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Abstract

This document introduces the exciting and fundamentally new science and astronomy that the European New Gravitational
Wave Observatory (NGO) mission (derived from the previous LISA proposal) will deliver. The mission (which we will
refer to by its informal name “eLLISA”) will survey for the first time the low-frequency gravitational wave band (about
0.1 mHz to 1 Hz), with sufficient sensitivity to detect interesting individual astrophysical sources out to z = 15. The
measurements described here will address the basic scientific goals that have been captured in ESA’s “New Gravitational
Wave Observatory Science Requirements Document”; they are presented here so that the wider scientific community
can have access to them. The eLISA mission will discover and study a variety of cosmic events and systems with
high sensitivity: coalescences of massive black holes binaries, brought together by galaxy mergers; mergers of earlier,
less-massive black holes during the epoch of hierarchical galaxy and black-hole growth; stellar-mass black holes and
compact stars in orbits just skimming the horizons of massive black holes in galactic nuclei of the present era; extremely
compact white dwarf binaries in our Galaxy, a rich source of information about binary evolution and about future Type
Ia supernovae; and possibly most interesting of all, the uncertain and unpredicted sources, for example relics of inflation
and of the symmetry-breaking epoch directly after the Big Bang. eLISA’s measurements will allow detailed studies of
these signals with high signal-to-noise ratio, addressing most of the key scientific questions raised by ESA’s Cosmic
Vision programme in the areas of astrophysics and cosmology. They will also provide stringent tests of general relativity
in the strong-field dynamical regime, which cannot be probed in any other way. This document not only describes the
science but also gives an overview on the mission design and orbits. LISA’s heritage in the eLISA design will be clear to
those familiar with the previous proposal, as will its incorporation of key elements of hardware from the LISA Pathfinder
mission, scheduled for launch by ESA in 2014. But eLISA is fundamentally a new mission, one that will pioneer the
completely new science of low-frequency gravitational wave astronomy.
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1 Introduction

Our view of the Universe has changed dramatically over the past century. Less than a hundred years ago our own Galaxy,
the Milky Way, was believed to be our own island-Universe. The discovery of hundreds of billion galaxies like our own,
and of billion luminous sources such as Quasi Stellar Objects (QSOs), changed our perception of the cosmic landscape.
New astronomical objects were discovered with the advent of radio and X-ray Astronomy. Relativistic binaries composed
of compact stars (such as white dwarfs or neutron stars) and stellar-mass black holes are among these sources of electro-
magnetic radiation. According to the accretion paradigm, supermassive black holes at galactic centres are the simplest
explanation for the power emitted by distant, luminous QSOs, but a conclusive test of this hypothesis is still lacking.

The remarkable discovery of the recession of galaxies and of the fossil microwave background radiation, almost
contemporary to the discovery of X-ray sources, has further led to the emergence of a cosmological paradigm, the Big
Bang, that has revolutionized our description of the Universe. We now know that our Universe had a beginning and that
its luminous components (in particular, galaxies and QSOs) evolve jointly and in concordance with the evolution of the
underlying dark matter permeating the Universe.

According to General Relativity, black holes and compact binaries are expected to be powerful sources of gravitational
waves. Rather than “seeing” electromagnetic radiation, as all of astronomy has done until present, eLISA will “hear” the
vibrations of the fabric of spacetime itself, emitted coherently by macroscopic bodies. Studying these signals will convey
rich new information about the behaviour, the structure and the history of the Universe, and it will clarify several issues
in fundamental physics.

Gravitational waves travel undisturbed through spacetime, and when observed they offer a new and uniquely powerful
way to probe the very distant Universe, from the extremely early Big Bang to the early epoch of galaxy and black hole
seed formation. This may allow us to address deep questions. What powered the Big Bang? How did galaxies and their
black holes form and evolve? What is the structure of spacetime around the massive objects we believe to be black holes?
What is the nature of the mysterious dark matter and dark energy accelerating the expansion of the Universe?

eLISA is a space-based mission designed to measure gravitational radiation over a broad band at frequencies ranging
between f ~ 0.1 mHz and f ~ 1 Hz. In this frequency band the Universe is richly populated by strong sources of
gravitational waves. For binary systems the characteristic gravitational-wave frequency f is twice the Keplerian orbital
frequency, which in turn is proportional to (M/a®)'/?, where M is the total mass of the binary and « its semi-major axis. In
the eLISA frequency band, gravitational waves are produced by close binaries of stellar-mass objects with orbital periods
of a few to several minutes. Massive black hole binaries with M ~ 10* My — 107 M, and mass ratio 0.01 < g < 1 on the
verge of coalescing have orbital frequencies sweeping to higher and higher values, until the binary separation a becomes as
small as the scale of the event horizon GM/c?. Finally, eLISA could observe binaries comprising a massive black hole and
a stellar-mass compact object (e.g., a stellar-mass black hole) skimming the horizon of the larger black hole before being
captured: these systems are commonly referred to as extreme mass ratio inspirals (EMRIs). Furthermore, a stochastic
background in the eLISA frequency band can be generated by less conventional sources, such as phase transitions in the
very early Universe and/or cosmic strings.

This note is a comprehensive survey of the eLISA science case. We consider all the relevant astrophysical and cosmo-
logical gravitational wave sources and explore eLISA detection performances in terms of sensitivity, SNR distributions,
and parameter estimation.

In Section[2]we will briefly describe the mission concept and the basic design of the instrument, introducing the eLISA
sensitivity curve that will be used throughout the study.

Our survey of the eLISA science case will start in Section[3]by exploring the nearest observable sources of gravitational
waves, i.e. compact stellar-mass binaries in the Milky Way. eLISA will study the gravitational wave signals from
thousands of stellar-mass close binaries in the Galaxy and will give information on the extreme endpoints of stellar
evolution. eLISA will provide distances and detailed orbital and mass parameters for hundreds of these binaries. This
is a rich trove of information for mapping and reconstructing the history of stars in the Galaxy, and it can reveal details
of the tidal and non-gravitational influences on the binary evolution associated with the internal physics of the compact
remnants themselves.

Then we will summarize the science objectives that are relevant for the astrophysics of black holes (Section[d)). Current
electromagnetic observations are probing only the tip of the black hole mass distribution in the Universe, targeting black
holes with large masses, between 10’ Mg and 10° M. Conversely, eLISA will be able to detect the gravitational waves
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emitted by black hole binaries with total mass (in the source rest frame) as small as 10* M, and up to 10’ My, out to a
redshift as large as z ~ 20. eLISA will detect fiducial sources out to redshift z ~ 10, and so it will explore almost all the
mass-redshift parameter space relevant for addressing scientific questions on the evolution of the black hole population.
Redshifted masses will be measured to an unprecedented accuracy, up to the 0.1 — 1 % level, whereas absolute errors in the
spin determination are expected to be in the range 0.01 to 0.1, allowing us to reconstruct the cosmic evolution of massive
black holes. Black holes are expected to transit into the mass interval to which eLISA is sensitive along the course of their
cosmic evolution. Thus, eLISA will map and mark the loci where galaxies form and cluster, using black holes as clean
tracers of their assembly.

eLISA will also bring a new revolutionary perspective to the study of galactic nuclei, as shown in Section[5] Orbits
of stellar objects captured by the massive black hole at the galactic centre evolve by gravitational radiation. By capturing
their signal, eLISA will offer the deepest view of nearby galactic nuclei, exploring regions that are invisible to electro-
magnetic techniques. eLISA will probe the dynamics of compact objects in the space-time of a Kerr black hole, providing
information on the space density of those objects.

In Section [6] we address key questions concerning the nature of spacetime and gravity. GR has been extensively
tested in the weak field regime, both in the solar system and via binary pulsar observations. eLISA will provide a unique
opportunity to probe GR in the strong field limit. eLISA will observe the coalescence of massive black hole binaries
moving at speeds close to the speed of light, and enable us to test the dynamics of curved spacetime when gravitational
fields are strong. By observing a large number of orbital cycles during the last few years of the inspiral of a stellar mass
object into a massive black hole, eLISA will allow us to measure precisely the parameters of the central object (including
its quadrupole moment) in the near Universe. Any deviations in the orbital motion from GR predictions will leave an
imprint in the gravitational wave phase. Thus, measurements of the mass, spin and quadrupole moment of the central
object will allow us to check the Kerr nature of the central massive object, and to test for the first time the black hole
hypothesis.

Lastly, as we describe in Section[7] eLISA will probe new physics and cosmology with gravitational waves, and search
for unforeseen sources of gravitational waves. The eLISA frequency band in the relativistic early Universe corresponds
to horizon scales where phase transitions or extra dimensions may have caused catastrophic, explosive bubble growth
and efficient gravitational wave production. eLISA will be capable of detecting a stochastic background from such events
from about 100 GeV to about 1000 TeV, if gravitational waves in the eLISA band were produced with sufficient efficiency.

In closing the note, we will present a summary of the science objectives of the eLISA mission. We summarize the
key theoretical and observational goals of the eLISA science case in Section[§] There, in a schematic bullet-point form,
we enumerate the scientific goals related to each class of gravitational wave sources and the observational performance
of eLISA in achieving such goals. This could serve as a compact summary of eLISA science, as well as a reference point
for other space-based gravitational wave detector proposals.

2 Description of the mission

eLISA is a European-led variant of LISA that can be launched before 2022 . The basic principle of gravitational wave de-
tection for eLISA is the same as for LISA: it is a laser interferometer designed to detect the passage of a gravitational wave
by measuring the time-varying changes of optical pathlength between free-falling masses. Many design and technological
developments were migrated from LISA, however there are some substantial differences.

The two measurement arms are defined by three spacecraft orbiting the Sun in a triangular configuration (see figure/[I)).
A key feature of the eLISA concept is a set of three orbits that maintain a near-equilateral triangular formation with an
armlength L = 10°m, without the need for station-keeping. Depending on the initial 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 about 70 x 10° m,
the outer limit for communication purposes. A very attractive feature of the eLISA orbits is the almost constant sun-angle
of 30 degrees with respect to the normal to the top of the spacecraft, thereby resulting in an extremely stable thermal
environment, minimizing the thermal disturbances on the spacecraft.

One of the three spacecraft serves as the “central hub” and defines the apex of a “V”. Two other, simpler spacecraft
are positioned at the ends of the V-shaped constellation. The central spacecraft houses two free-falling “test masses” that
define the endpoint of the two interferometer arms. The other spacecraft contain one test mass each, defining two more
endpoints (see figure 2). Each spacecraft accommodates the interferometry equipment for measuring changes in the arm
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Earth 1 x 10° m

Figure 1: The eLISA orbits: The constellation is shown trailing the Earth by about 20 degrees (or 5 x 10'°km) and is
inclined by 60 degrees with respect to the ecliptic. The trailing angle will vary over the course of the mission duration
from 10 degrees to 25 degrees. The separation between the spacecraftis L = 1 x 10° m.

length. For practical reasons, this measurement is broken up into three distinct parts (see figure [3): the measurement
between the spacecrafts, i.e. between the optical benches that are fixed to each spacecraft, and the measurement between
each of the test masses and its respective optical bench. Those measurements are recombined in a way that allows us to
reconstruct the distance between the test masses which is insensitive to the noise in the position of the spacecraft with
respect to the test masses.

A second key feature of the eLISA concept is that the test masses are protected from disturbances as much as possible
by a careful design and the "drag-free" operation. To establish the drag-free operation, a housing around the test mass
senses the relative position of test mass and spacecraft, and a control system commands the spacecraft thrusters to follow
the free-falling mass. Drag-free operation reduces the time-varying disturbances to the test masses caused by force
gradients arising in a spacecraft that is moving with respect to the test masses. The requirements on the power spectral
density of the residual acceleration of the test mass is

10~*H
Sx,acc(f) =2.13x 10729 (1 + %)mz 574 HZ—I O
or
10~4Hz\ H
Sxace(f) = 1.37 X 1032(1 " %) ffmz oy o

where f is the frequency.

The third key feature, the distance measuring system, is a continuous interferometric laser ranging scheme, similar to
that used for radar-tracking of spacecraft. The direct reflection of laser light, such as in a normal Michelson interferometer,
is not feasible due to the large distance between the spacecrafts. Therefore, lasers at the ends of each arm operate in a
"transponder” mode. A laser beam is sent out from the central spacecraft to an end spacecraft. The laser in the end
spacecraft is then phase-locked to the incoming beam thus returning a high-power phase replica. The returned beam is
received by the central spacecraft and its phase is in turn compared to the phase of the local laser. A similar scheme
is employed for the second arm. In addition, the phases of the two lasers serving the two arms are compared within the
central spacecraft. The combined set of phase measurements together with some auxiliary modulation allows to determine
the relative optical path changes with simultaneous suppression of the laser frequency noise and clock noise below the
secondary (acceleration and displacement) noise. The displacement noise has two components: the shot noise, with a
required power spectral density
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local laser comparison

PLL

end spacecraft 1

~

science measurement

Laser

Test masses

corner spacecraft end spacecraft 2

Figure 2: The constellation of the three eLISA spacecraft constitutes the science instrument. The central spacecraft
harbors two send/receive laser ranging terminals, while the end spacecraft has one each. The laser in the end spacecraft
is phase-locked to the incoming laser light. The blue dots indicate where interferometric measurements are taken. The
sketch leaves out the test mass interferometers for clarity.

Measurement S/C to test mass Measurement S/C to test mass

—> «~— —> «~—
| | | |
| | | |

S/C to S/C measurement

Figure 3: Partition of the eLISA measurement. Each measurement between two test masses is broken up into three
different measurements: two between the respective test mass and the spacecraft and one between the two spacecraft
(S/C). As the noise in the measurement is dominated by the shot noise in the S/C-S/C measurement, the noise penalty for
the partitioning of the measurement is negligible. The blue (solid) dots indicate where the interferometric measurements

are taken.
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Figure 4: Sensitivity of eLISA (averaged over all sky locations and polarisations) versus frequency: the solid red curve
is obtained numerically using the simulator LISACode 2.0 (Petiteau et al.,2008)) and the dashed blue curve is the analytic
approximation based on equation[5] For a reference, we also depict the sensitivity curve of LISA (dotted, green curve).

Sxsn(f) =525%107" m*Hz™! 3)

and the other (combined) measurement noise with a required power spectral density

Sxomn(f) = 6.28 x 107 m* Hz™". 4)

According to the requirements, eLISA achieves the strain noise amplitude spectral density (often called sensitivity)
showed in ﬁgurewhich can be analytically approximate as h(f) = 2 0L(f)/L = /S (f), where :

®)

2
20 4 Sxacc(f) + Sxsn(f) + S xomn(f) S
S - == 1

=3 L2 [ +[0.41(ﬁ)]]

This allows to detect a strain of about 3.7 X 102* in a 2-year measurement with an SNR of 1 (displacement sensitivity
of 11 x 107'2m/ VHz over a path length of 1 x 10°m). The feasible reduction of disturbances on test masses and the
displacement sensitivities achievable by the laser ranging system yield a useful measurement frequency bandwidth from
3 x 1075 Hz to 1 Hz (the requirement is 10~* Hz to 1 Hz; the goal is 3 X 10> Hz to 1 Hz).

3 Ultra-Compact Binaries

1 Overview

The most numerous sources in the low-frequency gravitational wave band are ultra-compact binary stars: double stars

in which two compact objects, such as white dwarfs and neon stars, orbit each other with short periods. They have
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Figure 5: Artist impression of a detached double white dwarf binary (left) and an interacting binary in which a neutron
star accretes material from a white dwarf donor. The Earth is shown to set the scale. Courtesy BinSim by Rob Hynes.

relatively weak gravitational wave signals in comparison to massive black hole binaries, but are numerous in the Galaxy
and even the Solar neighbourhood.

Several thousand systems are expected to be detected individually, with their parameters determined to high precision,
while the combined signals of the millions of compact binaries in the eLISA band will form a foreground signal. This
is in contrast to less than 50 ultra-compact binaries known today. The number of detections will allow for detailed study
of the entire WD binary population. In particular, the most numerous sources are double white dwarfs, which are one of
the candidate progenitors of type Ia supernovae and related peculiar supernovae. eLISA will determine the merger rate
of these binaries. The detailed knowledge of the ultra-compact binary population also constrains the formation of these
binaries and thus many preceding phases in binary evolution. This has a strong bearing on our understanding of many
high-energy phenomena in the Universe, such as supernova explosions, gamma-ray bursts and X-ray sources, as they
share parts of the evolution history of the binaries detectable by eLISA.

As many of the Galactic sources are rather close (within a few kpc), they will be detectable at high SNR (often larger
than 50), allowing detailed studies of individual binaries. For many hundreds, the frequency and phase evolution can be
studied, enabling the study of the physics of tides and mass transfer in unprecedented detail. The extreme conditions of
short orbital periods, strong gravitational fields and high mass-transfer rates are unique in astrophysics.

The information provided by eLISA will be different from what can be deduced by electromagnetic observations.
In particular, eLISA’s capability to determine distances and inclinations, as well as the fact that the gravitational wave
signals are unaffected by interstellar dust, provide significant advantages over other detection techniques. Compared
to Gaia, eLISA will observe a quite different population. Gravitational wave observations allow us to determine the
distances to binaries that are right in the Galactic centre rather than to those close to the Sun. The distance determinations
will make it possible to map the distribution of many compact binaries in the Galaxy, providing a new method to study
Galactic structure. The inclination determinations allow the study of binary formation by comparing the average angular
momentum of the binaries to that of the Galaxy. Electromagnetic observations and gravitational wave observations are
complementary to one another; dedicated complementary observing programs as well as public data releases will allow
simultaneous and follow-up electromagnetic observations of binaries identified by eLISA.

A number of guaranteed detectable sources are known to date from electromagnetic observations. Some of these can
be used to verify instrument performance by looking for a gravitational signal at twice the orbital period and comparing the
signal with expectations. In addition, once eLLISA has detected several nearby binaries and determined their sky position
they can be observed optically, thus providing an additional quantitative check on instrument sensitivity.
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2 Instrument verification

There are currently about 50 know ultra-compact binaries. They come in two flavours: systems in which the two stars are
well apart, called detached binaries, and systems in which the two stars are so close together that mass is flowing from
one star to the other, called interacting binaries (see figure [5).

A subset of the known ultra-compact binaries have been recognised as instrument verification sources, as they should
be detected in a few weeks to months and thus can be used to verify the performance of the instrument (Stroeer and
Vecchio, 2006). The most promising verification binaries, shown as green squares in figure[6] are the shortest-period in-
teracting binaries HM Cnc (RX J0806.3+1527), V407 Vul, ES Cet and the recently discovered 12 minute period detached
system SDSS J0651+28 (Brown et al.,|2011)), whose lightcurve is shown in ﬁgure@ For a decade it has remained unclear
if the measured periods of HM Cnc and V407 Vul were actually orbital periods, but recent results from the Keck telescope
on HM Cnc (Roelofs et al.l 2010) show conclusively that this system has an orbital period of 5.4 minutes. As V407 Vul
has almost identical properties, this implies that this also really is a binary with an orbital period of 9.5 minutes. As the
signal from the verification binaries is essentially monochromatic with a well known frequency within the eLISA mission
time, astrophysical effects such as those discussed in section [ will not hamper their detection. As more and more wide
field and synoptical surveys are completed, the number of ultra-compact binaries is gradually increasing and is expected
to continue to do so in the future. Already several new binaries have been found in the SDSS and the PTF (Levitan et al.,
2011}, |Rau et al.,|2010) while surveys such as Pan-Starrs, the EGAPS and in the future LSST will also find new systems.
However, most of the systems found so far have relatively long orbital periods (longer than about 30 minutes). Two pilot
surveys in principle capable of finding ultra-compact binaries with periods less than 30 minutes are underway or will start
soon: the RATS (Barclay et al.,[2011)) and the OmegaWhite survey.

Interacting ultra-compact binaries with neutron star accretors are strong X-ray sources and new discoveries are ex-
pected, both through the continued monitoring of the sky to search for X-ray transients with RXTE, MAXI and other
satellites, as well as through dedicated X-ray and optical surveys of the Galactic bulge that are currently happening
(Jonker et al., [2011)). With these developments we expect that several tens of verification sources should be available for
eLISA, allowing detailed tests of the performance of the instrument.

3 eLISA as a workhorse: thousands of new binaries

Ultra-compact binaries will completely dominate the number of source detections by eLISA. Current estimates suggest
the numbers of resolved compact binaries that will be detected by eLISA to be in the thousands (Webbinkl [2010). We
provide a visual impression in figure [6| by showing the 100 (red dots) and 1000 (black dots) strongest binaries from a
MonteCarlo realization of the galaxy compact white dwarf binary population. The shortest period systems will be the
most numerous, the majority having periods between 5 and 10 minutes. eLISA will revolutionise our knowledge of such
a population, especially given that only two of the known fifty sources have periods less than ten minutes. As these
systems are relatively short lived and faint, there is no hope to detect them in significant numbers by any other means
than via gravitational radiation, as there are only several thousand expected to exist in the whole Galaxy. Their detection
will allow us to test different models for the common-envelope phase, a significant uncertainty in our understanding of
binary evolution and many high-energy phenomena. The internal statistical accuracy delivered by the sheer number of
detected sources will ensure that the common-envelope phase will be put to the most critical test expected in the midterm
future. The same population can be used to constrain models for type la supernovae and peculiar supernovae, as well as
the formation of ultra-compact binaries in globular clusters.

The outcome of the common envelope phase

Only a minority of the stars in the Universe are single, leaving the majority to be part of a binary, a triple or a higher-
order system. On the order of half of the binaries formed with sufficiently small orbital separation, so that the stars will
interact during the evolution of the components into giants or super giants. Especially for low-mass stars, the majority of
interactions are unstable and will lead to runaway mass transfer. Based on the observed short orbital periods of binaries that
have passed this stage it is argued that somehow the companion of the giant ends up inside the giant’s outer layers. During
that common envelope phase, (dynamical) friction reduces the velocity of the companion, leading to orbital shrinkage
and transfer of angular momentum from the orbit into the envelope of the giant. Along with angular momentum, orbital
energy is deposited in the envelope, whose matter is then unbound from the giant’s core, leading to a very compact binary
consisting of the core of the giant and the original compalnlior} czynski, 1976).
o
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Figure 6: Strain amplitude spectral density versus frequency for the verification binaries and the brightest bina-
ries,expected from a simulated Galactic population of ultra-compact binaries. The solid line shows the sensitivity of
eLISA. Verification binaries are indicated as green squares with their names indicated, blue squares are other known bina-
ries. Strongest 100 simulated binaries are shown in red, strongest 1000 as black dots. The integration time for the binaries
is two years. Based on|Brown et al.|(2011), Roelofs et al.| (2006} 2010) for the known binaries and Nelemans et al.| (2004))
for the simulation.
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Virtually all compact binaries and most of the systems giving rise to high-energy phenomena (such as X-ray binaries,
relativistic binary pulsars and possibly gamma-ray bursts) have experienced at least one common-envelope phase. Given
the importance of this phase in high-energy astrophysics, our understanding of the physics and our ability to predict
the outcome of the common-envelope phase are poor. Theoretical progress to understand the phase from first physical
principles is slow (e.g. Taam and Ricker} 2010, Taam and Sandquist, 2000) and the standard formalism described above has
been challenged by observational tests (De Marco et al., 2011, Nelemans and Tout, 2005). Comparison of the parameters
of the thousands of binaries detected by eLISA with model predictions will provide a direct test of the different proposed
outcomes of the common-envelope phase and our understanding of the preceding binary evolution in general.

3.1 Type Ia supernovae and sub-luminous supernovae

Type Ia supernovae have been the heralds of a new paradigm in Cosmology: cosmic acceleration (Perlmutter and Riess|
1999, Riess et al., |1998) for which the 2011 Nobel Prize in Physics was awarded. However, there are different scenarios
proposed for the progenitors of SN Ia. One is the merger of two (carbon-oxygen) white dwarfs that are brought together via
gravitational wave radiation (Pakmor et al.l | 2010) which is exactly the population eLISA will be probing. By determining
the number of systems in the Galaxy and their period distribution, the rate at which they will merge will be measured. By
comparing that to the inferred SNIa rate for an Sbc galaxy, the viability of this progenitor scenario will be determined. The
significant efforts in the past decade to find more supernovae and the advent of wide field optical surveys have revealed a
host of new types of supernovae (Kasliwal et al., 2010} [Perets et al., 2011, 2010} |Sullivan et al.,[2011)). Some of these have
been suggested to originate in the interaction between two white dwarfs at very short periods, again exactly the population
to which eLISA is sensitive (Perets et al., 2010, [Waldman et al.,[2011]).

Formation of ultra-compact binaries in globular clusters

Globular clusters have a strong overabundance of bright X-ray sources per unit mass compared to the field, probably
due to dynamical interactions. Many of these have turned out to be so-called ultra-compact X-ray binaries, in which a
neutron star accreted material from a white dwarf companion is a very compact orbit, exactly the type of sources that
eLISA may see. However, it is not clear if the same enhancement will operate for the much more numerous white dwarf
binaries. The angular resolution that can be achieved with eLISA is such that globular clusters can be resolved, so that
the cluster sources can be distinguished from the Galactic disc sources. This enables eLISA to determine the number of
ultra-compact binaries in globular clusters and thus to provide a direct test of the overabundance of white dwarfs binaries
in globular clusters. That in turn can be used to test models for dynamical interactions in clusters.

The foreground of Galactic gravitational waves

At frequencies below a few mHz the number of sources in the Galaxy is so large (6 x 107 to 8 x 107, see e.g. Ruiter et al.,
2010, [Yu and Jeffery} 2010) that only a small percentage, the brightest sources, will be individually detected. The vast
majority will form an unresolved foreground signal in the detector, which is quite different from and much stronger than
any diffuse extragalactic background (Farmer and Phinneyl [2003).

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 eLISA.

Due to the concentration of sources in the Galactic centre and the inhomogeneity of the eLISA antenna pattern, the
foreground is strongly modulated over the course of a year (see figure[7)), with time periods in which the foreground is
more than a factor two lower than during other periods (Edlund et al.| [2005)). The characteristics of the modulation can
be used to learn about the distribution of the sources in the Galaxy, as the different Galactic components (thin disk, thick
disk, halo) contribute differently to the modulation and their respective amplitude can be used, for example, to set upper
limits on the halo population (e.g. [Ruiter et al., 2009).
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Figure 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 is clearly seen. Based on the
(2009) Galactic model.

4 Studying the astrophysics of compact binaries using eLISA

Although the effect of gravitational radiation on the orbit will dominate the evolution of the binaries detected by eLISA,
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 binaries will be easily detected,
these interactions do not hamper their discovery, but instead will allow tests of the physics underlying these deviations.
By providing a completely complementary approach, gravitational wave measurements are optimal to the study of short
period systems, in contrast to the current bias towards bright electromagnetic systems and events.

Physics of tidal interaction

eLISA measurements of individual short-period binaries will give a wealth of information on the physics of tides and the
stability of the mass transfer. For detached systems with little or no interaction, the frequency evolution is well understood
as that of two point masses. The strain amplitude A, the frequency f and its derivatives then are connected by

h o« M5/3f2/3D—1 , (6)
fOCMS/3f]l/3, (7)
iy

f=3 I @®)

where M = (mymy)* | (my + my)'? is the chirp mass, mj, m; are the masses of the binary constituents and D is the
distance. Thus the measurement of &, f, f provides chirp mass and distance; the additional measurement of f gives a
direct test of the dominance of gravitational wave radiation in the frequency evolution. Tidal interaction between white
dwarfs in detached systems before the onset of mass transfer will give rise to distinct deviations of the frequency evolution
as compared to systems with no or little tidal interaction. The strength of the tidal interaction is virtually unknown, with
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Figure 8: Lightcurve of SDSS J0651+28, folded on the 12 minute orbital period. Except for the two eclipses at phase
¢ = 0 and ¢ = 0.5, the sinusoidal variation due to the tidal distortion of the primary white dwarf. From [Brown et al.
(2011)

estimates ranging over many orders of magnitude (Marsh et al., [2004), although the high temperature of the white dwarf
in the recently discovered 12 min double white dwarf may suggest efficient tidal heating (Piro, |2011). Knowledge of the
strength of the tides is not only important for understanding the physics of tides in general and of white dwarf interiors,
it also has important consequences for the tidal heating (and possibly optical observability) of eLISA sources and for the
stability of mass transfer between white dwarfs (Fuller and Lai, 2011, Marsh, 2011} [Racine et al., 2007, /Willems et al.,
2010).

In globular clusters, dynamical interactions may produce eccentric double white dwarf systems, which can be used to
constrain white dwarf properties and masses (Valsecchi et al., 201 1)).

Physics of mass-transfer stability

Detached ultra-compact binaries will evolve to shorter and shorter periods due to the angular momentum loss through
gravitational wave radiation. At sufficiently short orbital periods (a few minutes) one of the stars becomes larger than its
Roche lobe — the equipotential surface that crosses the minimum of the potential between the two stars — and material
leaks out of the potential well of one star upon the other star. Depending on the difference between the change of the
radius of this star and the Roche lobe upon mass transfer, there may be positive or negative feedback, leading to either
limited, stable mass transfer, or a runaway mass-transfer instability.

For double white dwarfs and white dwarf-neutron star binaries the stability of the ensuing mass transfer has important
consequences, for the number of detectable sources, as well as for a number of open astrophysical questions. The stable
systems will form interacting binaries, AM CVn systems or ultra-compact X-ray binaries, that can be detected through
their gravitational wave emissions. eLISA will detect a number of detached double white dwarfs and AM CVn systems
that are so close to the onset of mass transfer that the stability of the mass transfer can be tested directly by comparing their
numbers. In addition, eLISA will detect several ultra-compact X-ray binaries at the very early stages of mass transfer,
providing a test of the mass transfer stability in these systems as well (Marsh, 2011).

For AM CVn systems, a major uncertainty in the mass-transfer stability is again the tidal interaction between the two
white dwarfs. Most likely the mass transfer will proceed via the direct impact configuration: due to the proximity of the
two stars, the mass transfer stream lands directly on the surface of the accreting white dwarf, rather than wrapping around

the accreting stars and interacting with itself to form a 111g1t z%tion disk in the plane of the orbit (Marsh and Steeghs|
0
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2002, [Webbinkl, [1984). The stability of the mass transfer depends critically on the tidal interaction between the two white
dwarfs (Marsh et al., 2004): In the absence of any tidal interaction, there will be additional angular momentum loss from
the orbit due to the transfer of angular momentum from the orbit to the accreting star which will consequently spin up.
This is different from cases where the accretion is via a disc for which most of the angular momentum generally is stored
in the disc and eventually via very efficient tidal interaction put back into the orbit. Efficient tidal coupling between the
accreting star and the companion has the ability to return the angular momentum back to the orbit (see |D’Souza et al.,
2006, |[Racine et al., 2007), thus reducing the magnitude of the spin-up. The difference between efficient and inefficient
tidal coupling is rather dramatic: the fraction of double white dwarfs estimated to survive the onset of mass transfer can
drop from about 20 % to 0.2 % (Nelemans et al.,2001)) depending on assumptions about the tidal coupling. This difference
is easily measurable with eLISA. Short-term variations in the secular evolution of the systems experiencing mass transfer
will change the frequency evolution, but are likely to be rare and will not prevent the detection of these systems (Stroeer
and Nelemans), [2009)).

For ultra-compact X-ray binaries (see e.g. figure[J), the stability issue is completely different. At the onset, the mass
transfer is orders of magnitude above the Eddington limit for a neutron star (the mass transfer rate at which the potential
energy liberated in the accretion can couple to the infalling gas to blow it away). For normal stars and white dwarfs, this
would likely lead to a complete merger of the system, but the enormous amount of energy liberated when matter is falling
into the very deep potential well of a neutron star allows matter to be dumped on it at rates up to a thousand times the
Eddington limit if the white dwarf has a low mass (see|Yungelson et al.,2002)). This allows the formation of ultra-compact
X-ray binaries from white dwarf-neutron star pairs. eLISA will unambiguously test this prediction by detecting several
tens of ultra-compact X-ray binaries with periods between 5 and 20 minutes.

Double white dwarf mergers

The 80% to 99.8% of the double white dwarfs that experience run-away mass transfer and merger give rise to quite
spectacular phenomena. Mergers of double white dwarfs have been proposed as progenitors of single subdwarf O and
B stars, R Corona Borealis stars and maybe all massive white dwarfs (e.g. 'Webbink, [1984). In addition, the merger
of a sufficiently massive double white dwarf can be a trigger for type Ia supernova events (see [Pakmor et al.l 2010).
Alternatively, if the merger does not lead to an explosion, a (rapidly spinning) neutron star will be formed. This is one
possible way to form isolated millisecond radio pulsars as well as magnetars, which have been proposed as sites for short
gamma-ray bursts (e.g.|Levan et al., 2006).

Although it is not expected that eLISA will witness the actual merger of a double white dwarf as the event rate in our
Galaxy is too low, it will certainly detect the shortest-period binaries known, expected at a period of about two minutes,
and give an extremely good estimate of their merger rate. In addition, if the actual merger takes many orbits as recently
found in simulations (Dan et al., 2011)), eLISA may observe them directly.

By measuring (chirp) masses and coalescence times, eLISA will directly determine the merger rate for double white
dwarfs with different masses, which can then be compared with the rates and population of their possible descendants
determined by other means (Stroeer et al., [2011).

Neutron star and black hole binaries

The current observational and theoretical estimates of the formation rate of neutron star binaries are highly uncertain and
predict several tens of neutron star binaries to be detected by eLISA (e.g.|Belczynski et al., 2010} Nelemans et al., 2001).
The number of ultra-compact stellar-mass black hole binaries in the Galaxy is even more uncertain (e.g. Belczynski et al.|
2002)); furthermore, these binaries are likely to be detectable only through their gravitational wave emission as they are
electromagnetically quiet.

eLISA will thus constrain the formation rate estimates and the numbers of neutron star binaries and ultra-compact
stellar mass black hole binaries. As these systems can be seen throughout the Galaxy, the samples for all these populations
will be complete at the shortest periods. Thus the sample will be independent of selection effects, such as those present
in radio pulsar surveys and X-ray surveys, that pick up only transient X-ray sources. In addition, by the time eLLISA will
fly, Advanced LIGO and Virgo will likely have detected a number of double neutron star mergers from far away galaxies,
so these measurements together will test our ability to extrapolate our population models from our own galaxy to the rest
of the Universe.
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Figure 9: Imprint of the 40 min orbital period on the arrival times of the X-ray pulsations in the ultra-compact X-ray
binary XTE J0929-314. From|Galloway et al.| (2002).
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A special situation might arise for the case of millisecond X-ray pulsars, in ultra-compact X-ray binaries. In the
last decade, observations of X-ray pulsations from many ultra-compact X-ray binaries have enabled astrophysicists to
determine the rotation rate of the neutron star in the binary using the NASA mission RXTE (Wijnands| [2010). As had
been expected on theoretical grounds, neutron stars are spinning rapidly (several hundred times per second) due to the
angular momentum gained from infalling matter. The measurements give credence to the idea that these rapidly spinning
neutron stars observed as millisecond radio pulsars are descendants of accreting neutron stars in binary systems (e.g.
Bhattacharya and van den Heuvel, [1991). However, the exact role of ultra-compact binaries in the formation of these
pulsars has yet to be established. The distribution of spin periods discovered in X-ray binaries suggests additional neutron
star angular momentum loss on top of the plasma physics interaction between the accretion and magnetic field of the
spinning neutron stars (Chakrabarty et al.l 2003)) which could be due to strong gravitational wave emission (Bildsten
(1998)); but see |[Watts et al.|(2008) and Patruno et al.|(2011)). In that case, ultra-compact X-ray binaries might be the only
sources that could be studied simultaneously with eLISA and ground based detectors, with eLISA detecting the orbital
period and the ground based detector detecting the neutron star spin period.

5 Studies of galactic structure with eLISA

One of the major capabilities of eLISA is that it will determine distances for hundreds of compact binaries by measuring
their f (see equation . The ability of eLISA to determine distances depends on the mission lifetime, as larger life times
lead to more accurate f measurements. The directional dependence of the Galactic foreground as well as the directional
accuracy for the resolved systems allow a statistical assessment of the contributions of the different Galactic components,
such as the Galactic bulge (with its bar), the thin and thick disc and the Galactic halo (for a realistic MW model, see in

figure[T0).

The Galactic center is one of the most interesting areas of the Galaxy, with a central massive black hole surrounded by
a dense assembly of stars with intriguing properties. Dynamical effects, in particular mass segregation, will lead to many
interactions close to the central black hole so that wide binaries will become tighter or will be disrupted (for a review see
Alexander], [2005). This likely leads to an increase in the number of ultra-compact binaries as well as the possibility of
EMRISs (see[2). eLISA will put much more stringent constraints on these populations than current observations (see e.g.
Roelofs et al., 2007)), which are limited by the electromagnetic faintness of the sources, or theoretical predictions, which
are limited by our current understanding of the processes leading to compact binary formation. Distance determinations
to the many ultra-compact binaries around the Galactic centre will allow for an independent distance determination.

The level and shape of the double white dwarf foreground as well as the distribution of resolved sources will provide
information on the scale height of the ultra-compact binary population (Benacquista and Holley-Bockelmann, [2006) in
the disc of the Galaxy.

The distribution of sources in the Galactic halo will be significantly different from the other Galactic components. In
principle the halo population is expected to be much smaller than the rest of the Galaxy (Ruiter et al., 2009, Yu and Jeffery,
2010), but it might be enhanced as the formation and evolution of binaries in the halo may have been quite different. Such
old and metal-poor population can be studied locally only in globular clusters, where the formation and evolution of
binaries is generally completely altered by dynamical effects. Two of the known AMCVn systems may belong to the halo.
They have very low metal abundances and have anomalous velocities. If true this implies that a large number of AMCVn
stars are in the halo, maybe as many as in the rest of the Galaxy.

The eLISA directional sensitivity will immediately pick up any strong halo population if it exists.

Finally, for many of the resolved sources the eLISA measurements will also provide an accurate estimate of their
orbital inclination. For the first time, this will give hints on the dynamics of the formation of binaries from interstellar
clouds, because the angular momentum vectors of the binaries is related (in a statistical way) to the overall angular
momentum of the Galaxy.
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Figure 10: Spitzer GLIMPSE model of the Milky Way, showing bulge, bar and spiral arms. The resolved binaries are
expected to trace the old stellar populations of the Milky Way. Courtesy NASA/JPL-Caltech/R. Hurt (SSC/Caltech)
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4 Astrophysical Black Holes

1 Overview

Astrophysical black holes appear to come in nature into two flavours: the “stellar mass” black holes of 3 M, to approx-
imately 100 M, resulting from the core collapse of very massive stars, and the “supermassive” black holes of 10° My —
10° M, that, according to the accretion paradigm, power the luminous QSO. The former light up the X-ray sky, albeit
only in our neighbourhood, as stellar mass black holes fade below detection limits outside our local group. The latter
are detected as active nuclei, over the whole cosmic time accessible to our current telescopes. Electromagnetic evidence
of black holes in the mass range 10> My— 10° My, is less common, due to the intrinsic difficulty of detecting such faint
sources in external galaxies. However, it is in this mass interval, elusive to electromagnetic observations, that the history
of supermassive black hole growth is imprinted.

Supermassive black holes inhabit bright galaxies, and are ubiquitous in our low-redshift Universe. The discovery of
close correlations between the mass of the supermassive black hole with key properties of the host has led to the notion that
black holes form and evolve in symbiosis with their galaxy host. In agreement with the current paradigm of hierarchical
formation of galactic structures and with limits imposed by the cosmic X-ray background light, astrophysical black holes
are believed to emerge from a population of seed black holes with masses in the range 100 My, — 10° M, customarily
called intermediate mass black holes. The mass and spin of these black holes change sizably in these interactions as
they evolve over cosmic time through intermittent phases of copious accretion and merging with other black holes in
galactic halos. In a galactic merger, the black holes that inhabit the two colliding galaxies spiral in under the action
of dynamical friction, and pair on sub-galactic scales forming a Keplerian binary: binary black holes thus appear as the
inescapable outcome of galaxy assembly. When two massive black holes coalesce, they become one of the loudest sources
of gravitational waves in the Universe.

eLISA is expected to target coalescing binaries of 103 Mg — 107 M, during the epoch of widespread cosmic star
formation and up to z ~ 20, and to capture the signal of a coalescing binary of 10* My — 10° M, beyond the era of
the earliest known QSO (z ~ 7). Gravitational waveforms carry information on the spins of the black holes that eLISA
will measure with exquisite precision, providing a diagnostic of the mechanism of black hole growth. The detection of
coalescing black holes not only will shed light into the phases of black hole growth and QSO evolution, but will pierce
deep into the hierarchical process of galaxy formation.

2 Black holes in the realm of the observations
Dormant and active supermassive black holes

QSOs are active nuclei so luminous that they often outshine their galaxy host. They are sources of electromagnetic energy,
with radiation emitted across the spectrum, almost equally, from X-rays to the far-infrared, and in a fraction of cases, from
y—rays to radio waves. Their variability on short timescales revealed that the emitting region is compact, only a few light
hours across.

There is now scientific consensus that the electromagnetic power from QSO and from the less luminous AGN results
from accretion onto a supermassive black hole of 10° M, — 10° M, (Krolik,|1999, Salpeter,|1964, Zel’dovich and Novikov,
1964). Escaping energy in the form of radiation, high velocity plasma outflows, and ultra relativistic jets can be generated
with high efficiency (¢ ~ 10 %, higher than nuclear reactions) just outside the event horizon, through viscous stresses on
parcels of gas orbiting in the gravitational potential of the black hole. The accretion paradigm has thus been, and still is,
at the heart of the hypothesis of black holes as being “real” sources in our cosmic landscape. eLLISA will offer the new
perspective of revealing these black holes as powerful sources of gravitational waves, probing the smallest volumes of the
large scale Universe.

Massive black holes are tiny objects compared to their host galaxies. The event horizon of a Kerr black hole of mass
M, scales as Rnorizon ~ GM./c?, and it is far smaller than the optical radius of the galaxy host: Rhorizon ~ 107! Rgy. The
distance out to which a black affects the kinematic of stars and gas (the gravitational influence radius), Rgray ~ GM,/ o2,
is also small compared to the optical radius of the host, Rgay ~ 1074 Rgar (where o is the velocity dispersion of the stars
of the galactic bulge).

For a long time, QSO and more generally the less 1un5i6101f1GN phenomena were understood as caused by a process
o
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Figure 11: The correlation between the black hole mass M, and the luminosity of the host galaxy’s stellar bulge (left),
and host galaxy’s bulge velocity dispersion o (right) for all detections in galaxies near enough for current instruments to
resolve the region in which the black hole mass dominates the dynamics (adapted from [Giiltekin et al., [2009)

exclusively confined to the nuclear region of the host. This picture of disjoint black hole and galaxy evolution changed
with the advent of the HST (Ferrarese and Ford, [2003)).

Observations of almost all bright galaxy spheroids in the near universe reveal that the velocities of stars and gas start
to rise in a Keplerian fashion at their centres, highlighting the presence of a dark point-mass which dominates the central
gravitational potential. The same observations provide the mass of this dark object, hypothesised to be a quiescent black
hole. The proximity of these galaxies to Earth allowed for a full optical characterisation of the host, and this ultimately led
to the discovery of tight correlations — depicted in figure[TT] from |Giiltekin et al]| (2009) — between the black hole mass M,
and the optical luminosity and velocity dispersion o of the stars measured far from the black hole (Ferrarese and Merritt,
[2000, [Gebhardt et al 2000} [Graham et al.l 2011}, |Giiltekin et al., [2009] [Tremaine et al., [2002). The relations state that
galaxy spheroids with higher stellar velocity dispersions, i.e. with deeper gravitational potential wells and higher stellar
masses and luminosities, host heavier central black holes with little dispersion in the correlation. Thus more massive
galaxies grow more massive black holes: the black hole sees the galaxy that it inhabits, and the galaxy sees the black hole
at its centre despite its small influence radius (Haring and Rix}, 2004} [Magorrian et al., 1998 [Marconi and Hunt, [2003).

Consensus is rising that the M, — o relation of figure[TT]is fossil evidence of a co-evolution of black holes and galaxies.
The relation may have been established along the course of galactic mergers and in episodes of self-regulated accretion
(Croton et al.} 2006} [Di Matteo et al.,[2005], [Hopkins et al., 2006} 2008}, 2009} [Johansson et al.,[2009, [Lamastra et al.,[2010]
[Mihos and Hernquist, (1996 [Somerville et al., 2008)). However, the origin of the M, — o relation (Ciotti et al., 2010, King},

[2003], [Silk and Rees), [1998] [Wyithe and Loebl [2003)), and its evolution at look-back times is still unclear [2007,
[Robertson et all, 2006} [Treu et al., 2007, [Woo et all,[2008). The similarity between the evolution, over cosmic time, of

the luminosity density of QSOs and the global star formation rate (Boyle and Terlevich| [1998] [Kauffmann and Haehnelt,
2