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X-ray reflection spectroscopy has evolved as one of the leading methods to measure black hole spins.
However, the question is whether its measurements are subjected to systematic biases, especially
considering the possible discrepancy between the spin measurements inferred with this technique and
those from gravitational wave observations. In this work, we use general relativistic magnetohydrodynamic
(GRMHD) simulations of thin accretion disks around spinning black holes for modeling the accretion
process, and then we simulate NuSTAR observations to test the capability of modern reflection models in
recovering the input spins. For the first time, we model the electron density and ionization profiles from
GRMHD-simulated disks. Our study reveals that current reflection models work well only for fast-rotating
black holes. We model the corona as the base of the jet and we find that reflection models with lamppost
emissivity profiles fail to recover the correct black hole spins. Reflection models with broken power-law
emissivity profiles perform better. As we increase the complexity of the simulated models, it is more
difficult to recover the correct input spins, pointing toward the need to update our current reflection models

with more advanced accretion disks and coronal geometries.

DOI: 10.1103/4sth-rawv

I. INTRODUCTION

Einstein’s theory of general relativity (GR) predicts the
existence of black holes. Astrophysical black holes are
believed to be approximated well by the Kerr solution [1];
i.e., they have only two properties: the mass and the spin
angular momentum (hereafter, spin). With the advent of
advanced observatories, we have observed black holes in
the whole electromagnetic band [2-6] as well as through
gravitational waves [7]. Accretion onto black holes is an
extremely efficient mechanism for converting rest-mass
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energy into radiation, powering the most luminous astro-
physical sources and offering a unique test bed for
exploring fluids, magnetic fields, and radiative processes
under extreme gravity. Measuring black hole spins has
significant astrophysical importance; see, for example,
Ref. [8] for a review. Spins dictate the efficiency of how
the accreting matter converts its rest-mass energy into
radiation [9]. Power outputs of relativistic jets, which are
launched from these systems, may also depend on the spins
[10]. In supermassive black holes, spins carry the history of
how black holes formed and grew [11]. Black hole spins
may also be responsible for precessions of disks and
jets [12].

Theoretical formulations of accretion disks around black
holes were laid out five decades ago. Shakura and Sunyaev
formulated the radial and vertical structure of disks with
angular momentum transport, which are now colloquially
known as the standard disk model [13-15]. Novikov
and Thore developed the relativistic version of the
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FIG. 1. A sketch of the disk-corona model.

Shakura-Sunyaev model [16,17] (hereafter, Novikov-
Thorne disk). The Novikov-Thorne model describes an
accretion disk in the equatorial plane of a black hole
rotating with Keplerian velocity and with an inner edge
lying on the innermost stable circular orbit (ISCO)." These
analytical models rely on an artificial viscosity treatment
called the a prescription for the angular momentum trans-
port (and for this reason they are often also called a disks).
It has been shown that this angular momentum transport is
carried out from the magnetorotational instability resulting
from a magnetohydrodynamic treatment of the disk [21—
23]. In this regard, the development of general relativistic
magnetohydrodynamics (GRMHD) has proven to reveal
unprecedented details about the accretion process (see
Ref. [24] and the chapters therein for a recent review).
In Fig. 1, we show the disk-corona model, which consists
of a central black hole, a cold accretion disk, and a hot
corona. In the disk-corona model, the spectra of accreting
black holes come in three flavors. (i) A thermal continuum
from a geometrically thin and optically thick disk (red
arrows in Fig. 1)% since the disk temperature roughly scales
as Mg%®°, where Mpy is the black hole mass, the
continuum is peaked in the soft x-ray band in the case
of stellar-mass black holes in x-ray binaries and in the UV
band in the case of supermassive black holes in active
galactic nuclei; (ii) a Comptonized spectrum produced by
the inverse Compton scattering of thermal photons of the
disk off free electrons in the hot corona (blue arrows in
Fig. 1); (iii) a reflection spectrum, which is the result of the
reprocessing of the Comptonized photons by the disk
(green arrows in Fig. 1). The reflection spectra harbor
fluorescent emission lines, which are broadened due to
relativistic effects [25—-28]. The main features in a reflection
spectrum are often the Fe Ka complex, which is located at
6.4 keV for neutral or weakly ionized iron atoms and at

'We note that Novikov-Thorne disks are thermally and
viscously unstable in the range 0.01-1 Lgyy, Where Lgyq is the
Eddington luminosity of the source [18]. These disks can be
stabilized by large-scale magnetic fields [19,20], which, however,
alter the disk structure.

‘We note that the disk-corona model does not require that the
inner edge of the disk is at the ISCO. The disk may indeed be
truncated at a radius larger than the ISCO.

6.97 keV for H-like iron ions, and a Compton hump
peaking around 2040 keV [4].

X-ray reflection spectroscopy refers to the analysis of
these relativistically broadened reflection features in the
x-ray spectra of accreting black holes. X-ray reflection
spectroscopy is currently the only technique to be able to
measure the spins for both stellar-mass and supermassive
black holes [4,29]. For stellar-mass black holes, the other
techniques to measure spins are the continuum-fitting
method [6] and gravitational waves [30-33]. For super-
massive black holes, x-ray reflection is currently the only
full-fledged technique to measure black hole spins. There
is the possibility of measurement with Event Horizon
Telescope (EHT) imaging [34-36] and with future photon
ring measurements [37], as well as with gravitational
wave observations with future space-based interferometers
[38—41]. Since x-ray reflection spectroscopy finds that
most stellar-mass black holes in x-ray binaries are fast
rotating, while gravitational waves find that most stellar-
mass black holes in binary black holes are slow rotating, it
is now under debate if this is because black hole x-ray
binaries and binary black holes are two different object
classes, whether there are observational biases, or at least
one of the two methods does not provide accurate black
hole spin measurements [8,42].

A crucial ingredient in the spin measurements with x-ray
reflection spectroscopy is that the inner edge of the disk is
at the ISCO. While there is a body of evidence that this is
indeed the case in x-ray binaries when the spectrum of a
source is dominated by the thermal component of the disk
(soft state) [43-45], it is still a controversial issue when the
spectrum is dominated by the Comptonized spectrum of the
corona and/or the reflection spectrum of the disk (hard
state) [46]. When the luminosity of the source is low, the
disk is likely truncated in the hard state, while the inner
edge of the disk may approach the ISCO radius when the
luminosity of the source increases [47—49]. It is sufficient
that the disk is truncated at a few gravitational radii that the
reflection spectrum is not very sensitive to the black hole
spin any longer, precluding an accurate measurement of
this parameter. On the other hand, the assumption that the
inner edge of the accretion disk is at the ISCO radius is not
very important in the case of measurements of very high
spins, when the dimensionless spin parameter a, is esti-
mated to be very close to 1, which is the case of most spin
measurements using x-ray reflection spectroscopy [4,50]:
those observations require, in any case, that the inner edge
of the disk is very close to the black hole, which is only
possible when the black hole is rotating fast and the inner
edge of the disk is close to the ISCO. For this reason, the
discrepancy between spin measurements from x-ray reflec-
tion spectroscopy and gravitational waves cannot be
attributed to the ISCO assumption in reflection modeling.

The recent years have seen a lot of development in
x-ray reflection spectroscopy. State-of-the-art models like
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relxill [51,52], relxill nk [53,54], reltrans
[55,56], kyn [57], and reflkerr [58] have been devel-
oped and are perpetually ongoing modifications to include
new physics. There are still many assumptions that these
relativistic reflection models rely upon and that need to be
understood for precise and accurate measurements of spins
when doing data analyses [4]. These simplifications arise
from the following parts: description of the accretion disk,
description of the hot corona, approximations in the
calculations of rest-frame reflection spectra, and relativistic
effects. There has also been a lot of testing related to
different simplifications. For example, some studies have
investigated the impact of various assumptions about the
accreting material, like disk thickness [59—62], emissions
from plunging regions [63,64], and super-Eddington
regimes [65,66]. Different simplistic corona geometries, like
lamppost, ringlike, and disklike coronae, have been tested
and implemented [51,67,68]. Implementation of ionization
and density profiles in the local reflection spectrum has also
been studied [69,70]. Efforts have been made to include
relativistic phenomenon, like the returning radiation [71-73],
emission angle corrections [74,75], non-Keplerian rotation
[76], and even deviations from GR [53,54,60,77].

GRMHD simulations of accreting black holes have been
very popular in the simulations of radiatively inefficient
accretion flows, which are an important system for EHT
observations [24,78]. In the case of radiatively efficient
simulations, such as for the case for systems like black hole
x-ray binaries and active galactic nuclei, a radiative cooling
mechanism is added to make the disk thin. This has
previously been achieved using some ad hoc cooling mech-
anisms [44,79,80]. Only very recently have more physical
cooling mechanisms have been implemented. However, there
are still issues related to runaway cooling and thermal
instability of the disk that need to be corrected by adding
a floor value to the cooling [81-83]. Recent years have seen
many works with modeling of disk emissions using GRMHD
simulations of thin accretion disks [84—87], some where the
state transitions and disk truncations have been studied [88—
91] and few where the iron line emissions have been modeled
[92-94]. However, our previous work [62] (hereafter, paper )
remains the only one where the full reflection spectrum was
modeled and x-ray observations were simulated.

In paper I, we performed a GRMHD simulation of a fast-
rotating black hole with a thin accretion disk and then,
using ray tracing, we calculated the reflection spectra for
high and low inclination angles. The xillver model
[52,95] was used to calculate the local reflection spectrum
of the disk. After which, we simulated 30 ks observations
of bright Galactic sources with NuSTAR [96]. The data
were fit with the relxill® and relxill_n]«:4 models

3https://sternwarte.uni—erlangen.de/~dauser/research/relxill/
index.html.
*https://github.com/ABHModels/relxill_nk.

to check for systematic uncertainties. The main idea for that
work was to test the capability of relxill and
relxill nk to recover the input parameters that were
used in the GRMHD simulation and radiation transport.
Since simulations model the accretion by solving the
GRMHD equations, they can be believed to provide a
more advanced description of thin accretion disks than
the analytical, Keplerian, infinitesimally thin disk model
assumed in current reflection models.’ Paper I revealed that
relxill and relxill nk perform well for high
inclination disks, while minor discrepancies were found
for low inclination disks.

In this work, we extend the study that was performed in
paper I. We start the simulations with a thin disk geometry
instead of a torus geometry and choose three spin values
(0.5, 0.8, and 0.98). We seed magnetic fields to produce a
jet, which is then adopted as the hot corona. Jetlike coronae
have been explored in various studies; see, for example,
Refs. [51,97-101]. We use the time-averaged simulation
data to perform ray tracing and we calculate reflection
spectra for low (30°) and high (70°) inclinations of the disk
to the observer. We use the response files of NuSTAR to
simulate a number of observations. These synthetic obser-
vations are fit with the latest refection models in the
relxill and relxill nk suites. The goal of our work
is to figure out (i) the capability of the reflection models to
recover the input spins, (ii) the capability of the lamppost
models to fit data for the emissivity of a jetlike corona,
(iii) the capability of the reflection models to fit the data
given ionization and density profiles derived from the
simulations, and (iv) the role of the reflection from the
plunging region, which may spoil the spin measurements.

The article is organized in the following manner. In Sec. II,
we describe our methodology, covering the GRMHD sim-
ulations, ray-tracing methods, and simulations of x-ray
observations. In Sec. III, we describe all the different
configurations we used for testing the reflection models.
In Sec. IV, we describe our results obtained from the fitting of
the synthetic observations from each of our configurations.
Finally, in Sec. V, we discuss our results and we summarize
our conclusions.

All quantities are defined in the units c = Gy = Mgy = 1
unless stated otherwise. r, = GyMpy/ c? is the gravitational
radius and t, = GyMpy/ ¢? is the gravitational time for a
black hole with mass Mpy. Greek indices run for both space
and time, viz., (1, r, @, ¢), and Latin indices run only space,
viz., (r, 0, ¢). The metric signature is taken as (—, +, +, +).

We note that, strictly speaking, current reflection models do
not employ Novikov-Thorne disks. They only assume that the
disk is Keplerian, infinitesimally thin, and perpendicular to the
black hole spin axis. The inner edge of the disk can be a free
parameter in these models, even if it is common to impose that it
is at the ISCO when we want to measure black hole spins.
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II. METHODS
A. GRMHD simulation setup

In order to model a thin disk with a jet, we use the
ATHENA++ [102] code® to solve the GRMHD equations

V.(pu") =0,
VﬂT’,f = —Su,,
V, e =0, (1)

where p is the fluid’s rest-mass density and u* is the four-
velocity of the gas in the disk. 7% is the energy-momentum
tensor, defined as

T = phutu’ + (P + b?/2)g"" — b"b", (2)
and
FR = bR — pru (3)

is the dual of the Faraday tensor. b* are the Lagrangian
magnetic field components and b*> = b*bh,. h is the
Lagrangian specific enthalpy, defined as

PT b?
h=14—+—. 4
p(C—=1) p )

The background spacetime is defined by a Kerr-Schild
geometry in polar coordinates. We use an ideal gas equation
of state during the evolution; i.e., P = (I' — 1)e, where we
set ' =4/3 for a radiation dominated disk and to accu-
rately account for the jet and plunging region.” P is the
pressure and e is the internal energy density of gas. Su, is
the source term to add a radiative cooling [79] and is
defined as

PQ

S = Y—1+1Y=1[]"2,
IR

NI exp (_Gz/o-gut)7 (5)

where Y = P/pT ., 6 = b*/p, and 6, = 5 is chosen to not
cool the jet. Additionally, the cooling is also switched off
when hu, < —1 to avoid cooling any outflow. The quantity

T, =2 [(HrQ(r) (©)

defines the temperature of the disk with scale height H in
Newtonian gravity, where r is the radial coordinate. In our
simulations, we set H =0.05 to keep the disk thin

6https://github.cpm/PrincetonUniversity/athena.
"The choice of I" = 5/3 or 4/3 produced similar results in this
work.

throughout the temporal evolution. Q(r) is taken as the
relativistic Keplerian velocity for r > rigco and as the
angular velocity of a freely falling fluid particle for r <
risco [791.

The disk is initialized with a Novikov-Thorne disk at the
equatorial plane [103,104], such that

P F\ /4
—an ()" )
Pe r

where the subscript e denotes quantities evaluated in the

equatorial plane. Considering a polytropic equation of state
P = Kp', we define

O

In our simulations, we take ®, = 0.001, which is a constant
related to the disk’s initial temperature, and K = 0.1, which
is the entropy constant [103,104]. In the above equations,
F comes from the time-averaged radiation flux for a
Novikov-Thorne disk accreting at a rate M, given by F =
(M/4zr)F [17], and can be written in the following form:

3 3 X
F(x) = —Xxg—=a,Inl —
() 2x%(2a, + x* = 3x) [x 0Ty n(xo)
35 —a)? ln(x — 51 )
si(s1—52)(s1 = $3) Xo — 81
_ 3(sp-a)’ ln(x—s2>
$2(82 = 51)(52 = 53) Xo — $2
_ 2 _
_ 3(ss—a) ln(x s3>} )
s3(s3 = 51)(53 = 52) Xo — 83

1
§1 = 2cos <3cos"a* —Z)

1
§, = 208 (gcos‘la* —i—g),

where

1
53 = —2¢0s <§cos‘]a*>, (10)
a, is the dimensionless black hole spin parameter, x> = r,
and x(z) = risco 18 the ISCO radius for the given spin. The
initial disk is provided a Gaussian thickness given by

4 cos? 6
pOGH)—/%(ﬂeXp<— 2 >,

(11)

where r and @ are the radial and polar coordinates. The initial
conditions for the four-velocity of the gas can be chosen by
assuming each fluid element follows the geodesic equation
for a disk in steady state with no radial infall; i.e.,
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FIG. 2. Normalized density profile of the initial configuration
of the accretion disk around a black hole of a, = 0.5. The gray
lines represent magnetic field lines.

wuTs, =0, (12)

and the relation g, u*u” = —1. The final constituent remain-
ing for the initial conditions is the magnetic field. We choose
an inclined poloidal field profile, which can be defined by an
azimuthal vector potential given by [103,105]

m5/4

A sin@)3/4 ———M .
px (r ) (14 tan=29)>/3

(13)

Here, m sets the inclination of the field, which we set to 0.1.
We set the plasma parameters f,,;, = 0.5 and 6,,,,, = 50. The
floor values are set to pg, = Pyin?~ > With py, = 107> and
Pge = Poinr™> with P, = 1/3 x 10™°. The maximum
bound of the Lorentz factor is set to 20. The initial disk is
shown in Fig. 2. The simulations are scaleless by default. To
derive the physical values, we scale the quantities by
considering My = 10Mg and M = 0.1Mpy,." where M,
is the mass of the Sun and M, is the Eddington accretion
rate in centimeter-gram-second (cgs) units. The simulations
are 2.5D with the effective resolution 1024 x 1024 x 1 using
three levels of static mesh refinement. The radial points are
distributed logarithmically, providing a higher resolution in
the inner parts of the disk. The range of the radial coordinate
is r€[0.75ry,200r,] and that of the polar coordinate is
0 € (0,x), where ry is the radial coordinate of the event
horizon of the black hole. For the runs, we use the Harten-
Lax-van Leer-Einfeldt Riemann solver, third-order strong
stability preserving Runge-Kutta for time integration, and
third-order piecewise parabolic method for spatial
reconstruction. We run the simulations for the spin values

®Our definition of Eddington mass accretion rate is
Mggq = Lgqa/nc?, where 7 is the radiative efficiency.
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FIG. 3. Normalized density profile of the accretion disk around

a black hole of a, = 0.5, averaged over 7500¢,~15000¢,. The
gray lines represent magnetic field lines.

a, = {0.5,0.8,0.98} until 15000 ,. To extract the spectra,
we take the time average from 7500 7, to 15000 7,. The
averaged profile is shown in Fig. 3.

To get the jet profile, we follow the standard method
widely used in the literature [106]: we require hu, < —1
(unbound fluid) and we take the 6 = 1 contour. We assume
that the corona extends from the horizon to the height
~5 ry, as we want to have a compact corona. Our jet-
corona profile is shown in pink in Fig. 4. We note that this is
an inflow (particles move toward the black hole) and the
outflow starts at a somewhat larger distance from the black
hole. However, studies with a two-temperature fluid show
that this region is filled with hot electrons [81] and can thus
potentially act as a corona.

B. Ray-tracing setup

In order to calculate the emissions from the system, it is
needed to perform ray tracing and radiative transport. For
the ray tracing, we use our publicly available codes
BLACKLAMP [107] and BLACKRAY [108] modified to
account for the GRMHD simulation data. For the radiative
transport to calculate the spectra, we use the xillver’
tables, which are also available in the relxill model.
Our ray-tracing framework is described in Refs. [53,54,60].

First, photons are ray traced from the jet corona to the
disk (Fig. 4 pink line). Indeed, we assume that the corona of
our system is the jet that we find in our GRMHD
simulations (see previous section): this is a finite-size
corona and we need to calculate how such a corona
illuminates the accretion disk. The optical depth is calcu-
lated along the paths of the photons with the following
equation:

9https://sites.srl.caltech.edu/~javier/xillver/index.html.
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FIG. 4. Corona and disk geometry obtained from the simu-
lations and ray tracing for the simulation with black hole spin
a, = 0.5. The boundary of the corona is marked by the pink line.
The surface of the accretion disk is marked by the green line.
Outer edge of the disk for all cases lies ~188r,. The color map is
the normalized density as in Fig. 3.

dt = kpegsdlprop. (14)
where dl,, = k,u’dA. Here, k" is the four-momentum of
the photons and 4 is the affine parameter along the path of
the photons. p.g is the density of the gas in cgs units (see
previous section) and x = 0.4 cm?g~! is the Thomson
scattering opacity. The integration for the optical depth is
stopped when we find an optical depth of 7 = 1. This
provides the disk surface as seen by the photons where the
reflection occurs. The obtained disk is shown in green in
Fig. 4. To our knowledge, this is the first time a reflection
surface of the disk has been calculated using this method,
viz., the reflection surface as seen by the corona obtained
using ray tracing. Each coronal emitter sees a disk that is
slightly different, so we find an average value of the height
of the disk for each radial point.

Second, we calculate how the jet corona'’ illuminates the
accretion disk, viz. the emissivity profile of the disk. For
simplicity, we assume the corona to be stationary. We
consider 200 radial bins (annuli) along the accretion disk.
For each annulus of index i, the flux is calculated by

9e
FieN, . (15)

i

where N, is the number of photons hitting the annulus i, g,
is the average redshift experienced by the photons from the
corona to the annulus i, I" is the photon index, which we set
to 1.7, and A; is the proper area of the annulus i, given by

ri+Ar; 2
A; =2z / U/ oy = 9u9pp\/9redr.  (16)

i

A full detailed calculation could be found in Ref. [109]. By
assuming the total luminosity of the corona to some physical
value like 0.01 Lgyq, where Lgyq is the Eddington luminosity
in cgs units, the obtained flux can be scaled to physical
values.

"We choose ~50 coronal points in a logarithmic distribution,
i.e., more points near the black hole.

Third, it is required to calculate the redshift and the
emission angle at the disk as seen by a distant observer so
as to synthesize a full relativistic reflection spectrum. We
shoot photons back in time from the observer screen to the
accretion disk. When the photons hit the disk, we calculate
the redshift and the emission angle on the disk surface
calculated earlier. We perform this ray tracing for two
inclination angles, low (i = 30°) and high (i = 70°). The
full calculation is given in Refs. [53,54,60,109].

Now that we have all ingredients for the reflection
spectrum, we can calculate the full reflection spectrum
by convolving the local reflection spectrum given by the
x111verCp table. Employing the xi1llverCp table, we
assume that the spectrum illuminating every point of the
disk is described by the thermally Comptonized continuum
model nthComp [110,111]. This is also a simplification
because the actual spectrum illuminating the disk is more
complicated and different at any radial coordinate.
Especially in the hard state, the corona is expected to be
extended, so it may not be described well by a model with a
single temperature and a single optical depth [112,113]. For
example, some studies fit the spectra of certain sources with
two Comptonization components, finding better fits [114].
In the soft state, we can expect that the returning radiation
of the thermal emission of the disk can be the main source
for the production of the reflection spectrum [115,116]: in
this case, the spectrum illuminating the disk would be the
combination of thermal spectra with different temperatures
and redshifts.

The xillverCp table requires the following input
values:

(1) Electron density (n,) at the disk surface, which we

obtain by scaling the gas density in the simulations.
We take an average value of the electron density
between 7 =1 and 7 = 10. This gives a radial
density profile along the surface of the disk.

(2) Ionization parameter (£) at the disk surface, which is

calculated for every annulus as

1 :471Fl-' (17)

ne,i

This provides a radial ionization profile along the disk
surface. Furthermore, we apply a correction to the
calculated ionization profile because xi11ver spec-
tra are only calculated for a 45° incident angle [51],

_, cos(45°)
et = & 005(3,) | (18)

where 9; is the average incident angle of the photon on
the annulus i calculated using ray tracing [see Eq. (20)
in Ref. [51]]. For brevity, any further mention of
ionization is denoted by & instead of ..
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(3) The emission angle (6,), calculated from the ray
tracing as

"
k,n

cos(@,) = P
Ju

(19)

where n* is the normal vector on the surface of
the disk.

(4) Other parameter values are set as follows: photon
index I' = 1.7, iron abundance Ag, = 1, and elec-
tron temperature k7, = 60 keV. We freeze the
reflection fraction to —1, as we are calculating only
the reflection from the disk.

We assume each point on the surface of the disk to be
emitting one reflection spectrum. The obtained local
spectra are then convolved with the redshift for the distant
observer. By taking the emissivity as obtained for the jet
corona, we integrate to obtain the relativistic reflection
spectrum for the whole disk.

C. Simulating an observation

After obtaining the relativistic reflection spectra by
convolving ray-tracing data with local spectra modeled
with xillver, we simulate some observations using the
fakeit command in XSPEC [117]. We simulate observa-
tions of bright Galactic black holes with NuSTAR [96].""
We assume the energy flux of ~2 x 1078 ergs™' cm™2 in
the energy band 2—-10 keV and observations with exposure
time 30 ks (for a single focal plane module detector). When
simulating the observations, we provide the following
model to fakeit:

tbabs x (cfluxxnthComp+cfluxxreflection).

(20)

We use tbabs [118] to describe the Galactic absorption
and set the hydrogen column density to Ny = 0.6x
10?2 cm™2. nthComp [110,111] describes the Com-
ptonized component coming from the corona; “reflection”
is the relativistic reflection spectrum obtained from the
GRMHD-simulated disk; cflux is used to regulate the
relative strength between the Comptonized and reflection
components: we impose that the two components have the
same power in the energy range 20-40 keV, which
essentially mimics a reflection fraction of 1. In
nthComp, we set the photon index I' = 1.7, electron
temperature k7, = 60 keV, and the input disk blackbody
temperature k7, = 0.01 keV in order to be consistent
with the values of the same parameters in reflection.

""The response, ancillary, and background files used for the
NuSTAR simulations were downloaded from https://www.nustar
.caltech.edu/page/response-files.

III. MODELS

From the GRMHD simulations, we obtain the following
properties of the accretion disk: (i) the geometry of the disk,
(ii) the geometry of the jet, (iii) the four-velocity of the gas,
and (iv) the density of the gas from which we calculate the
electron density. With the ray-tracing code BLACKLAMP, we
obtain the emissivity profile produced by the jetlike corona.
With the ray-tracing code BLACKRAY, we obtain the redshift
from the surface of the disk to the distant observer and the
emission angles at the surface of the disk. With the flux
coming from the corona and electron density, we calculate
the ionization. We show the coronal flux profile, density
profile, and ionization profile in Fig. 5. The quality of data
for higher radial values is not very good due to the fact that
both GRMHD simulations and ray tracing use logarithmic
distributions of radial points to have more points in the
inner region of the disk. This does not have any effect on
the calculation of the reflection spectra, as most of the
reflection radiation is emitted from the inner part of
the disk.

After obtaining the spectra for the simulated observa-
tions, we fit the data using XSPEC v12.15.0 with the model
tbabs x(nthComp + reflection). For reflection, we choose
different models within the relxil1l v2.5 (v2.5 is same as
v2.4 with some emission angle corrections, see Ref. [75])
and relxill nk v1.6 packages. We tabulate the sum-
mary of our simulated models and fitting models for
reflection in Table I for each case. The details for all
different cases are as follows:

MOa: This is the simplest model: we simulate a NuSTAR
observation with relconvxxillverCp and then
fit the simulated data with the same model. This
reveals the responses of the instruments.

MOb: We calculate the reflection spectra for a Novikov-
Thorne disk with our ray-tracing code BLACKRAY. We
choose to set all emission angles equal to the disk’s
inclination angle. We fit the simulated data with
relconvxxillvexrCp as in the previous case. We
use relconvxxillverCp instead of relxillCp
specifically to remove any effect of emission angles on
the reflection spectra.

Mla: We start introducing the details from GRMHD
simulations from this model. This model reproduces
the case presented in paper I, but here we consider
even lower black hole spins. This model introduces
the geometry of the disk and the four-velocity of the
gas obtained from the GRMHD simulations. The
disk is truncated at rigco. The emissivity profile is
described by a power law with emissivity index
g = 6. The ionization parameter and the electron
density are constant over the whole disk and set,
respectively, to logé = 3.1 and logn, =15 (£ in
units erg cms~! and 7, in units cm™3). We fit the data
with relconvxxillverCp.

MI1b: Same as M1a but with logn, = 18.
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FIG. 5. Photon flux from the corona illuminating the disk (left column), electron density (central column), and ionization parameter
(right column) obtained from ray tracing onto GRMHD disks for different spins. The black dotted vertical lines mark the radial values of
the horizon (ry) and the innermost stable circular orbit (rgco). In the right column, the red dashed horizontal lines show the highest
value of ionization in the xillverCp model viz. log & = 4.7. In the central and right columns, the orange dashed curves denote the
electron density and ionization parameter profiles when the electron density profile is calculated from the GRMHD simulations for
r < 20r, and is constant with the value at r = 20r, for larger radii (setup M6).

MIlc: Same as M1b but with ¢ = 3. M3a: We introduce the effect of emission angle on the
M2a: We calculate the emissivity profile from the jet. simulated spectrum along with jet emissivity, geom-
The disk is still truncated at rigco and ionization etry of the disk, and the four-velocity of the gas
and electron density are still constant. To fit the obtained from GRMHD simulations. The disk is still
simulated spectra, we use the lamppost model truncated at rigco and ionization and electron density
relconv_ lpxxillverCp. are fixed. We fit the simulated spectra with the
M2b: The simulated model is the same as M2a, but we fit relxillCp model with a broken power-law emis-
the data with a broken power-law emissivity using sivity.
relconvxxillverCp. M3b: Same as M3a, but we fit the simulated spectra with
M2c: The simulated model is the same as M2a, but we the lamppost model relxilllpCp.
fit with twice broken power-law emissivity using M4a: We introduce all the calculations from the GRMHD
relconv_nkxxillverCp. simulations, viz., disk geometry, four-velocity of the
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TABLE I. Simulated and fitting models for different cases. e denotes the emissivity profile. For the input e, either we assume a power-
law emissivity profile with emissivity index ¢ (i.e., € & r~7) or we calculate the emissivity profile from the GRMHD jet. For the fitting €,
we can model the emissivity profile with a simple power law (PL), broken power law (BPL), and twice broken power law (TBPL), or
with a lamppost emissivity profile. £ denotes the ionization parameter. In synthetic spectra, we have four cases: £ is assumed to be
constant over the disk (M0-M3), & is calculated from the GRMHD disk density profile with the maximum value log & = 4.7 (M4), & is
calculated from the GRMHD disk density profile but we ignore the emission when log& > 4.7 (M5), and ¢ is calculated from the
GRMHD disk density profile for r < 20 r, and from the constant electron density value for r > 20 r,. In the fits, we can assume &
constant over the disk, employ a PL profile or an a-disk profile. 8, are the emission angles that are either taken equal to the inclination
angle (i) of the observer or calculated through ray tracing (RT). The input electron density can be constant over the disk, calculated from
the GRMHD simulations, or calculated from the GRMHD simulations for r < 20 r, and constant for r > 20 r, (this last case is
indicated with G + const in the table).

Setup Simulated model Input ¢ Input logé Input 6, Input logn, Fitting model Fitting ¢ Fitting log &
M0Oa relconv xxillverCp g =26 3.1 0, =1 18 relconv X xillverCp PL Const.
MOb BLACKRAY q==06 3.1 0, =1 18 relconv X xillverCp PL Const.
Mla GRMHD q==6 3.1 0, =1 15 relconv X xillverCp PL Const.
MIlb GRMHD q==6 3.1 0, =i 18 relconv X xillverCp PL Const.
Mlc GRMHD qg=3 3.1 0,=1i 18 relconv x xillverCp PL Const.
M2a GRMHD Jet 3.1 0, =1 18 relconvlp X xillverCp Lamppost  Const.
M2b GRMHD Jet 3.1 0, =1 18 relconv x xillverCp BPL Const.
M2c GRMHD Jet 3.1 0, =1 18 relconvnk x xillverCp TBPL Const.
M3a GRMHD Jet 3.1 RT 18 relxilllpCp Lamppost  Const.
M3b GRMHD Jet 3.1 RT 18 relxillCp BPL Const.
M4a GRMHD Jet GRMHD RT GRMHD relxillCp BPL Const.
M4b GRMHD Jet GRMHD RT GRMHD relxilllpCp Lamppost ~ Const.
Mi4c GRMHD Jet GRMHD RT GRMHD relxilllpCp Lamppost PL
M4d GRMHD Jet GRMHD RT GRMHD relxilllpCp Lamppost  a disk
M5a GRMHD Jet Ignore >4.7 RT GRMHD relxillCp BPL Const.
M5b GRMHD Jet Ignore >4.7 RT GRMHD relxilllpCp Lamppost  Const.
Mb6a GRMHD Jet GRMHD RT G + const relxillCp BPL Const.
M6b GRMHD Jet GRMHD RT G + const relxilllpCp Lamppost ~ Const.

gas, jet emissivity, emission angles, plunging region,
and ionization and electron density profiles (see Fig. 5)
in the simulated spectra. When calculating the simu-
lated spectra, in the case where the ionization
logé > 4.7, we fix it at 4.7 as that is the maximum
value of ionization in the x111verCp table. Note that
we do not assume that the disk is truncated at rigco any
longer: the accretion flow turns out to be optically thick
up to the black hole, but there is a “plunging region”
between the disk and the black hole, where the radial
velocity of the gas is high, the density is thus low, and the
ionization parameter is high. In the plunging region, the
reflection spectrum turns out to be without features
because the material is almost fully ionized. We then fit
the simulated spectra with relxi11Cp employing a
broken power-law emissivity.

M4d: The simulated model is the same as M4a, but we fit
with relxilllpCp with a density profile derived
from Shakura-Sunyaev «a disk and the ionization
calculated self-consistently from this density profile.

M>5a: Same as M4a, but here we ignore the emission
from the annuli with log& > 4.7.

M5b: Same as M4b, but we ignore the emission from the
annuli with logé& > 4.7.

M6a: Same as Md4a, but we set a constant electron
density value for r > 20 r,,.

M6b: Same as M4b, but we set a constant electron
density value for r > 20 r,,.

IV. RESULTS

In this work, we tested the state-of-the art of relativistic

M4b: The simulated model is the same as M4a, but we fit
using the model relxil11pCp with a fixed ioniza-
tion and density.

Md4c: The simulated model is the same as M4a, but we fit
with relxilllpCp with a power-law ionization
profile and fixed density.

reflection models against GRMHD simulations of thin
accretion disks around black holes. We mainly studied
the capability of the reflection models to recover the input
spin parameters since spin measurements are one of the
important objectives of x-ray reflection spectroscopy. The
main idea is to simulate an accreting black hole using
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Input spin vs best-fit spin for cases MO, M1, M2, M3, M4a, and M4b. The input spins in our simulations are a, = 0.5, 0.8, and

0.98. The best-fit values of the spins are marked by the dots and the shaded regions denote the uncertainties at the 90% confidence level.
The gray dashed line corresponds to the case input spin = best-fit spin.

GRMHD simulations, which provide a more advanced
description of accretion disks compared to analytical disk
models, then simulate an observation of ~1 Crab bright
Galactic source with an exposure of 30 ks with NuSTAR
and then fit the data with our reflection models to see if they
recover the input spins.

To test the models, we used several cases (Table I) with
increasing complexity. Here, we discuss the results of the fit
obtained for each case. Figures 6 and 7 summarize the
results of the spin measurements. The best-fit values of the

most representative setups are reported in Supplemental
Material [119].

A. Setup MO0

In MOa and MOb, we test our method (Fig. 6). For MOa,
we simulate the spectrum using the relconv x xillverCp
model and then fit the simulated observation with the
same model. This reveals the response of the instruments
on board NuSTAR. We see that the input spins are
recovered as expected and that the uncertainties are higher
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FIG. 7.
line corresponds to the case input spin = best-fit spin.

for lower spins. In MOb, we test our code BLACKRAY.
The code should produce the same spectrum as
relconv x xillverCp, and we find that the fitting
produces very similar results as MOa. It has to be
remarked that we use relconv XxillverCp and
not relxillCp in our simplest cases because in
relxillCp there are additional calculations related to
emission angles that are taken into account (see Ref. [75]),
so choosing a convolution model removes that added
complexity.

B. Setup M1

In the three cases for Mla-Mlc (Fig. 6), we use
GRMHD data of the geometry and four-velocity of gas
from the GRMHD simulations and use fixed values of
emissivity index, ionization, and electron density. Mla
basically replicates the result of paper I, but here we include
even lower spin values. M1b is the same as M1a but with a
higher electron density of logn, = 18 compared logn, =
15 for Mla. In both cases, we see that the spin is almost
recovered for a, = 0.5 and a, = 0.98 with tighter con-
straints for higher spins. The spin is overestimated for the
model with a, = 0.8. In model Mlc, we reduce the
emissivity index to ¢ = 3 (it was ¢ = 6 in the previous
cases.'?). This reveals that the spin is always overestimated
for lower inclinations. The higher inclination the spin is
better estimated, with a, = 0.8 model being slightly
underestimated.

12 o . _
Power-law emissivity is defined as € o r79.

Input a.

0.8 1.0 0.6 0.8 1.0
Input a,

As in Fig. 6 for cases M4c, M4d, M5, and M6. The input spins in our simulations are a, = 0.5, 0.8, and 0.98. The gray dashed

C. Setup M2

In M2a-M2c (Fig. 6), we study the impact of the
emissivity profile of the jet. The lamppost geometry is
usually thought to describe a system in which the corona is
the base of the jet. In our case, we take the base of the jet
from the GRMHD simulations as an extended corona and
calculate the reflection spectra produced by such an
emissivity. We fit the spectra with a lamppost model in
M2a, with a broken power-law emissivity profile in M2b,
and a twice broken power-law emissivity profile in M2c.
We find that M2b and M2c can recover the correct spin for
a, = 0.98, regardless of the inclination angle of the disk.
M2b fails to recover the correct spins for lower values. M2c
recovers almost the correct spin for all cases. In the case of
M?2a (lamppost), we can never recover the correct input
spin and the model cannot fit the data well: we find large
residuals at the iron line (see Fig. 8). We note that the spin is
recovered better when using a twice broken power-law
model for the extended jetlike corona. However, we do not
have any further results with twice broken power-law
emissivity because the relxill models do not have it
and relxill nk currently lacks a high-density model
with a nthComp incidence spectrum.

D. Setup M3

In M3a and M3b (Fig. 6), we fit with models that take
into account the emission angle at the disk, as in the
previous models the emission angle was taken to be the
same as the inclination angle. There are no major
differences between the fits of models M3a from M2a.
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M3b performs better than M2b for the case a, = 0.5 and
i = 70°. The lamppost model cannot recover the correct
spins, while the model with a broken power-law emissivity
profile can at least recover the correct spins in the case of
fast-rotating black holes. We conclude that the effect of
emission angle is small when considering current instru-
ments like NuSTAR. This result is in line with our recent
study in Ref. [75].

E. Setup M4

In cases M4a-M4d, we use the most complex models
derived from the GRMHD simulations: the electron density
and ionization profiles are inferred from the GRMHD and
ray-tracing simulations (as shown in Fig. 5) along with the
disk and corona geometries used in the previous cases (see
Fig. 6 for M4a and M4b and Fig. 7 for M4c and M4d). This
provides us with the most sophisticated model in our study.
While fitting, in M4a we use relxillCp with a broken
power-law emissivity profile and in M4b we use
relxilllpCp with the lamppost profile. We see both

“+ x}/v=1216

4+ XP/v=2247

“+ x*/v =7.468

Residuals of the fits of the most representative setups. See the text for more details.

models fail to constrain the spin. M4a performs slightly
better in fitting, as we see more residuals in M4b around the
iron line (see Fig. 8). relxilllpCp has options to
choose ionization and density profiles using the parameter
iongrad_type. In M4c, we use a power-law ionization
profile: this model is not able to fit and constrain the spin
(Fig. 7). In M4d, we use the a-disk electron density profile,
which self-consistently calculates the ionization profile.
M4d can constrain the spins, but it cannot recover the
correct values. We note that (i) the density profile in our
simulations is closer to a Novikov-Thorne disk profile, and
(ii) as in the previous cases, the lamppost model cannot fit
the jetlike corona. However, as shown below with case M6,
the M4 cases fail to measure the spins because of the small
size of the disk in our GRMHD simulations.

F. Setup M5

Since cases M4a—-M4d fail to constrain the spins cor-
rectly, with M5 and M6 we try to figure out the reason of
such discrepancies (Fig. 7). In M5, we ignored the highly
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ionized emission from the inner regions of the disk, so we
ignore the emission when log& > 4.7. In M5a, we fit the
simulated data with a broken power-law emissivity profile.
In M5b, we use the lamppost profile. Both models, like
their corresponding M4a and M4b, failed to constrain the
spins and produced similar results (Fig. 7). This result
shows that the emission from the plunging region is not the
reason preventing recovery of the correct input spins.

G. Setup M6

In M6a and M6b (Fig. 7), we consider the fact our
simulated disks are small for computational reasons and
their densities drop unnaturally fast for r > 20 r,. We thus
use the electron density from the GRMHD simulations for
r <20 r, and the electron density at r=20r, for
r > 20 r,. This decreases the ionization parameter value
at r > 20 r, and its radial profile appears to be consistent
with the region r < 20 r, (see the orange dashed profiles in
the right panels in Fig. 5). In M6a with a broken power-law
emissivity profile, we recover the correct input spins for
a, = 0.8 with i = 30° and for a, = 0.98 with i = 70°, the
spin is unconstrained for a, = 0.5 with i = 30°, and we do
not recover the correct spins in the other cases. With the
lamppost emissivity profile in M6b, we cannot fit well the
data and we see large residuals in Fig. 8.

V. CONCLUSIONS

In this work, we tested the capability of relativistic
reflection models to measure the spins of black holes from
simulated data produced by GRMHD and ray-tracing
techniques. Our main findings are as follows: (i) we recover
the correct black hole spin for a, = 0.98 and i = 70° with a
model employing a broken power-law emissivity profile;
(i1) we find some discrepancy between the input spin and
the spin measurement in the case of a, = 0.98 and i = 30°
with a model employing a broken power-law emissivity
profile; we note that (i) and (ii) are consistent with the
conclusions of paper I, even if our model here is more
advanced (we calculate the emissivity profile, electron
density profile, and ionization profile from the GRMHD
simulations); (iii) we find large biased spin measurements if
the black holes are not fast rotating (input spins a, = 0.5
and 0.8) with a model employing a broken power-law
emissivity profile; (iv) the models with lamppost emissivity
profile are unsuitable to fit our simulated data in which the
corona is described by the jet inferred from the GRMHD
simulations.

We focused only on the spin constraints. However, there
can be degeneracies with other parameters that could result
in incorrect measurements of spins. Studying the correla-
tions among different parameters is beyond the scope of
this work. In Supplemental Material [119], we provide the
tables with the best fits for our different setups. We find that

an incorrect spin measurement may be related to the
estimate of the parameters related to the emissivity profile
(i.e., height of the corona or power-law indices) and to
some degree the inclination angles. We also find that, in
some cases, when the estimate of the electron temperature
kT, is lower than in the simulations, the spin is under-
estimated and often negative. In all our fits, we freeze the
value of the hydrogen column density Ny because usually
it cannot be constrained from the fit. If we simulate
simultaneous observations NICER + NuSTAR, we can
constrain Ny and we obtain a better estimate of kT,
(see Appendix A and Supplemental Material [119]).

Our simulations predict that the plunging region is
optically thick and highly ionized, which is consistent
with the result found in Ref. [92]. In such a case, the x-ray
photons from the corona can produce reflection radiation
from the plunging region, but only through Compton
scattering and there are no emission features in its spec-
trum. Such a radiation can thus contribute to the reflection
spectrum, but cannot appreciably affect the analysis of the
reflection features and, in turn, the measurement of the
black hole spin.

Today there is a debate on the strong tension between the
spin measurements of stellar-mass black holes from x-ray
reflection spectroscopy (where most black holes are found
to be fast rotating, say, a, 2 0.7 [50]) and those from
gravitational wave observations (where black holes are
found to be slow rotating, say, a, < 0.4); see, for example,
Refs. [42,120]. This discrepancy is confirmed by the latest
gravitational wave transient catalogs, which include a
larger number of gravitational wave events and black hole
spin measurements [32,33]. It may be caused either by the
fact that these black holes belong to two different pop-
ulations or at least one of the two methods does not provide
accurate spin measurements. To further complicate the
picture, some authors find that truncated disks are common
in the hard states [121-124], which is not consistent with
the high-spin measurements often inferred in the hard state,
where reflection features are usually stronger. Some authors
have also shown that fitting black hole x-ray data with more
complex spectra (e.g., by adding a second Comptonized
component) can lead to finding lower spins or truncated
disks (see, e.g., Ref. [125]).

The majority of the known black holes in x-ray binaries
are in low-mass x-ray binaries. We only know a few black
holes in high-mass x-ray binaries (and only Cygnus X-1,
M33 X-7, LMC X-1, LMC X-3, and IC 10 X-1 have spin
measurements reported in the literature). In low-mass x-ray
binaries, the companion stars have a mass < Mg, so they
cannot evolve into black holes and these systems are not the
progenitors of gravitational wave events. The case of high-
mass x-ray binaries is more complicated [42]. For example,
Cygnus X-1 is thought to evolve into a binary black hole,
but the system may merge after a very long time [126]. M33
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X-7 is not supposed to become a binary black hole: the
black hole and the companion star will probably merge
during a common-envelope stage [127].

Current models for the gravitational collapse of heavy
stars predict that the formation of fast-rotating black holes
from stellar collapses are unlikely [128,129], which would
be consistent with the results from gravitational wave
observations. While it is often thought that black holes
in x-ray binaries cannot significantly change the value of
their spin [130-132], some authors have proposed mech-
anisms to spin-up black holes, either those in high-mass
x-ray binaries [133] or those in low-mass x-ray binaries
[134,135], to explain the high spin values reported in the
literature.

In Ref. [42], the authors point out that the accretion
disks predicted by the Novikov-Thorne model are unsta-
ble and the latter should not be used for spin measure-
ments. However, reflection models only assume that the
accretion disk is perpendicular to the black hole spin axis
and the motion of the material in the disk is Keplerian,
without employing the actual structure of the Novikov-
Thorne disks.

If we consider the most advanced simulations (M3a,
M3b, M6a),13 we see that the analysis of the reflection
spectrum tends to infer high spin values, especially in the
case of a high inclination angle. We can normally infer the
correct spin parameter in the case of fast-rotating black
holes, but we may also infer high spin values for slow-
rotating black holes. Since in the simplest simulations
(setup M0O) we always recover the correct black hole spins,
it is possible that by improving the accretion disk structure
and description of the emissivity profile in current reflec-
tion models we can also measure the spins of slow-rotating
black holes. It is worth noting that similar high estimations
of spins also occur with the continuum fitting method for
disk thermal spectra obtained from GRMHD simulations,
see Refs. [136,137].

A natural question is how we can distinguish a true fast-
rotating black hole from a fake fast-rotating black hole if
we infer a high value of the black hole spin with x-ray
reflection spectroscopy. While we have not found any
robust quantitative criterion within our simulations, our
results support the conclusion already pointed out in
Ref. [51]. Very broadened iron lines are only possible in
the case of fast-rotating black holes when their corona is
compact and close to the black hole. If the black hole is fast
rotating but the corona is extended or not very close to the
black hole or if the corona is compact and close to the black
hole but the black hole is slow rotating, the iron line is not
very broadened and these two cases cannot be easily
distinguished. If the black hole is slow rotating and the

Bwe ignore the setups M4 and M5, because they are strongly
affected by the small size of the accretion disk in our simulations,
and M6b, because the quality of the fits is poor.

corona is not compact and/or not close to the black hole,
relativistic effects on the reflection spectrum may be even
too weak to allow us to measure the black hole spin. The
conclusion is thus that reliable spin measurements would
be possible only for fast-rotating black holes in which the
corona is compact and close to the black hole. In all other
cases, spin measurements using x-ray reflection spectros-
copy are more difficult and the final results should be taken
with caution.
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APPENDIX A: NICER + NuSTAR FITS

In Sec. IV, we assumed observations with NuSTAR.
Here we simulate simultaneous observations NICER+
NuSTAR. For NICER [138], we assume an exposure time
of 5 ks.'"* For NuSTAR, we assume an exposure time of
30 ks as before. With only NuSTAR, we were unable to
constrain the hydrogen column density Ny in tbabs for
some cases. With NICER, we can do it, as shown in the
Supplemental Material [119]. In Fig. 9, we show the results
for some of the most representative cases. As in the case of
the observations with only NuSTAR, the lamppost model
does not perform well and therefore we do not present its
results here. In all the models, we do not see any particular
difference in these new simulations from NICER +
NuSTAR concerning spin measurements, and the only
difference is that the uncertainties are usually smaller.

"“The response, ancillary, and background files for NICER
were downloaded from https://heasarc.gsfc.nasa.gov/docs/nicer/
proposals/nicer_tools.html.
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FIG.9. AsinFig. 6 for simultaneous observations NICER + NuSTAR. The gray dashed line corresponds to the case input spin = best-
fit spin.

APPENDIX B: IRON LINES

In Fig. 10, we show the comparison of the iron lines obtained from the Novikov-Thorne disk and GRMHD-simulated
disk for fixed emissivity of ¢ = 6 using our code BLACKRAY.

—— Novikov-Thorne disk —==- GRMHD disk
a, =0.1,i=30° a, = 0.5, i =30° a, = 0.8, i = 30° a, = 0.98, i = 30°
€ 0.02
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FIG. 10. Iron line profiles obtained from the Novikov-Thorne disk model (solid blue curves) and GRMHD disk model (dashed red
curves). The emissivity index in both cases is fixed g = 6. The top two is for low inclination (30°) and bottom row is for high inclination
(70°). The first (left) panels are for spin a, = 0.1, second for a, = 0.5, third for a, = 0.8, and fourth (right) for a, = 0.98. Note that in
the case of GRMHD models, the disk is truncated at the ISCO.

123030-15



SWARNIM SHASHANK et al.

PHYS. REV. D 112, 123030 (2025)

APPENDIX C: CASE WITH SPIN a,=0.1

The results of gravitational wave measurements predict a
median value of the BH spin around a, = 0.1. Here we run
our analysis for the setups M4a and M6a with input spin

0.1. Simulation and ray-tracing results are shown in Fig. 11.
The results are shown in Fig. 12 and are similar to other
cases, i.e., either high spin is recovered (M4a) or the spin is
unconstrained (M6a).

. 6
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w 70100 ¢
T Lo < 10*
S 8 10?
29
g 10!
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FIG. 11. Same as Fig. 5, but for spin a, = 0.1.
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FIG. 12. Setups M4a and M6a results with spin a, = 0.1. The bars denote 90% confidence interval and the cross is the best-fit
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