -  RING-DOWN

MASSIVE BLACK HOLES

17 parameters determine the waveform
THE SPIN INTRODUCES A LOT OF STRUCTURE IN THE WAVEFORMS 

this helps in determining the physical parameter of the sources with high 
accuracy

Sunday, February 2, 14



free-falling test masses, removing the much larger motion 
, which contains both thruster and solar 

 are actively controlled to remain centred 
on the test masses along the interferometric axes, without 

is 
‘drag-free control’ around the shielded geodesic reference 
test masses uses the local interferometry measurement as 

! 
 jitter reaching the 

! 
 by detecting 

-
 precision. Other degrees of freedom 

e 
-

, which varies 
Figure 13: Examples of gravitational wave astrophysical sources in the 
frequency range of eLISA, compared with the sensitivity curve of eLISA. 
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MASSIVE BLACK HOLES
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MASSIVE BLACK HOLES
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ALL BLACK HOLES TRANSIT ACROSS THE 
eLISA BAND

WE WILL PROBE THE EXISTENCE OF 
“SEED”

“LARGE”
SEED BLACK HOLE

“SMALL”
SEED 

BLACK 
HOLE

MASSIVE BLACK HOLES

ULASJ1120

@

z=7.08

REIONIZATION OF THE 
INTERGALACTIC MEDIUM
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Event&Rates&for&MBH&Mergers&
•  10&–&100&events/year&from&semi8analy:c&merger&tree&models&
–  Account&for&hierarchical&clustering&of&dark&maAer&halos&
–  Do&not&trace&baryon&physics&along&cosmic&history&

•  Recently,&full&hydrodynamic&simula:ons&of&structure&
forma:on&show&importance&of&cold&gas&flow&to&feed&BH&
growth&

&!&Merger&rates&largely&unaffected!&

17&

Sesana&et&al.,&2013&

EVENT RATES OF BLACK HOLES MERGERS

10-100 mergers/year

1. from semi-analytical models clustering of dark matter halos
without tracing the dissipation of the baryonic component

II. using cosmological hydrodynamical simulations
which have shown the importance of clod flows to feed black holes 

MASSIVE BLACK HOLES
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LUMINOSITY DISTANCE 

COALESCING BLACK HOLES ARE STANDARD CANDLES 

MASSIVE BLACK HOLES

Warsaw,'July'11,'2013' S.'Vitale' 5'

a third link
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eLISA

MASSIVE BLACK HOLE MERGERS  104 M� � 107 M�

key science question will be addressed 

how did black holes  assemble and evolve from cosmic dawn 
to the present?

when did the first black holes appear and how do they form ?  

what role did black hole play in cosmic
 re-ionization galaxy evolution  and structure formation?

\

eLISA  will make the largest and deepest survey of 
MASSIVE BLACK HOLE MERGERS  

in the 
UNIVERSE
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COSMOGRAPHY

MASSIVE BLACK HOLES

Sunday, February 2, 14



0

0.2

0.4

0.6

0.8

-5 -4 -3 -2 -1 0 1

PD
F(

m
1)

log10(�m1/m1)

0

0.2

0.4

0.6

0.8

-5 -4 -3 -2 -1 0

PD
F(

m
2)

log10(�m2/m2)

0

0.2

0.4

0.6

0.8

-4 -3 -2 -1 0 1 2

PD
F(

a 1
)

log10(�a1/a1)

0

0.2

0.4

0.6

0.8

-4 -3 -2 -1 0 1 2

PD
F(

a 2
)

log10(�a2/a2)

0

0.2

0.4

0.6

0.8

-3 -2 -1 0 1

PD
F(
�D

L)

log10(�DL/DL)

0

0.2

0.4

0.6

-4 -3 -2 -1 0 1 2 3 4 5 6

PD
F(

�
)

log10(�/sq. deg.)

LUMINOSITY DISTANCE -  COSMOGRAPHY

IDENTIFICATION OF AN ELECTROMAGNETIC COUNTERPART 
INDEPENDENT  MEASURE 

REDSHIFT OF THE SOURCE

THIS WOULD LEAD TO AN INDEPENDENT MEASURE OF THE
COSMOLOGICAL PARAMETERS 

immune by systematic errors
(expected major improvements in the data analysis)

MASSIVE BLACK HOLES

eLISA IS A FULL SKY MONITOR
SKY LOCATION ACCURACY IS TYPICALLY

IN THE RANGE OF 10-1000 SQUARE DEGREES
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TEST of GENERAL RELATIVITY IN
THE STRONG FIELD REGIME

DYNAMICAL SECTOR

MASSIVE BLACK HOLES
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WE CAN UNIQUELY IDENTIFY A BLACK HOLE
HAVING “NO-HAIR” 

FROM THE SPECTRUM OF ITS 
RING-DOWN RADIATION 

CHECKING CONSISTENCY WITH THE ENTRIE SHAPE OF THE 
WAVEFORM

MASSIVE BLACK HOLES

BLACK HOLE “SPECTROSCOPY”
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eLISA

ULTRA COMPACT BINARIES 

MASSIVE BLACK HOLE MERGERS  

EXTREME MASS RATIO INSPIRALS

104 M� � 107 M�

10M� into 10

7 M�

ASTROPHYSICS 

how did black holes  assemble and evolve from cosmic dawn to the present?

when did the first black holes appear and how do they form ?  

what role did black hole play in cosmic re-ionization galaxy evolution 
and structure formation?

how is the stellar dynamics in galactic nuclei ?

what is the role of mass segregation and relaxation in determining 
stellar populations around central black holes?

what is the formation and merger rate of compact binaries in the Milky Way?
 

what is the explosion mechanism of type Ia supernovae?
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EXTREME 
MASS RATIO INSPIRALS
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EXTREME MASS RATIO INSPIRALS:  
PRECISION PROBES OF KERR SPACE TIMES 

THE WAVEFORM ENCODES THE GEOMETRY OF THE SPACETIME 
MASS MOMENTS AND CURRENT MULTIPOLES DETERMINE THE GEOMETRY OF THE SPACE-TIME 

IF A BLACK HOLE HAS NO HAIR then ALL MOMENTS DEPEND ON MASS AND SPIN only
FRACTIONAL  ACCURACY OF MASS AND SPIN AT THE LEVEL OF 0.01%-0.1% 

EMRIs
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free-falling test masses, removing the much larger motion 
, which contains both thruster and solar 

 are actively controlled to remain centred 
on the test masses along the interferometric axes, without 

is 
‘drag-free control’ around the shielded geodesic reference 
test masses uses the local interferometry measurement as 

! 
 jitter reaching the 

! 
 by detecting 

-
 precision. Other degrees of freedom 

e 
-

, which varies 
Figure 13: Examples of gravitational wave astrophysical sources in the 
frequency range of eLISA, compared with the sensitivity curve of eLISA. 
The data is plotted in terms of unitless ‘characteristic strain amplitude’. 
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in a highly relativistic orbit around the massive black hole 
eld regions a few 

Schwarzschild radii from the event horizon before plung-

Key questions can be addressed in the study of galactic nu-

What is the mass distribution of stellar remnants at the 
galactic centres and what is the role of mass segregation 
and relaxation in determining the nature of the stellar 

 inhabiting 
the cores of low mass galaxies? Are they seed black hole 

 will observe EMRI events, exploring the deepest re-
gions of galactic nuclei, those near the horizons of black 
holes with masses close to the mass of the black hole at our –7 –6 –5 –4 –2–3
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RATHER THAN “seeing” THE SOURCES 
THROUGH THEIR ELECTROMAGNETIC 

RADIATION, 
 eLISA WILL “hear” THE UNIVERSE 

BY CAPTURING THE VIBRATIONS OF THE 
FABRIC 

OF SPACETIME ITSELF

EMRI’s SOUND

EMRIs
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THE BEAUTY 
OF

COALESCING BINARY BLACK HOLES 
EXTREME MASS RATIO INSIPIRALS  

IS IN THE SIMPLICITY

COLLISION OF PURE SPACETIMES

UNIVERSE SEEN THROUGH GRAVITY “ONLY”
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ULTRA COMPACT BINARIES
AS VERIFICATION SOURCES 

MILKY WAY

WHITE DWARFS WITH
ORBITAL PERIODS 

LESS THAN A FEW MINUTES

MAPPING THE INVISIBLE “STAR BINARIES”: 1000  WHITE DWARFS NEUTRON STARS AND BLACK HOLES

 **IMPACT ON THE ASTROPHYSICS OF  TYPE Ia SUPERNOVAE**

THE MILKY WAY

free-falling test masses, removing the much larger motion 
, which contains both thruster and solar 

 are actively controlled to remain centred 
on the test masses along the interferometric axes, without 

is 
‘drag-free control’ around the shielded geodesic reference 
test masses uses the local interferometry measurement as 

! 
 jitter reaching the 

! 
 by detecting 

-
 precision. Other degrees of freedom 

e 
- Figure 13: Examples of gravitational wave astrophysical sources in the 
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HUGE DISCOVERY SPACE

•  Massive'Black'Holes'(104'to'108'M�)''
–  Look'back'before're9ionisa;on,'Black'Hole'mergers'at'z'≥'20,'if'they'exist'
–  How'did'Black'Holes'form?'How'important'were'cold'gas'flows?'
–  What'were'the'Black'Hole'seeds?'When'did'they'appear?'
–  What'role'did'Black'Holes'play'in're9ionisa;on,'galaxy'evolu;on'and'structure'forma;on?'
–  What'is'the'precise'luminosity'distance'to'loud'standard'siren'black'hole'binaries?'
–  What'is'the'distance'–'redshiM'rela;on'and'the'evolu;on'history'of'the'universe?'
–  Does'the'Graviton'have'mass?'

•  Extreme'Mass'Ra;o'Inspirals,'EMRIs'(1'to'10'M�'into'104'to'5'x'106'M�)'
–  How'is'the'stellar'dynamics'in'dense'galac;c'nuclei?'
–  How'does'dynamical'relaxa;on'and'mass'segrega;on'work'in'dense'galac;c'nuclei?''
–  What'is'the'occupa;on'frac;on'of'black'holes'in'low9mass'galaxies?'
–  How'large'are'devia;ons'from'Kerr'Metric,'and'what'new'physics'causes'it?'
–  Are'there'horizonless'objects'like'boson'stars'or'gravastars?'
–  Are'alterna;ves'to'GR'viable,'like'Chern'Simons'or'scalar'tensor'theories'or'braneworld'scenarios?''

•  Ultra9Compact'Binaries'in'Milky'Way'
–  What'is'the'explosion'mechanism'of'type'Ia'supernovwe?'
–  What'is'the'forma;on'and'merger'rate'of'compact'binaries?'
–  What'is'the'endpoint'of'stellar'evolu;on?'

•  Stochas;c'Signals'
–  Directly'probe'Planck'scale'epoch'at'0.1'TeV'to'100'TeV'before'decoupling'of'microwave'background'
–  Were'there'phase'transi;ons'and'of'which'order?'
–  Probe'Higgs'field'self'coupling'and'poten;al,'and'search'for'supersymmetry.'
–  Are'there'warped'sub9millimetre'extra9dimensions?'
–  Can'we'see'braneworld'scenarios'with'rehea;ng'temperatures'in'the'TeV'range?'
–  Do'topological'defects'like'Cosmic'Strings'exist?'
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eLISA 

ASTROPHYSICS 
FUNDAMENTAL PHYSICS  

COSMOLOGY
“at the same time” 

addressing the key question of 
ESA’s COSMIC VISION
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6.5 Mission Analysis 111

1 AU

1 � 109 m

Sun

Earth
20°

60°
Sun

1 AU

Figure 6.5.: NGO Science Orbit. The three spacecraft form an equilateral triangle with 1 ⇥ 106 km armlength, inclined by
60° with respect to the ecliptic. The constellation trails the Earth by about 20° and orbits the Sun in a distance of about
1 AU. The exact constellation parameters are optimised so that a mission duration of up to 5 years is feasible without
exceeding the requirements on relative velocities and Doppler shift.

Table 6.4.: Main parameters and constraints of the constellation for a typical science orbits.

Parameter nominal value actual value/deviation

Arm length 106 km ⌅Lmax = 18.31 ⇥ 103 km ⌅Lmax = �30.66 ⇥ 103 km

Relative velocities 0 m/s ⌅vmax = 7.06 m/s

Trailing angle 10° .max = 19.81° .min = 9.34°
Inner angle 60° �max = 61.59° �min = 58.44°

6.5.4. Science orbit

Orbit selection for the NGO mission is influenced by a number of drivers: the requirement for a benign environment

for the payload; non-gravitational perturbations should be minimised to allow accurate micro-propulsion control;

the thermal character of the orbit should be stable to avoid widely varying or sudden thermal shocks; the orbit

must allow a quasi-static equilateral triangular constellation with arm lengths of 1 ⇥ 106 km to be maintained

without active maintenance; distance from the Earth must be accounted for by the communications subsystem

design and the requirement is to not exceed absolute distances between any S/C and Earth of 75 ⇥ 106 km.

The baseline NGO orbits for the three NGO S/C are Heliocentric Earth Trailing Orbits (HETOs), providing a

good compromise between the orbit drivers. In their HETO constellation, the three S/C form a constellation with

a plane of rotation that is inclined by 60° to the ecliptic (see figure 6.5). Nominally, that would lead to orbits

with identical eccentricity e = 0.001930 and inclination of i = 0.191 500°. However, the influence of mainly

the Earth, and to a much lesser degree of the Moon and the large planets results in slightly perturbed orbital

parameters (see table 6.5).

The optimisation process has taken into account the requirements for range and range rate. It has also aimed to

minimise the maximum angular excursion from the basic equilateral triangle solution. The target is a peak to

peak value of no more than 3° (i.e. ±1.5°) for the vertex of the Mother-S/C.

Table 6.5.: Initial orbital elements of the spacecraft for a typical science orbit

S/C 1 S/C 2 S/C 3 nominal
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+ (degree) 57.085 376 170.167 241 �81.932 021 —

✓ (degree) 286.316 625 186.415 367 64.078 461 270
M (degree) 7.196 537 �5.970 331 8.462 198 —
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Drag-free control
!e spacecra" are actively controlled to remain centred 
on the test masses along the interferometric axes, without 
applying forces on the test masses along these axes. !is 
‘drag-free control’ around the shielded geodesic reference 
test masses uses the local interferometry measurement as 
a control signal for an array of micro-Newton spacecra" 
thrusters, with the residual spacecra" jitter reaching the 
nm/√ Hz level. !ese thrusters also control the spacecra" 
angular alignment to the distant spacecra" by detecting 
the laser beam wavefront with ‘di$erential wavefront sens-
ing’ with nrad/√ Hz precision. Other degrees of freedom 
are controlled with electrostatic test mass suspensions. !e 
only remaining degree of freedom is then the opening an-
gle between the arms at the master spacecra", which varies 
smoothly by roughly 1.5° over the year, and can be com-
pensated for either by moving the two optical assemblies 
against each other or by a steering mirror on the optical 
bench.

Figure
frequency range of eLISA, compared with the sensitivity curve of eLISA.
The data is plotted in terms of unitless ‘characteristic strain amplitude’. 
6JCV�KU�VJG�UVTCKP�TGUQNXCDNG�KP�C�UKPING�E[ENG�HQT�C�DTQCFDCPF�UQWTEG��QT�
VJG� NKPGCT�URGEVTCN�FGPUKV[�QH�(KIWTG
number cycles spent by the source at a given frequency during the obser
vation for monochromatic sources. The tracks of two massive black hole 
DKPCTKGU��NQECVGF�CV�
6JG� UQWTEG� HTGSWGPE[� 
CPF�504�� KPETGCUGU�YKVJ� VKOG�� CPF� VJG� TGOCKP
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micro-thrusters
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Figure 11: eLISA payload.�'CEJ�RC[NQCF�WPKV�EQPVCKPU�C���šEO�VGNGUEQRG��
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duce a heterodyne beat note signal between 5 and 25 MHz, 
which is detected by a quadrant photodiode. !e phase 
of that beat note is measured with µcycle/√ Hz precision 
by an electronic phasemeter. Its time evolution re#ects 
the laser light Doppler shi$ from the relative motion of 
the spacecra$, and contains both the macroscopic arm 
length variations on times cales of months to years, and 
the small #uctuations with periods between seconds and 
hours that represent the gravitational wave science signal. 
!e measurement of relative spacecra$ motion is then 

optical bench contains all interferometers

science (measuring distances between the  optical benches of the SC
when about 100 pWatt enter the optical bench from the distant SC)

test mass (position of the mass relative to OB)

reference interferometer
 (frequency noise of the primary laser relative to the secondary)

optical truss
(stability of the telescope structure)

interference is referenced to the internal proof mass that freely falls “unattached “ to the SC
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