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•The gravitational wave Galaxy

•Detector description

•Baseline and alternative configurations
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•The gravitational wave signal from the Galactic 
population of white dwarf binaries will consist of 
individually resolvable sources and a confusion-limited 
foreground.
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• Individually resolvable means that the parameters 
describing the binary can be obtained with reasonable 
precision through data analysis (usually some kind of 
matched filtering.
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• The confusion-limited foreground is a result of signals from thousands of 

binaries in each resolvable frequency bin.
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• If the “chirp” of resolvable systems can be measured 
and the system is driven by gravitational radiation 
alone, then the distance can be measured and the 
chirp mass can be obtained.

•Sky location and 
distance can be used 
to determine the 
spatial distribution of 
white dwarf binaries.
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•The confusion-limited signal is dominant at low 
frequencies (f<~3mHz).
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•  The foreground is based mostly on the disk 
population and so it is anisotropic.

•The spectrum of the foreground may provide 
probe different star formation rates and different 
evolutionary scenarios.
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16 Scientific Objectives
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Figure 2.7.: Level of the Galactic gravitational wave signal as a function of time. Black is the total signal, the red after
removal of the resolved binaries. The yearly variation of the Galactic foreground can clearly be seen. The dashed lines give
the associated SNR for the contribution of the foreground signal to the total signal. For most of the time, the SNR varies
between 1 and 5. The scale on the right y-axis indicates the approximate level of the galactic foreground “noise” at 1mHz.
Based on the R!"#$% $# &'. (())* ) Galactic model.

The vast majority will form an unresolved foreground signal in the detector, which is quite di! erent from and
much stronger than any di! use extragalactic background (F&%+$%& P,"--$. , ())/ ).

This foreground is often described as an additional noise component, which is misleading for two reasons.
The first is that there is a lot of astrophysical information in the foreground. The overall level of the foreground is
a measure of the total number of ultra-compact binaries, which gives valuable information given the current
uncertainty levels in the normalisation of the population models. The spectral shape of the foreground also
contains information about the homogeneity of the sample, as simple models of a steady state with one type of
binary predict a very distinct shape. In addition, the geometrical distribution of the sources can be detected by
NGO.

Due to the concentration of sources in the Galactic centre and the inhomogeneity of the NGO antenna pattern,
the foreground is strongly modulated over the course of a year, with time periods in which the foreground is more
than a factor two lower than during other periods (E0'!-0 $# &' ., ())1 ). The characteristics of the modulation
can be used to learn about the distribution of the sources in the Galaxy as the di! erent Galactic components (thin
disk, thick disk, halo) contribute di! erently to the modulation, and their respective amplitude can be used to, for
example, set upper limits to the halo population (e.g. R!"#$% $# &'., ())* ).

2.3.5. Studying the astrophysics of compact binaries using NGO

By studying the binaries that NGO detected in detail, the physics of tides in white dwarfs and mass-transfer stability
will be constrained. The physics of the actual merger of two white dwarfs is uncertain and will be tested by either
detection or non-detection of this event. NGO will discover the complete Galactic population of short-period neutron
star and black hole binaries and thus determine their local merger rate.

Although the e! ect of gravitational radiation on the orbit will dominate the evolution of the binaries detected
by NGO, additional physical processes will cause strong deviations from the simple point-mass approximation.
The two most important interactions that occur are tides – when at least one of the stars in a binary system is
not in co-rotation with the orbital motion or when the orbit is eccentric – and mass transfer. Because many



•Assuming space-based interferometric gravitational 
wave detectors, different configurations have 
different consequences on the ability to extract 
information from both resolvable sources and the 
confusion foreground.

•Noises:
•Acceleration noise: Stray forces on the proof mass.
•Shot noise: Quantum fluctuations in light intensity.
•Position noise: Measurement and control noise.
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•Motion of the detector influences sensitivity to 
direction of the sources.

•Rotation of the detector
within its plane.
•Precession of the plane.
•Motion of the guiding
center of the detector
plane relative to the
stars.
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The “Peanut”



•Sensitivity curves are usually plots combining the 
instrument noise and the transfer function along 
with some sort of angle/orientation/polarization 
averaging.

•This allows one to plot the absolute strain 
amplitude of a suspected source and compare it 
with the expected noise level.

•Can be misleading due to averaging.

•Require an assumed observation time (usually 1 or 
2 years.) 11
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•Shorter armlengths:

• Increase acceleration noise

•Decrease shot noise

• Increase position noise

• Improve response at high frequencies
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•LISA-like orbits:

•Add annual rotation of the “peanut”
•Annual variation of polarization phase
•Annual variation of Doppler phase

17

16 Scientific Objectives
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Figure 2.7.: Level of the Galactic gravitational wave signal as a function of time. Black is the total signal, the red after
removal of the resolved binaries. The yearly variation of the Galactic foreground can clearly be seen. The dashed lines give
the associated SNR for the contribution of the foreground signal to the total signal. For most of the time, the SNR varies
between 1 and 5. The scale on the right y-axis indicates the approximate level of the galactic foreground “noise” at 1mHz.
Based on the R!"#$% $# &'. (())* ) Galactic model.

The vast majority will form an unresolved foreground signal in the detector, which is quite di! erent from and
much stronger than any di! use extragalactic background (F&%+$%& P,"--$. , ())/ ).

This foreground is often described as an additional noise component, which is misleading for two reasons.
The first is that there is a lot of astrophysical information in the foreground. The overall level of the foreground is
a measure of the total number of ultra-compact binaries, which gives valuable information given the current
uncertainty levels in the normalisation of the population models. The spectral shape of the foreground also
contains information about the homogeneity of the sample, as simple models of a steady state with one type of
binary predict a very distinct shape. In addition, the geometrical distribution of the sources can be detected by
NGO.

Due to the concentration of sources in the Galactic centre and the inhomogeneity of the NGO antenna pattern,
the foreground is strongly modulated over the course of a year, with time periods in which the foreground is more
than a factor two lower than during other periods (E0'!-0 $# &' ., ())1 ). The characteristics of the modulation
can be used to learn about the distribution of the sources in the Galaxy as the di! erent Galactic components (thin
disk, thick disk, halo) contribute di! erently to the modulation, and their respective amplitude can be used to, for
example, set upper limits to the halo population (e.g. R!"#$% $# &'., ())* ).

2.3.5. Studying the astrophysics of compact binaries using NGO

By studying the binaries that NGO detected in detail, the physics of tides in white dwarfs and mass-transfer stability
will be constrained. The physics of the actual merger of two white dwarfs is uncertain and will be tested by either
detection or non-detection of this event. NGO will discover the complete Galactic population of short-period neutron
star and black hole binaries and thus determine their local merger rate.

Although the e! ect of gravitational radiation on the orbit will dominate the evolution of the binaries detected
by NGO, additional physical processes will cause strong deviations from the simple point-mass approximation.
The two most important interactions that occur are tides – when at least one of the stars in a binary system is
not in co-rotation with the orbital motion or when the orbit is eccentric – and mass transfer. Because many
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SGO Low: A LISA -Like Concept for the Space-based Gravitational-wave 
Observatory (SGO) at a Low Price-Point 

Submitted by J.I. Thorpe1 for The SGO Core Concept Team (See Appendix A) 
1NASA/GSFC Code 663 - 8800 Greenbelt Rd. Greenbelt, MD 20771 - 301.286.5382 - james.i.thorpe@nasa.gov 

Category of Response: Mission Concept 

Answers to questions: We are willing to present this concept at the workshop.  There is no 
sensitive or controlled information in this concept that NASA is not already aware of. 

1. Executive Summary  

Introduction 

SGO Low is a variant of the LISA concept presented to the Astro2010 Decadal Survey.  The 
rationale for SGO Low is to reduce the LISA concept to the least expensive variant with four 
Gm-scale laser links.  While this interferometer configuration naturally leads to a ÔcornerÕ 
sciencecraft (SC) and two ÔendÕ SC, SGO Low is instead based on four nearly identical SC with 
two of them located near one vertex of the triangular constellation and one at each of the other 
two vertices (see Figure 1). The two corner SC, separated by ~10km, use a free-space optical 
link to compare their laser frequencies. The SGO Low configuration trades on the expectation 
that four identical SC are cheaper than three having two different designs.  This concept was 
studied under the acronym LAGOS in the early 1990s.  

Concept Description 

As shown in Appendix B, SGO Low differs from SGO 
Mid by: 

¥ Addition of a fourth SC 

¥ A telescope, optical bench, laser, GRS, pointing 
mechanism and supporting structure and thermal 
subsystems is eliminated from each payload. 

¥ Two of the four SC have an optical pointing system 
(small telescope, 2-DOF pointing system) for 
exchanging laser beams. 

Gravitational Wave Science Payoffs 

SGO Low will detect and measure parameters for thousands of compact binaries in our Galaxy. 
It is highly likely that it will detect several massive black hole (MBH) binaries at moderate 
redshifts and extract physical parameters of these binaries with a precision that is unprecedented 
for astrophysics. It is also likely that it will detect and precisely measure the capture of compact 
objects by MBHs, although the large range in event rate estimates allow for some risk that no 
detections are made. These measurements allow SGO Low to address a number of the science 
goals identified in Table 1 of the RFI. The most significant loss in science with SGO Low as 
compared to LISA and the higher-cost SGO variants is in the detection of stochastic and un-
modeled sources of gravitational waves (GWs). This directly results from the reduction of links 
from six to four. Appendix C provides a more detailed comparison of the science yield of the 
four SGO variants. 

 
Figure 1: Constellation geometry for 
SGO Low 
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Cost Estimate 

The total estimated cost for SGO Low is $1.4B in FY2012 dollars.  A rough schedule is 108 
months for Phase A through D, and 46 months for Phases E and F. Section 7 provides details of 
the cost model. 

Risk 

The SGO Low concept benefits from the significant amount of effort that has already been 
expended in retiring risk for the LISA mission. However, there are certain elements that increase 
risk relative to LISA and the SGO High/Mid concepts. The most significant of these is the 
reduction from six to four links, the minimum required for GW detection in practice. Unlike a 
six-link mission, all four SGO Low links must remain operational to retain any science 
performance. SGO Low is also more exposed than SGO Mid or SGO High to science risk, the 
risk that current estimates of event rates are too optimistic. 

2. Science Performance 

GW astronomy is poised to make revolutionary contributions to astronomy and physics during 
the next two decades. In particular, space-based GW detectors will open up the low-frequency 
GW spectrum, 3x10Ð5 Hz to 0.1 Hz, which is guaranteed to be rich in GW sources. The 
Astro2010 whitepapers about low-frequency GW astronomy [3Ð6, 8Ð11] provide a very good 
picture of its excitement and promise.  Over its two-year science mission, SGO Low will detect 
thousands of individual GW signals from a variety of source classes. Many of these sources will 
be detected with sufficiently high signal-to-noise ratio (SNR) that their astrophysical parameters 
(masses, spins, distance, sky location, etc.) will be measured with high precision. These 
detections and measurements will enable SGO Low to address a number of the key GW science 
questions[1,3] identified Table 1 of the RFI. 

 

Box 1. The solid black curve 
shows SGO Lowʼs rms strain 
noise, in units of HzÐ1/2. Roughly 
speaking, all sources above this 
curve are detectable by SGO 
Low. The blue stars represent 
the frequencies and strengths of 
known Galactic binaries ( 
Òverification binariesÓ); their 
height above the noise curve 
gives their matched-filtering SNR 
in a one-year integration. The 
two dashed black curves and the 
dashed green curve represent 
sources (two SMBH binaries, 
and an EMRI, respectively) 
whose frequency evolves 
upward significantly during SGO 
Lowʼs observation time.  

The height of the source curve above the noise strain approximates the SNR contributed by each 
logarithmic frequency interval. See [1, 2] for more details. For comparison, the noise curve for SGO High 
is shown in red.  For SGO High, instrumental noise and confusion noise from unresolved Galactic 
binaries are both significant; the latter causes the ÒhumpÓ around 1 mHz.  For SGO Low, the Galactic 
confusion noise is almost insignificant. 
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3. The NGO concept

TheNGO concept for directly detecting the oscillating strain in spacetime caused by gravitational waves shares
the scheme used in all laser interferometer-based gravitational wave detectors: the passage of the wave is detected
by measuring the time-varying changes of optical pathlength between free-falling mirrors.

Gravitational wave detectors based on laser interferometers measure the change in length (�L) directly. The
strain (�L/L) produced by the sources accessible withNGO(see chapter2) may be as small as10�24. This argues
simultaneously for a measurement lengthL as large as possible and long integration times, the primary impetus
for a space-borne detector millions of kilometres long. Interferometry is the only measurement system known
that can operate over these distances and with the required sensitivity.

ÒFree-fallingÓ or inertial masses are not only an important conceptual detail in the detection of gravitational
waves, but are an essential for achieving the required sensitivity forNGO. Free-falling masses are, by deÞnition,
undisturbed by forces other than gravitation. Keeping the test masses in free-fall conditions allows avoiding
disturbances to the test masses causing time-varying movements that in turn could be confused with the apparent
displacements caused by gravitational radiation: The residual disturbances of the masses must be su�ciently
small such that the resulting motions are less than the apparent length changes associated with gravitational waves
to be detected. To achieve free-fall conditions, the detector must be located in a very quiet environment. Space
can provide a very stable, benign environment if careful design choices for science instrumentation, spacecraft
and orbits are made.

Free-fall also implies that no station-keeping or formation-ßying is needed. This is not strictly true forNGO.
Firstly it is not the satellites that are in free fall, but the test masses, so the satellites will have to be actuated to
follow the test masses, which is the task of the drag-free attitude control system (DFACS) described in some
detail in chapter5. Secondly, the satellites need torotate over the course of the mission to keep theÒMotherÓ
spacecraft(or ÒDaughterÓ spacecraft, respectively) in the Þeld of view. Both manoeuvres are purelylocal, i.e. no
coordination between the satellites is needed. Other than those manoeuvres, there is no station-keeping foreseen.
The distance between the satellites as well as the angles (i.e. the shape of the constellation) is evolving freely
under the action of gravity alone, soNGOrequiresno formation-ßying in any phase of the mission lifetime.

3.1. NGO design concept

NGOÕs two measurement arms are deÞned by three spacecraft orbiting the Sun (Þgure3.1) in a triangular
conÞguration. A key feature of theNGOconcept is a set of three orbits that maintain a near-equilateral triangular
formation, without the need for station-keeping. Depending on the inital conditions of the spacecraft, the formation
can be kept in an almost constant distance to the Earth or be allowed to slowly drift away to about70 ⇥ 106 km,

1 AU

1 ⇥ 109 m

Sun

Earth

20°
60°

Sun

1 AU

Figure 3.1.:The NGO orbits: The constellation is shown trailing the earth Earth by about 20° (or 5 ⇥ 107 km) and is
inclined by 60° with respect to the ecliptic. The trailing angle will vary over the course of the mission duration from 10° to
25°. The separation between the S/C is 1 ⇥ 106 km.



•Other heliocentric orbits:

•No precession of the orbital plane -> loss of 
sensitivity pattern variation.
•Annual polarization phase remains.
•Annual Doppler phase remains.
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LAGRANGE: A Space-Based Gravitational-Wave Detector with Geometric
Suppression of Spacecraft Noise

Mission Concept: Interferometry between three non-drag-free spacecraft in a geometry suppressing
non-gravitational effects offers substantial science at signiÞcantly reduced cost and risk.

We are willing to participate and present the concept at a workshop.
This document has been cleared for unlimited release under the number URS225851

Lead Author: Kirk McKenzie (kirk.mckenzie@jpl.nasa.gov, Phone: (818) 235 8358)1,
Co-Authors: Robert E. Spero1, William M. Klipstein1, Glenn de Vine1, Brent Ware1, Michele Vallisneri1,

Curt Cutler1, John Ziemer1, Daniel A. Shaddock2, Ruth Skoug3, and John Steinberg3

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
2Department of Physics, The Australian National University, Canberra, Australia

3Los Alamos National Laboratory, Los Alamos, New Mexico

November 10, 2011

Abstract
We introduce a new non-drag-free concept for space-based gravitational wave detection in which the space-
craft constellation geometry is chosen so the largest spacecraft disturbances are weakly coupled into the
science measurement, and existing instruments are used to calibrate these effects. A three spacecraft con-
stellation is presented with signiÞcant hardware simpliÞcations and reductions in spacecraft mass, power,
and size compared with the Laser Interferometer Space Antenna (LISA) mission, while preserving much of
the LISA science (see Figure1). The cost is estimated to be $ 1.1 Billion (FY12 dollars).
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Figure 1: Left: Geometric suppression of spacecraft noise: solar-radiation and solar-wind pressures are orthogonal to
the interferometer sensitive axis. Right: While degraded from the LISA sensitivity, this mission is sensitive enough to
retain much of the science.

1 Introduction
This paper introduces a concept for a space-based laser interferometer gravitational-wave detector that,

like the Laser Interferometer Space Antenna (LISA) [1], uses precision laser interferometry between widely

1



•Geocentric orbits

•Slight plane precession.
•Polarization phase variation depends on 
armlength (through orbital radius).
•Doppler phase variation is still one year.
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!"

A LOW-COST, HIGH-PERFORMANCE SPACE GRAVITATIONAL ASTRONOMY MISSION 
"

1.  The OMEGA Concept 

#$"!%%&'"()*"+,-.(.$/"0*1.23"45678,*,"98,":,;<.(;(.8$;7"=>(,8$83?"@+04:=A"B;>"6,868>*1"-?";$"
.$(*,$;(.8$;7"(*;3"89">C.*$(.>(>";$1"*$/.$**,>";>";"C;$1.1;(*"0#D4E"3.>>.8$F"G)*">C.*$C*"/8;7>";$1"()*"
/,;<.(;(.8$;7HB;<*"1*(*C(.8$"(*C)$.I2*>"89"()*"+04:="3.>>.8$"B*,*"*>>*$(.;77?"()*">;3*";>"()8>*"89"
()*"J#K="3.>>.8$F"G)*"*>(.3;(*1"(8(;7"C8>("98,"()*"+04:="3.>>.8$'".$C721.$/"7;2$C)"<*).C7*'"B;>"!LM0N"
.$"OP%&"1877;,>"@Q!!0N".$"NOP!Q'"*>(.3;(*1"2>.$/"()*"8$H7.$*"R=K=".$97;(.8$"C;7C27;(8,AF"G)*"G0S+"6;$*7"
();(",*<.*B*1"()*"!%%&"+04:="6,868>;7"C8$C721*1"();(""

T45C72>.<*"89"()*"7;2$C)"<*).C7*"C8>("6,8-7*3'";$1";>>23.$/"();("()*"1,;/H9,**"(*C)$878/?".>"
6,8<*$"-?">83*"8()*,"3*;$>">2C)";>"+D#4"U;"V$.<*,>.(?H45678,*,HC7;>>"3.>>.8$"67;$$*1"(8"
6,8<.1*";$".$H97./)("(*>("89"()*"+04:="1,;/H9,**">?>(*3W'"()*"+04:="C8>(>">**3",*;>8$;-7*FX"

G)*,*";,*";"9*B"1*>./$"1*C.>.8$>"();("B*,*"3;1*"98,"()*"!%%&"0#D4E"8668,(2$.(?"();("B*"B8271"7.Y*"(8"
,*<.>.(F"G)*"C);$/*>"B*"*$<.>.8$"B8271"(?6.C;77?".$C,*;>*"()*"C8>(";-8<*"()*"6,8Z*C(*1"Q!!"N0"(8(;7"C8>(F"
R*<*,()*7*>>'"B*";,*"C8$<.$C*1"();(";"3.>>.8$";78$/"()*"7.$*>"89"()*"+04:="3.>>.8$"C;$"-*"978B$"98,";$"
8<*,;77"C8>("$*;,"M[["0N".$"OPH!Q"1877;,>'"();("()*");,1B;,*"B.77"-*",8-2>(";$1",*7.;-7*'";$1"();("()* "
3.>>.8$"B.77"-*";-7*"(8";CC8367.>)";77"89"()*"-;>.C">C.*$C*"/8;7>"89"()*"J#K="3.>>.8$F"

G)*"+04:="3.>>.8$"C8$>.>(>"89">.5".1*$(.C;7"3.C,86,8-*>".$";"\[['[[[HY3H)./)"*;,()"8,-.('"(B8"6,8-*>"
;("*;C)"<*,(*5"89";$"*I2.7;(*,;7"(,.;$/7*F"G)*>*"8,-.(>";,*">(;-7*'";778B.$/"98,"M"?*;,>"89"67;$$*1">C.*$C*"
86*,;(.8$>'";>"B*77";>"()*"68>>.-.7.(?"89";$"*5(*$1*1"3.>>.8$".9"1*>.,*1F"4;C)"6,8-*".>"6,8(*C(*1"9,83"
*5(*,$;7"1.>(2,-;$C*>"-?";"1,;/H9,**">?>(*3F"G)*"(B8"3.C,86,8-*>";("*;C)"<*,(*5"*5C);$/*"7;>*,"6);>*"
>./$;7>"(8"38$.(8,"()*.,",*7;(.<*"
68>.(.8$'";$1"*;C)"3.C,86,8-*"(,;CY>"
.(>"C82$(*,6;,(";(";"9;,"<*,(*5"B.()";"
7;>*,"6);>*"(,;CY.$/">?>(*3F"=77">.5"
3.C,86,8-*>";,*"7;2$C)*1"(8/*()*,"
8$";"6,8627>.8$"38127*"C;77*1"()*"
C;,,.*,'"(;Y.$/"M&]"1;?>"(8"1*678?"()*"
6,8-*>".$"()*.,"8$H8,-.("78C;(.8$>F"
D2,.$/"C,2.>*'"C8$(,87"89'";$1"
C8332$.C;(.8$"B.()'"()*"C;,,.*,".>"
,*12$1;$(7?";CC8367.>)*1"2>.$/"()*"
);,1B;,*";<;.7;-7*".$";$?"8$*"89"()*"
3.C,86,8-*>F"+$C*"86*,;(.8$;7'"()*"
(.$?"C);$/*>".$"()*"/*83*(,?"89"()*"
3.77.8$HY3";,3>"89"()*"(,.;$/7*'"
6,812C*1"-?"6;>>.$/"/,;<.(;(.8$;7"
B;<*>"B.77"-*"1*(*C(*1";$1"()*.,"
;>(,8$83.C;7">82,C*>"3;?"-*"
;$;7?^*1";$1"C;(;78/2*1F""

G)*";1<;$(;/*>"89"()*"+04:="3.>>.8$"C8$C*6(";>";"78BHC8>("/,;<.(;(.8$;7";>(,8$83?"3.>>.8$";,*"()*"
98778B.$/_"

O./2,*"!F"=,(.>(`>"C8$C*6(.8$"89"()*"+04:="3.>>.8$"/*83*(,?F"

!"

!"##$%&'(#)*+,-*,#

$%&'(#),-.+/+0+/1#2340,.#"$%&"'()*+,&-+.&/"'&0'121,12)"34-,&"56-"789:;"1'"/1'<=+)&/"10">1.4-&"!#"$%1'"
34-,&"?+'".&0&-+2&/"4'10."2%&"70=10&"@&0'121,12)"A4-,&":&0&-+26-BCD#"$%&"+-E=&0.2%"4'&/"?+'"2%&"
789:;"F+'&=10&"65"G"H"C"I"CJK"E&2&-'L"?%13%"1'"CMN"2%&"GO@;"F+'&=10&#"$%&"061'&*=&,&="10<42'"26"2%&"
:&0&-+26-"?&-&"'&2"+2"P@+Q

CMR"H"!"I"CJ*CN"EMP'RSTCMRQ"56-"+33&=&-+2160"061'&L"1/&0213+="26"GO@;"+33&=&-+2160"
061'&"=&,&='L"+0/"+2"P@IQ

CMR"H"N"I"CJ*CR"EMPSTCMRQ"56-"<6'12160"061'&L"?%13%"1'"60&*564-2%"2%&"GO@;"<6'12160"
061'&L"-&5=&3210."2%&"+/,+02+.&'"65"2%&"'2-60.&-"'1.0+='"/4&"26"2%&"'%6-2&-"+-E=&0.2%'#"$%&"51.4-&"1'"
6,&-=+1/"?12%"-&<-&'&02+21,&"2-+3('"65"2%&"E+U6-"'64-3&"3=+''&'"10"2%1'"F+0/#";'"E+)"F&"'&&0L"789:;"?1=="
F&"'&0'121,&"26"+=="2%&"'64-3&"3=+''&'"10"2%&"GO@;"'31&03&"<6-256=16V"E+''1,&"F=+3("%6=&"F10+-1&'L"&I2-&E&"
E+''"-+216"10'<1-+='L"4=2-+*36E<+32".+=+3213"F10+-1&'L"+'"?&=="+'"(06?0",&-1513+2160"F10+-1&'#"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
;'"3+0"F&"'&&0"10">1.4-&"!L"2%&"789:;"'&0'121,12)"?10/6?"36,&-'"-64.%=)"2%&"'+E&"F+0/"+'"GO@;L"F42"
'%152&/"26"%1.%&-"5-&W4&031&'#"$%&"789:;"10'2-4E&02+="061'&"<&-56-E+03&"+2"=6?*5-&W4&031&'"'2+0/'"
+F6,&"2%&"&I<&32&/"=&,&="65"2%&"56-&.-640/"36054'160"061'&"5-6E"2%&"40-&'6=,&/".+=+3213"F10+-1&'"?%13%"
4=21E+2&=)"=1E12"2%&"<&-56-E+03&"65"+0)"=6?*5-&W4&03)"/&2&326-"10"2%1'"F+0/#"$%4'L"789:;"/6&'"062"
/&E+0/"10'2-4E&02"<&-56-E+03&"10"+"F+0/"?%&-&"2%&"<&-56-E+03&"1'"400&3&''+-)#"$%&"/&3=10&"10"=6?"
5-&W4&03)"<&-56-E+03&"?1=="+55&32"2%&"E+''"65"E+''1,&"F=+3("%6=&"F10+-1&'"2%+2"?1=="E&-.&"10*F+0/L"
2%64.%L"+'">1.4-&"!"/&<132'L"E+0)"')'2&E'"?1=="'21=="&,6=,&"1026"2%&"<-1E+-)"789:;"/1'36,&-)"'<+3&"26"F&"
2-+3(&/"56-"2%&"510+="10'<1-+=L"E&-.&-L"+0/"-10./6?0#";2"2%&"=6?&'2"5-&W4&031&'"36,&-&/"F)"789:;L"2%&-&"
?1=="'21=="F&"'1.01513+02"E+''1,&"F=+3("%6=&"'31&03&L"+'"2%&"E&-.&-"+0/"-10./6?0"?+,&56-E'"2%&E'&=,&'"
3602-1F42&"'1.01513+02=)"26"2%&"6,&-+=="@XY"BZD#"

>1.4-&"!#"789:;['"-662"'<&32-+="+E<=124/&"'&0'121,12)"P10"4012'"65"ST*CMRQ"1'"<=622&/"+.+10'2"2%&"F+'&=10&"GO@;"
'&0'121,12)#"7,&-=+1/"60"2%&"51.4-&"+-&"&I<&32&/"'1.0+="'2-&0.2%'"56-"2%&"=6?*5-&W4&03)".-+,12+2160+="?+,&"'64-3&"
3=+''&'#"$%&"%&1.%2"+F6,&"2%&"34-,&"1'"-64.%=)"2%&"'1.0+=*26*061'&"-+216"26"F&"&I<&32&/"56-"E+23%&/"51=2&-10."10"+"
60&*)&+-"6F'&-,+2160#">6-"2%&"98YO"+0/"8\S"F10+-1&'L"2%&"'64-3&'"&,6=,&"/-+E+213+==)"/4-10."2%&"6F'&-,+2160'L"
+0/"2%&"10/13+2&/"34-,&'"-&<-&'&02"2%&"@XY"3602-1F42&/"10"&+3%"=6.+-12%E13"5-&W4&03)"102&-,+=#"BCLRL!D"



21

SUMMARY

• Gravitational wave observations can explore the whole 
Galaxy.

• Both individual sources and the unresolved foreground contain 
useful information.

•Mission de-scopes have a variety of consequences on the 
amount of science recoverable from DWD observations.



•Quadrupole Formula

• Chirp mass

• Inspiral

•Outspiral — ?

GRAVITATIONAL WAVES
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AM CVn stars 3
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Figure 1. Formation paths of AM CVn stars (see text). The known systems
(including the two candidates) are shown at their orbital period.

of the accreting white dwarf (Roelofs et al. 2004), while the continuum emission
of GP Com and CE315 is also shown to come from the white dwarf (Bildsten et
al., in prep). In these cases, however, the e! ective temperature of the accreting
white dwarf is too low to show He absorption. The low-state systems probably
have stable cool accretion discs.

1.2. Formation and evolution of AM CVn stars

For a detailed discussion of the formation of AM CVn systems I refer to Nelemans et al.
(2001a), and references therein. There are three routes for the formation of
AM CVn systems (see Fig. 1): (i) via a phase in which a double white dwarf
loses angular momentum due to gravitational wave radiation and evolves to
shorter and shorter periods to start mass transfer at periods of a few minutes
after which it evolves to longer periods with ever dropping mass-transfer rate
(e.g. Paczyński 1967). In order for the mass transfer to be stable and below
the Eddington limit, the mass of the donor must be small (e.g. Nelemans et al.
2001a). (ii) Via a phase in which a low-mass, non-degenerate helium star trans-
fers matter to a white dwarf accretor evolving through a period minimum of
about ten minutes, when the helium star becomes semi-degenerate. After this
minimum, the periods increase again with strongly decreasing mass-transfer rate
(Iben & Tutukov 1991). (iii) From cataclysmic variables with evolved secon-
daries (Podsiadlowski et al. 2003), which, after mass loss of the evolved star
has uncovered the He-rich core, evolve rather similar to the helium star tracks.
These formation paths are depicted in Fig. 1, together with the observed sys-
tems at their orbital periods. It is clear that in order to distinguish between
the di! erent evolutionary scenarios, more information than the orbital period is
needed and that for the currently observed systems all formation scenarios in
principle are viable (except for RXJ0806+15).
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Figure 2.4.: Comparison between the NGO sensitivity (red curve) and the sensitivity of present ground-based detectors such
as LIGO (blue curve). While having about the same strain sensitivity, NGO covers a much lower frequency range than
LIGO and aims for di! erent astrophysical sources. NGO is sensitive to the inspiral, merger and ringdown (IMR) of massive
black hole binaries (in red), the quasi-monochromatic signal from compact binaries (in green) and the extreme mass ratio
inspirals (EMRIs, in orange). Ground based detectors operate in the acoustic frequency range and are sensitive to the
coalescence of compact binaries (in green) and ÒburstÓ events like supernovae core collapses (in cyan). While the compact
binaries observed by NGO and ground based detectors are in principle the same systems, they are separated by millions
of years of evolution. Note that in this plot thestrain sensitivities are compared, that take into acoount the di! erences in
intergration time.

!""# ), but predictions are very uncertain at the high-redshift end, which is beyond the reach of electromagnetic
observations. NGO will lift the veil of these cosmic “dark ages”, providing a direct record of the history of
galaxy formation and central black hole growth in the observable universe.

Smaller galactic objects can also be captured (and eventually consumed) by the central black hole. Compact
objects such as degenerate dwarfs, neutron stars, and black holes sometimes will be driven by chance encounters
into a close orbit around the MBH: a dance of death that they will repeat for many revolutions until they finally
plunge into the black hole’s event horizon. The gravitational waves from these extreme mass-ratio inspirals
(EMRIs) encode a detailed map of spacetime geometry around the MBH. The history and environment of the
black hole leave no imprint on this geometry, which is a very pure and beautiful solution (the Kerr metric) of
the equations of GR. Thus, EMRI signals will test Einstein’s theory by probing the most accurately predicted
structures in all of astrophysics.

In addition to black holes, many other known systems in our universe can produce gravitational waves in
NGO’s frequency band. Soon after it is turned on, NGO will quickly detect a handful of nearby verification
binary stars, which have known periods and positions (and even assigned names), and which will appear in the
NGO data with predictable, distinctive signatures.

A large Galactic population of undiscovered degenerate-dwarf binaries will be observed all across the NGO
band; we know from electromagnetic observations that such objects exist in our vicinity, but NGO will detect
thousands of individual binaries throughout the Galaxy. At low frequencies millions more binaries from across
the Galaxy will blend together into a confusion background in the NGO data, which will nevertheless teach us
about the statistics of their population. At higher frequencies, the binaries have more powerful signals, and are
farther apart in frequency space, allowing NGO to characterise each individually. At high frequencies, NGO may
also detect the background signal from the degenerate binaries in other distant galaxies, allowing us to place
constraints on cosmic star formation rates.
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AM CVn stars are among the expected 'verification 
binaries' for a number of proposed space-based 
gravitational wave missions. I will discuss the 
expected characteristics of the detectable 
population of AM CVn stars and other white dwarf 
binary systems in relation to several proposed 
mission concepts.
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