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1 Introduction

The results of recent, fully relativistic numerical simulations of coalescing
black holes imply that in certain alignments the emission of gravitational
waves can produce a kick of several thousand kilometers per second (Gon-
zales et al. 2007; Schnittman & Buonanno 2007; Campanelli et al. 2007).
Such kick velocities exceed galactic escape speeds, and unless there is a mech-
anism to prevent this, many galaxies that have undergone mergers would be
without a central black hole. This is in contradiction with the observations
of galaxies with bulges which all appear to have a central supermassive black
hole (Ferrarese & Ford 2005). The scenarios that could in principle lead to
avoidance of high velocity kicks are: (1) small black hole spins, (2) black hole
mass ratios much smaller than unity, or (3) the alignment of black hole spins
with the orbital angular momentum.

The scenario (1) is not favored observationally because X-ray spectra of
both, individual and stacked spectra of a number of AGN, reveal relativisti-
cally broadened Fe Ka line (lwasawa et al. 1996; Streblyanska et al. 2005).
Also, the inferred average radiation efficiency of supermassive black holes
suggests that they tend to rotate rapidly (Soltan 1982). An unlikely conspir-
acy would be required for scenario (2) to hold in general case and thus, we
rule it out.

We suggest that in most gas-rich mergers the accretion torques on the
binary can efficiently align the black hole spins with the orbital angular
momentum, thus, preventing the high velocity kicks. We predict that the
alignment is not likely to occur in gas-poor mergers and that as a result the
central black hole is kicked out several percent of the time. We also discuss



other predictions of our scenario including the implications for the X-shaped
radio galaxies.

2 Gas-poor Mergers

Several recent models and observations have been proposed as evidence that
some galactic mergers occur without a significant influence of gas. In such
gas-poor mergers the two inspiraling black holes can essentially be considered
as an isolated system. It was shown by Schnittman (2004) that in such
systems the spin evolution occurs under the effect of spin-orbit coupling
characterized by adiabatic dissipation. Using expressions for spin evolution
from Schnittman (2004) we find that for isotropically distributed initial spins
and orbits, the spins and orbits at close binary separation are also close to
isotropically distributed (see Figure 1). While spins might align for some
orientations (cosfyin = 1 and cosb, i, = —1), such initial conditions are
special and subtend only a small solid angle. This led us to conclude that
gas-poor mergers alone cannot align spins sufficiently to avoid large kicks due
to gravitational recoil.

3 Gas-rich Mergers

The key element of our model is the fact that gas accretion can exert torques
that change the direction but not the magnitude of the spin of a black hole,
and that the lever arm for these torques can be tens of thousands of gravita-
tional radii (Bardeen & Petterson 1975). In particular, Natarajan & Pringle
(1998) and Natarajan & Armitage (1999) demonstrate that the black hole
can align with the larger scale accretion disk on a timescale that is as short
as 1% of the accretion time. Therefore, the pertinent question is whether the
mass accreted during the inspiral, and before the coalescence of the black
holes is < 0.01 — 0.1 M.

Both, numerical simulations (Barnes & Hernquist 1991; Mihos & Hern-
quist 1994; Springle et al. 2005; Kazantzidis et al. 2005) and observations
(Downes & Solomon 1998) suggest that a massive, geometrically thick gas
disk should form in the central region of merger galaxies as a consequence
of large gas inflows. In the phase when the black holes are still separated by
hundreds of parsecs, the accretion onto the holes is mediated by their nuclear



accretion disks, fed from the large scale disk at the Bondi rate, as long as
it does not exceed the Eddington rate. At either of these rates the holes
acquire 1 —10% of their mass in time short compared to the time needed for
the holes to spiral in towards the center (< 5 % 107 yr, as shown by Escala
et al. 2004/05, Mayer et al. 2006, Dotti et al. 2006) or the time for a
starburst to deplete the supply of gas (108 yr, Larson 1987). Because the
inflowing gas has significant angular momentum relative to the black holes, it
circularizes at  10° gravitational radii, hence making the alignment of black
hole spin axes efficient. If the black hole spins have not been aligned by the
time their Bondi radii overlap and a hole is produced in the disk, further
alignment seems unlikely, and such systems continue to evolve according to
the gas-poor merger scenario.

4 Predictions & Conclusions

The best diagnostic of black hole spin orientation is obtained by examining
AGN jets since all viable jet formation mechanisms result in a jet that is
initially launched along the spin axis of the black hole. At first glance,
alignment of black hole spin with large scale angular momentum of the disk
may seem contrary to the observation that Seyfert galaxies have jets that
are randomly oriented relative to their host galaxy (Kinney et al. 2000).
However, Seyfert morphology is not consistent with recent major mergers
(Veilleux 2003), hence randomly oriented minor mergers or internal processes
are likely the cause of the current jet directions in Seyferts.

Within our scenario, one will never witness dramatic spin orientation
changes during the last phase of black hole coalescence, following a gas-rich
merger. Notably, the morphologies of X-shaped radio galaxies are interpreted
precisely as a rapid (< 10° yr) re-alignment of black hole spin during a bi-
nary black hole coalescence (Ekers et al. 1978, and references thereafter).
However, the existence of a viable alternative mechanism currently prevents
a compelling case form being made that X-shaped radio galaxies originate in
such rapid re-alignments. There is a circumstantial evidence that supports
the backflow hypothesis in which the collision and subsequent lateral expan-
sion of the radio galaxy backflows can equally well produce the observed
morphology (Capetti et al. 2002).

There is a particular system, 04024379, that might provide a direct view
of spin alignment in a binary black hole system. The VLBA observations



of Manes et al. (2004) and Rodriguez et al. (2006) show two stationary,
compact radio cores, with separation of only 7.3 pc, for which a supermassive
black hole binary is the most satisfactory explanation. Within the context
of our gas-rich merger scenario, these two black holes already have aligned
spins. Existing VLBA data show a jet associated with one of the radio cores.
We predict that, if a jet is eventually found associated with the other radio
core, it will have the same position angle as the existing jet.

In conclusion, we propose that when the black holes accrete at least

1 — 10% of their masses during gas-rich merger, their spins will align
with the orbital axis and hence the ultimate gravitational recoil will be
< 200 km s™1. We suggest that for majority of galactic mergers the torques
from gas accretion align the spins of supermassive black holes and their or-
bital axis with large-scale disks. This scenario helps explain the ubiquity of
black holes in galaxies despite the potentially large kicks from gravitational
radiation recoil. Further observations, particularly of gas-poor galactic merg-
ers, will test our predictions and may point to a class of large galaxies without
central black holes.
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Figure 1: Demonstration that in gas-poor mergers there is no tendency to
align black hole spin angles. Here we show the distribution of angles of
initial (in) and final (fi) spin axes of the larger mass (cosf;) and smaller
mass (cos ;) black hole relative to the orbital angular momentum and each
other (cosf;p). We assume that at an initial separation of 1000m (where
m=1 is the total mass of the binary) the spin directions and orbital axis are
distributed isotropically, an we integrate inward to 10m assuming component
masses m1=0.55 and m,=0.45 and dimensionless spin parameters a;=a,=0.7.
The final spin angles show no alignment towards each other or towards the
orbital axis in general case, hence other mechanism are needed to avoid
ejecting merged black holes from their host galaxies.
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ABSTRACT

We describe the methodology and compute the illumination of geometrically
thin accretion disks around black holes of arbitrary spin parameter exposed to the
radiation of a point-like, isotropic source at arbitrary height above the disk on its
symmetry axis. We then provide analytic fitting formulae for the illumination as
a function of the source height h and the black hole angular momentum a. We also
present the fractions of photons absorbed by the black hole, intercepted by the
disk or escaping to infinity for isotropic emission for a/M = 0 and a/M = 0.99.
Finally, we compute the fluorescence Fe line profiles associated with the specific
illumination.

1. Motivations

According to a simple disk-corona model, primary X-ray emissions (continuum photons)
illuminate an underlying gas (i.e., accretion disk), and thus the reprocessed (reflected) spectra
(e.g., Fe fluorescent line) depend on photon illumination at the disk surface under a strong
gravity. It is therefore important to understand exactly how black hole curved spacetime
affects the accretion disk illumination by an overlying X-ray source in active galactic nuclei
(AGNs), particularly in Seyferts.

2. Purposes

We explore photon propagation (geodesics) by solving equations of motion in order to
(i) accurately obtain illuminating photon flux in the disk plane under a strong gravity and
(ii) provide fitting formulae for realistic illumination laws as opposed to approximations used
to date. Our results should be applicable for X-ray spectral analysis (e.g. fitting broad Fe
line).
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Fig. 1.— Left: schematic illustration of our model. Right: Poloidal projection of photon
rays emitted from an on-axis point source at h/M = 3 for a = 0.99.

3. Model (Physical Set-Up)

Photons emitted from an on-axis source are absorbed by either (i) distant observer, (ii)
disk, or (iii) black hole. Photon trajectories are no longer straight lines due to bending effects.
Using the Boyer-Lindquist coordinates (r,6, ¢) in Kerr geometry, the primary equations of

motion are given by
ar)* _ R0) )
dr) 2’

(&) -2, ®

where R(r) = (r? + a®)> — A(n + a®), ©(0) = n+ a®cos? 0, ¥ = r? + a®cos®f and A =
r? —2Mr + a?®. Here, M and a are mass and specific angular momentum of a black hole,
respectively. Here,

the impact parameter of photons 7 can be written in terms of the isotropic photon
emission angle ¢ (in the local source frame) as

(Y, 0;r a) = % |:(7“2 + a2)2 — a?A (1 4 cos? 0 cot? ¢)] sin ). (3)

That is, once the angle 1 is given, we can calculate 7. Left panel of Figure 1 schematically
shows our model.



4. Numerical Results

We consider two extreme cases: Schwarzschild (a/M = 0) and Kerr (a/M = 0.99).
However, it turns out that the photon number flux appears to be very insensitive to black
hole rotation except that higher spin allows the radius of innermost stable circular orbit
(ISCO) to extend farther in. Right panel of Figure 1 shows the poloidal projection of the
photon orbits for an on-axis point source at h/M = 3 around a rotating black hole with
a/M = 0.99. Frame-dragging clearly forces some of the photon rays to azimuthally rotate
in the direction of the black hole.

We calculate the illumination profiles for various source heights in the left panel of
Figure 2: h/M = 100, 50, 30, 10, 6, 5, 4 and 3, from bottom to top at the left side of the figure.
In all cases, the illumination approaches asymptotically (i.e., for h) the functional form
appropriate for Minkowski space [ h/(r?> + h?)¥2 773 for r h], as expected. The
numerically obtained illumination profiles were then fit with an empirical function of the
following form (in the parameter interval noted)

Fy(r,h)  for 6 <h/M <100, r/M >1.15

F(r,h; K) = K %
(r,h; K) {Fz(r,h) for 3<h/M<6, r/M>115

(4)

where K is the normalization and the functions Fj »(r, h) are given by

_ 1.026 x 1075(h — 152.9)(h? — 158.7h + 6569)

Fl(n h) = r3
3364 % 107%(h — 348.7)(h + 11.98)(h + 139.4) -
{(h2 + (1 +1/h)° 12} ’
H6(h —6.2 h? —9.763h + 25.1
Ben) = O 56(h — 6.250)(h2 — 9.763h + 25.19)

r3

_3921(h — 7.364)(h? — 8.556h + 21.92)
{h2 + (1+1/h)° 12}

where h and r are measured in units of M; the numerical constants that provide the normal-
ization of each of the fractions of the fitting formulae were chosen to give the correct normal-
ization for a total number of photons (by an isotropic source) equal to Niot = 2/Ae) = 40,000,
i.e. the number appropriate to our own simulations.

(6)

On the other hand, conventional calculations of Fe line profile involve the rate of Fe line
photon production as a function of the coordinate r, measured in the same coordinates by
an observer in relative motion with respect to the photon source with the local Keplerian
velocity. The transformation of the rates between these two Lorentz frames involves powers
of the factor
uppy

(7)
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Fig. 2.— Left: Photon number flux. Right: Photon energy flux. We set a/M = 0.99.
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Fig. 3.— Left: Fraction of photons. Right: Fe line profiles.

where uY, u}l' are respectively the four-velocities of the emitter and receiver of radiation
and p, the photon four-momenta. The analytic expressions given by equation (4) can be
transformed to this frame by multiplying by D*® where « is the spectral index of the
power-law X-ray source (assumed to have the form F, v~ in the local source frame).

In the right panel of Figure 2 we present the illumination profile modified by the above
factor (photon energy flux) for a Kerr (a/M = 0.99) geometry; i.e. F(r h; K)D™9. We
assume a Keplerian motion outside the ISCO while a free-fall motion in the plunging region.
The illumination profile of the photon energy flux exhibit two characteristics: the slope of
the outer disk zone follows that of flat space (¢ 3), while in the inner disk zone (outside
the ISCO) the slope becomes (somewhat) steeper (3 < ¢ < 4). Inside the ISCO the slope
becomes extremely steep simply because of the factor D*o .

Left panel of Figure 3 shows the percentage of the photons of an isotropic source that
reach the disk plane (out to a distance R/M = 2000), fp, that of photons escaping to infinity,
foo, as well as the fraction absorbed by the black hole, fgh, as a function of the source height
h for a/M = 0 (solid) and a/M = 0.99 (dotted curves).

In the right panel of Figure 3 sample line spectra are shown for isotropic sources. The



profiles are generally broader the closer the source is to the disk due to the increased focusing
of the photons toward the disk inner edge. Because the line profiles were produced by

collecting photons only out to disk radius rout/M = 30, the line flux decreases with decreasing
h/M.

5. Conclusions

We have produced the fitting formulae for the illumination of accretion disks, which can
be easily converted into the photon energy flux needed in the calculations of Fe line profiles.
Our models and fits are consistent with the values implied by spectral fits to the Fe lines
of most AGNs. Assuming power-law distributions  r~% for emissivity, the values of the
index g obtained for MCG—5-23-13, NGC 4051 and NGC 3516 in recent Suzaku observations
(Reeves et al. 2006) are ¢ 2 — 3; our models can accommodate easily the lower values of ¢
while demanding a reasonably high degree of anisotropy for values ¢ 2 3. However, the disk
illumination under the assumptions considered in this note cannot account for the width of
the Fe line profile of MCG —6-30-15 as obtained either by XMM-Newton (Wilms et al. 2001;
Fabian et al. 2002) or more recently by Suzaku (Miniutti et al. 2007) which demand a very
steep (¢ 4.6) illumination of the inner disk section along with a flatter one (¢ 2.6) at
larger radii.

This research was supported in part by an appointment to the NASA Postdoctoral
Program at the Goddard Space Flight Center, administered by Oak Ridge Associated Uni-
versities through a contract with NASA.
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ABSTRACT

We consider stationary, axisymmetric hydrodynamic accretion flows in Kerr
geometry. As a plausible means of efficiently separating a small population of
nonthermal particles from the bulk accretion flows, we investigate the formation
of standing dissipative shocks, i.e. shocks at which fraction of the energy, angular
momentum and mass fluxes do not participate in the shock transition of the
flow that accretes onto the compact object but are lost into collimated (jets) or
uncollimated (winds) outflows.

The mass loss fraction (at a shock front) is found to vary over a wide range
(0% — 95%) depending on flow’s angular momentum and energy. On the other
hand, the associated energy loss fraction appears to be relatively low (< 1%) for
a flow onto a non-rotating black hole case, whereas the fraction could be an order
of magnitude higher (< 10%) for a flow onto a rapidly-rotating black hole. By
estimating the escape velocity of the outflowing particles with a mass-accretion
rate relevant for typical active galactic nuclei, we find that nearly 10% of the
accreting mass could escape to form an outflow in a disk around a non-rotating
black hole, while as much as 50% of the matter may contribute to outflows in a
disk around a rapidly-rotating black hole. In the context of disk-jet paradigm,
our model suggests that shock-driven outflows from accretion can occur in regions
not too far from a central engine.

1. Hot Accretion Flows

We propose a simplified view to study outflows in objects powered by accretion: We
consider the presence of (2-dimensional) shocks as a means of dissipation of the accretion ki-
netic energy in a fashion similar to that considered by Chakrabarti (1990) and collaborators.
That is we consider the transonic accretion of matter with the proper angular momentum to
produce a standing shock at a radius close to the horizon, which, subsequently accretes onto
the black hole after passing through a downstream sonic point. Previous steady-state analy-
sis found that it is possible to judiciously choose the specific angular momentum of the flow,
so that the outer transonic one could be connected through a shock transition to an inner



Outflows:
Energy AE
Angular Momentum AL
Mass Outflow Rate AM

UpstreaMm

Shock -

Front .
Black Hole Accretion

Outflows

Fig. 1.— Schematic picture of mass outflows originating from a standing shock front in
hydrodynamic accretion.

transonic one which, passing through an inner sonic point, accretes onto the black hole. The
location of the shock in this situation is determined by finding a radial position at which
the density and velocity of the two flow sections were those demanded by the dissipative
Rankine-Hugoniot conditions across a shock.

The novelty of our approach lies in considering the possibility of shock formation (i.e.
obeying the general relativistic, dissipative Rankine-Hugoniot conditions at a shock front)
in which part of the mass, angular momentum and energy fluxes escape in the z-direction
and do not participate in the shock transition.

We consider a steady-state, axisymmetric accreting flows in Kerr geometry. The space-
time metric gqp is expressed by the Boyer-Lindquist coordinates (7, 6, ¢). From the relativis-
tic wind equation (equivalently Bernoulli equation) we derive

w N N
dr D’
where
= 2N +uu {N(3&—-2)—1} , (2)
d
N = ¢(1+uu") (r¥?+am'?) —;/;
—[a (AN + 1) +1¥2 {2N (5 + 3grr) + 0} Ve (3)
and
d
n = 4Nggc? —i—C(ur)Z% . (4)

r{N(&—-2)—1}. (5)



Here, u" is flow’s radial four-velocity, cs is the local sound speed. A black hole’s mass
and angular momentum are respectively m and a. V; denotes the effective (gravitational)
potential of the flow. We assume the polytropic gas with the index of N = 3.

In equation (1), the fact that the velocity gradient du'/dr is finite at a critical radius
(r = r¢) requires that D(r = r¢) = 0 and N (r = 1) = 0 simultaneously (i.e., regularity
conditions), which will allow us to find the critical radius r; for a given parameter set. A
physically valid accretion solution, therefore, must pass through a critical point at r = ¢
before reaching the horizon whether or not the shock formation is possible. In the presence
of a shock, a global shock-included accretion solution must go through a critical point on
both sides of the shock location (i.e., before and after the shock forms). Figure 1 illustrates
a schematic description of our model.

2. Dissipative Standing Shocks

Following the previous works (see Yang & Kafatos 1995; Lu & Yuan 1998), let us assume
jump conditions that allow energy, angular momentum and mass loss at a standing shock
front. From adiabatic assumption we obtain the energy

B = [Hfrivre(“ﬂm /(1= Neg) (6)
B = [”Efiwrﬂ/u—mm (7)

where the subscripts “1”7 and “2” denote the quantities for upstream and downstream flows
evaluated at a shock location (r = rey), respectively. We define the energy dissipation AFE
and its fraction fg as

AFE
AE=FE,—E, and fE = F , (8)
1

where 0 < fg < 1. The associated angular momentum carried by the outflows is then given

Assuming disk accretion we obtain the mass-accretion rate

2N+1
1 1
(1+1/N)(1— Ncgl)N] KY

My = —d7ren (r3/2 + am™?) uf

ON+1
. C 1
Ma = =y (Tgh/Q * aml/Z) v [(1 + 1/N)S§1 - chz)N] KN - (10)
s 2
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Fig. 3.— fy vs. fe for By = 1.004 and a/m = 0 (left) and 0.99 (right).

In the baryon mass conservation across the shock front, we also consider some mass loss
(equivalently the loss of mass-accretion rate) associated with the outflows that are blown
away as winds/jets. Let us define the mass loss AM and its fraction fy,; as
T AM
AM = M]_ - M2 and fM = W s (]_].)
1

where 0 < f; < 1. That is, fy; = 0 corresponds to no mass outflows from shocks.

3. Outflow Solutions

We present the mass loss fraction fy; as a function of shock location rg, (Fig. 2) while
fe (Fig. 3). Stable shocks are represented by solid curves while (dynamically) unstable
shocks are represented by dotted curves. Stable standing shocks can form in most cases in
regions relatively close to the black hole (rsh/m < 80). For a rotating black hole case, the



shock location can be considerably closer to the hole (rsn/m 2 2 — 3), results similar to no
mass loss cases due to the fact that the horizon shifts more inward. Filled circles denote
the maximum stable shock location, also corresponding to the weakest shock (i.e., smallest
nz/ny), while open circles denote the minimum stable shock location, also corresponding to
the strongest shocks (i.e., largest ny/n1). In our model, mass loss fraction fy, can vary over
a wide range (0% < fy < 95%) depending on the shock location and angular momentum.
Mass loss fraction fy; can become as high as < 95% for both a/m = 0 and a/m = 0.99 cases
regardless of energy Fj, whereas energy loss fraction is only fge < 1% for a/m = 0 case but

fe £ 10% for a/m = 0.99 case.

4. Conclusion

We have explored a coupling between shock solutions in accretion and mass/energy
losses (fractions) under a scenario that the shock-driven outflowing particles may participate
in forming a base of jets/winds. For various flow parameters with a given black hole spin, we
have shown, by steady-state, axisymmetric hydrodynamic calculations, that the dissipative
shock front could be a plausible site where a fraction of the accreting matter can be decoupled
as jets/winds from the bulk accretion flows.
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Program at the Goddard Space Flight Center, administered by Oak Ridge Associated Uni-
versities through a contract with NASA.
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Constellation-X Black Hole Science
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The Constellation X-ray Mission (hereafter Con-X) is one of two flagship missions in NASA’s Beyond
Einstein Program. The 2000-2010 Decadal Survey ranks Con-X next in priority after JWST among large
space observatories. As a flagship mission, Con-X will naturally address a broad range of astrophysical
questions, spanning solar system, stellar, Galactic, and cosmological studies. One of the primary and
driving science topics for Con-X is the study of black holes. As is appropriate for this symposium, we
limit this contribution to a discussion of black hole studies only.

Studies of supermassive black holes with Con-X will allow the first time resolved velocity measurements
of the orbits of “test particles’ within a few gravitational radii of black holes. These measurements are
enabled by the appearance of Fe Ko fluorescence lines in the x-ray spectra of material orbiting near the
inner edge of the black hole accretion disk, and by the existence of individual fluorescent hot spots in this
material. The figure to the left below shows a simulated image of these hot spots orbiting near the event
horizon of a supermassive black hole. The figure to the right below shows a trailed spectrum of an
individual hot spot from this image. The orbital motion of the Fe Ko line is easily detectable above the
Poisson noise of the continuum. In the thin disk approximation which is applicable in these disks, the
motion of these hot spot is the same as a free-falling test particle to 1%.

FIGURE 1: (left): A simulated image of the Fe Ka hot spots orbiting within a few gravitational radii
of a supermassive black hole. The blank hole in the center marks the event horizon boundary. A
snap-shot of the Fe Ka spectrum from the simulated image is shown in the lower right corner.
(right): The energy of the Fe feature from an individual hot spot vs. time as it would be detected by
Con-X. Time in physical units for this 3 x 10" solar mass black hole is shown on the horizontal axis.
The noise in the spectrum is as predicted given the expected noise in the continuum.

Any given combination of black hole mass, spin, and hot spot radius will produce a specific energy/time
track similar to that shown in the right hand side of Figure 1. By fitting the observed curves to theoretical
curves we can very accurately determine spin and radius of the hot spot. The mass of the black hole is also
very accurately determined simply from the scale of the time axis in the fit. In Figure 2 (left) we see the
results of fitting this simulated data shown above. The input spin and radius are accurately recovered, and
the error bounds are shown. If the Kerr metric properly describes the space-time around the black hole, the
spin derived from other hot spots at different radii will be the same. Any deviation from Kerr may show up
as a change in the spin with radius, or as tracks that do not fit the predictions. The capacity to perform
these tests of strong gravity can be described by a figure of merit which is the product of the orbital
timescale and observed flux. This figure of merit is shown in Figure 2 (right) vs. the orbital timescale.
Black holes above the dashed line at 50 will allow these tests to performed with the baseline Con-X area
assuming they have typical Fe Ka, line strengths. Furthermore, the objects shown by diamonds have



recently been observed to have Fe Ka lines of typical or higher strength. Ongoing observations may
double this target list.
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Figure 2 (left): By fitting theoretical orbital tracks to the data shown in Figure 1 (right) we can
derive the spin and radius to high accuracy. Shown are the derived 1, 2 and 3 ¢ error contours.
(right): The figure of merit required to perform these tests is a product of the x-ray flux and black
hole orbital timescale, as shown in the vertical axis. Any object with a figure of merit above 50 is
suitable. As we see here, there are numerous, identified targets which will yield data of sufficient
quality to allow these tests of GR.

Beyond carrying out accurate tests of GR in the strong gravity regime, Con-X will greatly enhance our
understanding of the evolution of supermassive black holes over cosmic time. The recent discovery that
black hole and bulge mass of galaxies is closely correlated strongly suggests that black holes play an
important role in the evolution of galaxies. One way in which Con-X will measure this evolution is by
tracing the spin of black holes vs redshift, luminosity, and mass of galaxies and black holes. There are
several hundred AGN covering a range of redshift, luminosity, and black hole mass for which very high
S/N time averaged Fe Ka line profiles can be obtained and accurate spins measured. The X-ray spectrum
and luminosity may give and estimate of the black hole mass independent of those derived from
observations at other wavebands. Characterization of supermassive black hole spin, luminosity, and mass
vs redshift will allow evolutionary models for supermassive black hole growth to be tested (for example,
see the contribution in these proceedings by Bogdanovic, Brenneman, and Holley-Bockelmann).

At higher redshift and/or lower flux, Con-X will help us understand the cosmic x-ray background (CXRB).
One way to look at this is to understand that Chandra has done what it was designed to do: resolve the
CXRB into its constituent parts, which are dominated by accreting supermassive black holes. However,
nearly 1/3 of these black holes have no counterpart in deep HST images, and another 1/3 appear to be
normal galaxies with no hint of their AGN nature other than their x-ray luminosity. Understanding the
AGN which make up the CXRB, measuring their redshifts, etc. will require high resolution X-ray spectra
as obtainable with Con-X. Moderate exposures will reveal AGN type and redshift from the X-ray spectrum
alone.

The coeval growth of supermassive black holes, galaxies, and more generally cosmic structure is
sometimes referred to as ‘cosmic feedback’. This interaction is readily apparent in Figure 3 which shows a
combined Chandra and radio image of Hydra A. Here we see the supermassive black hole jets blowing a
pair of bubbles in the surrounding cluster gas which feeds the black hole. Simulations of the growth of
cosmic large-scale suggest that this feedback regulates the growth of galaxies. Understanding this feedback
may explain the M-c relation (see the contributions in these proceedings by Batcheldor, Fukumura,

Tundo). The spatially resolved spectroscopy by Con-X is required to probe the interactions between the
jets and gas, and high spectral resolution is required to determine the mass outflow rates.



Figure 3. A combined x-ray and radio picture of the Hydra A galaxy cluster. The radio jets are seen
expanding vertically through the x-ray emitting cluster gas. Accretion of this cluster gas is what
powers the central black hole, so we are witnessing cosmic feedback in action here.

In recent years studies with Chandra have made it plain that there are black holes which are not the central
supermassive black holes we typically find in galactic centers, but which are ultra-luminal for typical (~10
solar mass) Galactic black holes. These ultra-luminal sources may be intermediate mass black holes
(IMBH). The evidence for the existence of this new class of black hole — of intermediate mass — is good,
but not definitive. Figure 4 (left) shows the x-ray luminosity versus measured accretion disk temperature
for a number of stellar-mass black holes in the Milky Way and Large Magellanic Cloud, and a number of
the brightest ultra-luminous X-ray sources in nearby galaxies. The sources in the upper left hand corner are
IMBH candidates. If the luminosities are isotropic and Eddington limited, then the masses must be >>10

solar masses. The continuum spectra are as predicted by thin disk models for black holes >>10 solar
masses.

Figure 4 (right) shows that Con-X can be definitive. This shows a simulated Con-X spectrum of the IMBH
candidate NGC 1313 X-1, plotted as a ratio to a simple power-law model. A 100 ksec exposure with
Constellation-X will not only reveal the cool accretion disk component glimpsed with XMM-Newton
(Miller et al. 2003), but will clearly reveal the Fe Ko line and determine the IMBH spin. Con-X timing

measurements may also reveal QPOs whose frequency scales with mass, giving independent evidence for
masses >>10 suns.
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Figure 4 (left): The temperatures and luminosities of IMBH candidates in the upper left scale as
expected from simple accretion disk physics, assuming that they have masses of 100 to 1000 solar
masses. This provides good evidence these are IMBH. (right): A simulated Con-X spectrum of an
IMBH candidate. The relativistic Fe Ka line is clearly visible, which (if detected) gives very good
evidence for the intermediate mass nature of this black hole.



Some of the best evidence for the existence of black holes has been gleaned from studies of the so called
‘stellar mass’ black hole binaries which reside within the Milky Way. There are now close to 2 dozen of
these binaries with secure dynamical mass measurements around 10 solar masses. Comparison of the
luminosity of these black holes to binaries of similar orbital period but containing neutron star accretors
provides some of the most direct evidence for the existence of event horizons in black holes (see the article
by Narayan in these proceedings). Fe Ko lines are common in these stellar mass black holes. Figure 5
shows some examples of these lines in recently identified dynamically confirmed Galactic black holes.
These lines allow the spin to be accurately measured, and allow testing of the scale invariance of the Kerr
metric over eight orders of magnitude in mass. Con-X will retain high spectral resolution at the high
counting rates typical of these Galactic black holes. The calorimeters on Con-X will be faster than those
previously flown, and will allow at least CCD like spectral resolution at 1 Crab fluxes, improving over
RXTE’s resolution by several times. Tuning parts of the calorimeter may allow the full spectral resolution
up to even higher fluxes. The gratings will retain their full resolution at even higher fluxes.
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Figure 5: A gallery of Fe Ka lines in Galactic Black Holes. These lines are common in these nearby
black holes.

In summary, we note that as an observatory class mission Con-X will allow breakthroughs in a wide range
of astrophysics. Observations will be open to the entire astronomical community and selected via a peer-
review process. Con-X will operate at L2 with an observing efficiency approaching 90%. Design lifetime
is at least 5 years. The baseline configuration includes four large X-ray telescopes and two smaller high
energy telescopes all housed in a single spacecraft.
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Figure 6 (left): The Con-X gratings and calorimeter will provide a 100x increase in effective area for
high resolution spectroscopy as compared to currently available and/or planned missions. (right):
The science investigations set these baseline requirements on the observatory.
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In the absence of special symmetries, the final burst of gravitational radiation from the merger of a black hole binary
is capable of imparting enormous velocities on the remnant. These giant “kicks”, if they occur, have significant
astrophysical implications. Several independent groups have recently conducted numerical simulations which show
that kicks of several thousand km/s are possible for optimal orientations. However, several recent theoretical
investigations have indicated that these orientations are exceedingly unlikely. We will present the relevant
numerical results, and a survey of the subsequent discussion relating to the likelihood of these events.

Black hole binaries which possess an asymmetry, such as having unequal mass or possessing
unequal or unaligned spins, will emit gravitational radiation asymmetrically. This asymmetric
gravitational radiation will impart a linear momentum recoil on the binary’s center of mass. This

recoil, or “kick”, is given by:
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where 4 is the second derivative of the gravitational strain.

The merger phase of binary black hole coalescence provides the dominant contribution to the
total kick. Until recently, this phase of the binary’s evolution could not be modeled, because
stable numerical relativity codes were unavailable. With the advent of several independently
developed, stable, and accurate codes, the problem of calculating the kick became possible.
Several groups have tackled this problem. Baker et al. (2006) first investigated the problem of
kicks from an unequal mass binary, finding recoils between 86 and 115 km/s for a 1.5:1 mass
ratio. Gonzalez et al. (2007a) performed several simulations and found a peak recoil velocity for

nonspinning binaries of 175 km/s for a mass ratio of ~2.78:1.

A flurry of activity began when several groups began simulating kicks from spin asymmetry.
Herrmann et al. (2007) demonstrated that kicks from spin asymmetry can exceed unequal mass

kicks, and that for an equal mass configuration with one black hole spinning prograde and the



