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north) and about 24 kpc(300� ) across the photometric minor
axis (� 115° east of north).

We coadd spectra from individual KCWI spaxels to reach
high signal-to-noise ratios(S/ Ns), forming 461 spatial bins.
Within each spatial aperture, we measure the line-of-sight
stellar velocity distributions(LOSVDs) from the shapes of the
absorption lines. Further details about the observations, data
reduction procedures, spectral�tting processes, and stellar
kinematic determination are provided in AppendicesA andB.

3. Stellar Kinematic Maps

3.1. Misalignment between Kinematic and Photometric Axes

The KCWI map for the line-of-sight velocityV (left panel of
Figure1) shows a prominent rotational pattern at large radii, in
which the northeast side of the galaxy is blueshifted and the
southwest side is redshifted. The kinematic axis that connects
the maximal receding and approaching velocities, however, is
not aligned with the photometric major axis, as it would be for
an axisymmetric rotating galaxy.

To quantify the amplitude and axis of rotation, we model
the velocity �eld as a cosine function, with ( )� 2 � �V R,

( ) [ ( )]� 2 � � � 2V R Rcos1 0 , whereR is the projected radius from
the galaxy’s center and� is the azimuthal angle on the sky.
The model parametersV1(R) and� 0(R) are the the amplitude of
rotation and the position angle(PA) of the kinematic axis at
radius R, respectively. With increasing radius, the velocity
curve shows a systematic shift in phase and an increase in
rotational amplitude(Figure2). Within a radius of 3 kpc, the
PA of the kinematic axis changes rapidly clockwise with radius
(lower right panel of Figure2), representing the kinematically
distinct core mapped out by the Multi Unit Spectroscopic
Explorer (MUSE) on the Very Large Telescope(Emsellem
et al.2014). Beyond 3 kpc, where the MUSE data end(at about
35� ), we �nd that the PA of the kinematic axis continues to

change clockwise and crosses the PA of the photometric minor
axis, plateauing at� 165° between 6 and 12 kpc. Hence, there
is a 40° misalignment between the stellar kinematic axis and
photometric major axis in M87.

3.2. Stellar Velocity Dispersion

The KCWI map(right panel of Figure1) and radial pro�le
(Figure 3) of the stellar velocity dispersion� exhibit several
features. Toward the center of M87,� increases rapidly from
250 km s� 1 at a radius of 2 kpc to 370 km s� 1 at 100 pc from
the nucleus. This is a clear signature of the gravitational
in�uence of the central black hole on the motions of the stars in
its vicinity. The velocity dispersion stays at about 250 km s� 1

between 2 and 5 kpc and then shows a gentle 10% decline
between 5 kpc and the outermost reach of our data at 12 kpc.
The stellar� at the edge of our�eld connects smoothly to the
latest determinations of the velocity dispersions of discrete
dynamical tracers(lower panel of Figure3) such as red
globular clusters and planetary nebulae in the outer parts of
M87 (Zhang et al.2015; Longobardi et al.2018). Beyond
about 10 kpc, subpopulations of planetary nebulae have been
reported to have distinct kinematics(Longobardi et al.2018): �
of “ intracluster” planetary nebulae rises to 800 km s� 1 at
100 kpc, whereas those in the galaxy halo component have a
relatively�at � pro�le out to 100 kpc, similar to that of the red
population of globular clusters(Côté et al.2001; Strader et al.
2011; Zhang et al.2015).

4. Determination of Mass and Shape Parameters from
Triaxial Schwarzschild Modeling

We use the full LOSVDs from Keck KCWI, along with
photometric observations from the Hubble Space Telescope
(HST) and ground-based telescopes(Kormendy et al.2009), to
measure M87�s mass distribution and intrinsic shape. We

Figure 1. (Left and Right) Stellar kinematic portraits of M87 from Keck KCWI spectra in 461 spatial bins. The line-of-sight velocities(left) and velocity dispersions
(right) of stars in M87 are shown over a 250� by 300� �eld of view centered at the galaxy’s nucleus. The systemic velocity of M87 has been removed in the left panel.
North is up and east is to the left. The two orthogonal white arrows indicate the orientations of the photometric major axis(PA of � 25°) and minor axis(PA of
� 115°), as determined from the mean position angle of the galaxy’s major axis between a radius of 50� and 250� in photometric data(Kormendy et al.2009). The red
and blue lines in the left panel mark the measured kinematic axis(PA of � 165°) outward of 70� (see Figure2). (Middle) HST composite image of the central 200� by
200� FOV of M87, illustrating the misalignment of the photometric major axis(yellow) and kinematic axis(red-blue) beyond 50� along with sample isophotes of the
stellar light distribution(yellow contours).
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perform triaxial Schwarzschild orbit modeling with theTriOS
code(Quenneville et al.2021, 2022) based on an earlier code
(van den Bosch et al.2008), and use more than 4000
observational constraints to simultaneously determine six
parameters:MBH, M*/ L, dark matter content, and the three-
dimensional intrinsic shape. As described below, we implement
a new capability in the code to model spatial variations inM*/ L
and use a radially decliningM*/ L pro�le that closely
approximates the variation inferred from stellar population
and dynamics studies of M87(Oldham & Auger2018; Sarzi
et al.2018).

4.1. Galaxy Model and Orbit Sampling

Each galaxy model has three mass components: a central
SMBH, stars, and a dark matter halo. The three-dimensional
stellar density in the TriOS code is represented as a sum of
multiple Gaussian functions of differing widths and axial ratios.
To determine these functions, we�rst �t a two-dimensional
Multi-Gaussian Expansion(MGE; Cappellari 2002) to the
surface brightness distribution of M87(see AppendixC). Each
MGE component is allowed an independent�attening

parameter( �aq in Table 2) to model any radially changing
ellipticity observed on the sky.

For a given set of three angles,� , f , and� , that relate the
intrinsic and projected coordinate systems of a galaxy
(Binney 1985), we deproject each MGE component, multiply
by a radially varying M*/ L (see below), and add the
deprojected Gaussians to obtain the three-dimensional stellar
density. Each deprojected MGE component can have its own
axis ratiosp, q, andu, wherep = b/ a is the intrinsic middle-to-
long axis ratio,q = c/ a is the intrinsic short-to-long axis ratio,
andu is the apparent-to-intrinsic long axis ratio. When the best-
�t p, q, and u are quoted below, each value is luminosity
averaged over the MGE components. Further details of the
relations between the apparent and intrinsic shape parameters
and the deprojections can be found in Section 2 of Quenneville
et al. (2022).

TheM*/ L we use to obtain the stellar density varies radially,
following a logistic curve given by
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Figure 2. Line-of-sight stellar velocities as a function of projected radius and azimuthal angle on the sky.(Left) Line-of-sight velocity as a function of azimuthal angle
on the sky for 11 radial shells spanningR= 15� –130� . The velocities in each shell(red data points) are well �t (blue) by a sinusoidal function of the form

( ) ( ) [ ( )]� 2 � � � 2 � � � 2V R V R R, cos1 0 . (Upper right) The amplitude of rotation,V1(R), increases with radius and reaches 25 km s� 1 around 6 kpc.(Lower right) The
phase of the velocity function,� 0, measures the orientation of the kinematic axis and varies signi�cantly with radius. It plateaus to� 165° beyond 6 kpc, indicating a
40° misalignment between the kinematic axis and the photometric major axis(red dashed curves; Kormendy et al.2009) in M87.
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where� is the ratio of the inner and outerM*/ L, andR0 andk
parameterize the location and sharpness of the transition. We
choose � = 2.5, R0 = 10� , and k = 2, which together well
approximate(Figure D1) the spatialM*/ L pro�le of M87
determined from Sarzi et al.(2018). We leave the overall
normalization—the outerM*/ L—as a free parameter. A similar
form as Equation(1) was used in an axisymmetric Jeans
dynamical study of M87 globular cluster and stellar kinematics
data (Oldham & Auger 2018). We implement this spatial
variation in our models by choosing distinctM*/ L ratios for
each component of the MGE such that the pro�le is
reproduced.

The dark matter halo is described by a generalized Navarro–
Frenk–White density pro�le (Navarro et al.1996)

( )
( ) ( )

( )�S
�S

��
��� H � H��
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r r r r1
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s s
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where� 0 is the density scale factor andrs is the scale radius.
This form of the dark matter halo is used by Li et al.(2020)
when �tting axisymmetric Jeans models to M87 globular
cluster and stellar kinematics data. They determine that

�� ��
��r 15.7s 2.0

2.3 kpc for the cored� = 0 model but �nd no
signi�cant preference for� = 0 over � = 1. Oldham & Auger
(2016), on the other hand,�nd a strong preference for�at cores
with � � 0.13. We have tested models with� = 0, 0.5, and 1,
and we�nd that the models with a� = 0 halo are a better
description of the data, with the goodness of�t (� 2) lowered by
at least 100. We therefore adopt the�at core,� = 0 dark matter
halo. Since the KCWI stellar kinematics extend to a projected
radius of 12 kpc, we expectrs and� 0 to be quite degenerate; we
choose to�x rs= 15 kpc and keep� 0 as a free parameter in the
models.

For each galaxy model, we compute the trajectories of a
library of around 500,000 stellar orbits that sample 120 values
of energy, 54 and 27 values of the second integral of motion for
the loop and box orbit libraries, and 27 values of the third
integral of motion over logarithmically spaced radii from 001
to 316� . The loop and box orbits are integrated for 2000 and
200 dynamical times, respectively. We project the stellar orbits
onto the sky and compute the LOSVDs, accounting for the
KCWI point-spread function(PSF) and spatial binning. Using a
non-negative least-squares optimization, we determine the
orbital weights such that the linear superposition of orbits
reproduces the luminous mass(to an accuracy of 1%) and the
observed kinematics in each spatial bin. As described below,
the procedure is repeated for a large suite of galaxy models in
order to determine the best combination of the galaxy model
parameters.

4.2. Parameter Search

The best-�t model parameters and uncertainties are deter-
mined as follows. We use an iterative grid-free Latin hypercube
scheme to select sampling points in the six-dimensional model
parameter space(Liepold et al. 2020; Pilawa et al.2022;
Quenneville et al.2022). In each iteration, theTriOS code is
run to assess the� 2 of each of the sampled galaxy models. The
� 2 of a model is determined by comparing the data and
uncertainties for the lowest eight kinematic moments in each of
the 461 spatial bins to the model predictions. An additional set
of constraints is imposed on kinematic momentsh9 to h12, in
which the value of each moment is required to be zero with
error bars comparable to the errors inh3 to h8. As shown in
Liepold et al.(2020), these additional constraints help eliminate
spurious behavior in the LOSVDs predicted by the models.

The goodness-of-�t landscape is then approximated using
Gaussian process regression(GPR; Rasmussen & Williams
2006; Pedregosa et al.2011) with a Matérn covariance kernel.
To map the high-likelihood region in�ner detail, we run the
TriOS code again for a subsequent set of models selected by
uniformly sampling a zoom-in volume that lies within the 3�
con�dence level for six parameters in the previous regression
surface. A more accurate GPR surface is then obtained from all
the available models. After multiple iterations, we again use

Figure 3. Radial pro�le of stellar velocity dispersion of M87 in the inner
10 kpc (on a linear scale; top) and out to 100 kpc(on a logarithmic scale;
bottom). All 461 KCWI bins are shown(blue) but many overlap.(Top) The
KCWI values within 1 kpc agree well with those from MUSE on the Very
Large Telescope(Emsellem et al.2014; Sarzi et al.2018; yellow and orange,
respectively), while the MUSE values are 10–20 km s� 1 larger than KCWI
between 1 and 3 kpc. At 4.5 kpc, our KCWI measurements match the single
data point(red) from an independent KCWI observation(Forbes et al.2020).
The VIRUS-P values(Murphy et al.2011; gray), which were used in the
axisymmetric stellar-dynamical measurement of the M87 black hole(Gebhardt
et al. 2011), are 30–50 km s� 1 higher than all other measurements. Murphy
et al. (2011) noted a similar offset between their values and earlier IFU
measurements(Emsellem et al.2004) in the inner 2 kpc.(Bottom) Red globular
clusters have similar� (red) as stars and appear to belong to M87�s stellar halo
(Zhang et al.2015), whereas the intracluster component of planetary nebulae
have sharply rising� (Longobardi et al.2018; green).
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GPR to construct a smooth likelihood surface from all available
models(nearly 20,000 in total). Finally, we use the dynamic
nested samplerdynesty (Speagle2020) to sample from this
surface to produce Bayesian posteriors, assuming a uniform
prior for all parameters.

Following Quenneville et al.(2022), we search over a
different set of shape parameters,T, Tmaj, andTmin, instead of
angles � , f , and � . Such a parameterization maps the
deprojectable volume in the viewing-angle space into a unit
cube in the shape-parameter space, allowing for simpler and
more ef�cient searches. The de�nitions of (T T T, ,maj min) and
the relationships with(� , f , � ) are given in Section 3 of
Quenneville et al.(2022).

The�nal posterior distributions yield clear constraints on all
six model parameters:MBH, outerM*/ L, dark matter density
� 0, T, Tmaj, and Tmin (Figure 4). Instead of the halo density
parameter� 0, we describe the dark matter halo in terms of the
ratio of dark matter to total matter enclosed within 10 kpc,f10.
The posterior distributions for the more intuitive(luminosity-
averaged) axis ratiosp, q, andu are also shown. The best-�t
parameters are summarized in Table1.

4.3. Black Hole Mass and Stellar Mass-to-light Ratio

The mass of the M87 black hole has been determined with
two other independent methods(Walsh et al.2013; Event
Horizon Telescope Collaboration et al.2019a) in addition to
the stellar-dynamical method used here. Compared to our
value ( ) �:� � � o � q��

��M M5.37 0.22 10BH 0.25
0.37 9 , the valueMBH =

(6.5± 0.2± 0.7) × 109 Me inferred from the crescent dia-
meter by the Event Horizon Telescope(EHT) team (Event
Horizon Telescope Collaboration et al.2019b) is 21% higher,
but the difference is within 1.5� of their uncertainties. A
recent reanalysis of EHT observations(Broderick et al.
2022) revised the black hole mass toMBH = (7.13± 0.39) ×
109 Me , which is 33% above our value, but Tiede et al.(2022)
warned of the false-positive tendency of the method used in
the reanalysis and found that signi�cant systematic uncertain-
ties were not taken into account. The ionized gas-dynamical
determination of ( ) �:� � � q��

��M M3.45 10BH 0.26
0.85 9 (after scaling

to our adopted distance of 16.8 Mpc) is 36% below our value
(Walsh et al.2013; Event Horizon Telescope Collaboration
et al.2019b).

Before this work, the most recent mass measurement of the
M87 black hole that also used orbit-based stellar dynamics
obtained (Gebhardt et al.2011; Event Horizon Telescope
Collaboration et al.2019b) ( ) �:� � � q��

��M M6.14 10BH 0.62
1.07 9 (after

scaling to our adopted distance of 16.8 Mpc), which is 14%
above our value. Despite the apparent consistency, there are
many differences between the two measurements. In this work,
the stellar spectra are obtained in a homogeneous manner from
the latest IFU at the Keck Telescope over a contiguous
250� × 300� �eld and have S/ N of around 100 per Å for the
outermost bins and above 200 per Å for central bins. The
observed stellar velocity dispersions used to constrain the orbit
models in this work are about 20% lower than those of
Gebhardt et al.(2011) and Murphy et al.(2011) beyond 1 kpc
(Figure3; top panel), but this work is in broad agreement with
other recent measurements(Emsellem et al.2014; Sarzi et al.
2018; Forbes et al.2020). The orbit modeling in this work
allows for triaxiality, and theMBH is obtained from a full six-
dimensional model parameter search with posteriors measured
using a Bayesian framework. Furthermore, Gebhardt et al.

(2011) adopts a spatially constantV-bandM*/ L of 9.7Me / Le
(scaled to our distance of 16.8 Mpc). However, a recent
detailed stellar population analysis of M87 reported a negative
radial gradient due to a changing stellar initial mass function
(Sarzi et al.2018). When incorporating the shape of thisM*/ L
gradient into our stellar-dynamical models, we�nd theV-band
M*/ L declines from 8.65Me / Le at the center to an outer value
of 3.46Me / Le .

Using eitherM*(< rSOI) = MBH or M*(< rSOI) = 2MBH as
the de�nition of a black hole’s gravitational sphere of in�uence
(SOI), we �nd the SOI radius of the M87 SMBH to be
rSOI= 4 4 (0.36 kpc) or 6 1 (0.50 kpc).

4.4. Dark Matter Mass

At the outer reach of our data, at a radius of 10 kpc, we�nd
the enclosed dark matter mass to beMDM(< 10 kpc) =
(3.88± 0.12) × 1011Me , constituting about 67% of the total
mass of the galaxy( f10 in Table 1). A similar dark matter
fraction(73% at 14.2 kpc) is obtained from Jeans modeling of
the kinematics of globular clusters(Li et al. 2020). A lower
dark matter fraction(about 30% at 11 kpc) is estimated from
axisymmetric orbit-based modeling of the kinematics from
stars and globular clusters(Murphy et al.2011). This lower
fraction arises mainly from their high estimate ofM*/ L, as
discussed in the previous paragraph.

Our inferred total mass of M87 within 10 kpc is
Mtot(< 10 kpc) = (5.77± 0.12) × 1011Me . Dynamical model-
ing of globular clusters under the assumption of spherical
symmetry yields very similar values at the same radius
(Romanowsky & Kochanek2001; Wu & Tremaine2006) but
with large modeling uncertainties(Wu & Tremaine 2006).
Estimates from axisymmetric orbit models�nd a 15% lower
value(Murphy et al.2011). Jeans modeling studies(Oldham &
Auger 2016; Li et al. 2020) incorporating a radially declining
M*/ L �nd a total mass enclosed within 10 kpc to be in the
range of(3–7.5) × 1011Me .

4.5. M87’s Intrinsic Shape

Our orbit modeling results show that M87 is strongly
triaxial, where the lengths of the short and middle principal
axes are 72% and 85% of the length of the long axis,
corresponding toq andp, respectively. A triaxiality parameter
often used to quantity the ratios of a galaxy’s principal axes is
T = (1 � p2)/ (1 � q2) = (a2 � b2)/ (a2 � c2). This parameter
ranges betweenT = 0 for an oblate axisymmetric shape
(p = 1 or a = b) and T = 1 for a prolate axisymmetric shape
(p = q or b = c), with values between 0 and 1 indicating a
triaxial shape. Our inferred value for M87 isT = 0.65± 0.02,
strongly excluding the possibility that M87 is an axisymmetric
galaxy.

The shape parametersp, q, andu in Table1 are related to a
set of angles� , f , and� that uniquely specify the orientation of
M87�s intrinsic axes with respect to its projected axes on the
sky (van den Bosch et al.2008; Quenneville et al.2022). The
angles� and f specify the direction of the line of sight from
M87 to the observer; they are the usual polar angles in M87�s
intrinsic coordinate system. The inclination angle� = 0°
corresponds to a face-on view of M87 along its intrinsic short
axis, and� = 90° corresponds to an edge-on view with the
short axis in the sky plane. The azimuthal anglef = 0° places
the intrinsic middle axis in the sky plane, andf = 90° places
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the intrinsic long axis in the sky plane. Once the line of sight is
described by� andf , the third angle� speci�es the remaining
degree of freedom for the rotation about the line of sight. Our
best-�t angles for M87 are(� , f , � ) = (48°.9, 37°.5, � 61°.3).
Thus, we are viewing M87 from a direction that is roughly
equidistant from all three principal axes.

4.6. Angular Momentum Vector and Origin of Kinematic
Misalignment

To gain physical insight into the origin of the observed
misalignment between the kinematic axis and photometric
major axis of M87 on the sky(Figure 2; lower right), we
examine the direction of the total angular momentum vector,L,

of the stars predicted by our best-�t orbit model and how it
would be projected on the sky. To do this, we sum the
individual contributions to the angular momentum from the
superposition of stellar orbits and compute the totalL. Among
the three major orbital types computed in theTriOS code, the
box orbits supported by a triaxial gravitational potential, by
construction, have zero angular momentum, whereas the short-
axis and long-axis tube orbits have netL along the intrinsic
short axis and long axis, respectively(Schwarzschild1979; van
den Bosch et al.2008; Quenneville et al.2022). The direction
of the total L is therefore determined by the relative
contributions from the two types of tube orbits(Franx et al.
1991).

Figure 4. Posterior distributions of six parameters from triaxial Schwarzschild orbit modeling of M87: black hole massMBH, outer stellar mass-to-light ratioM*/ L,
dark matter fraction enclosed within 10 kpcf10, and shape parametersT, Tmaj, andTmin. The posterior distributions of the luminosity-averaged axis ratiosu, p, andq
are shown in the upper right. The three levels of purple shading bound the 1� , 2� , and 3� regions(68%, 95%, and 99.7% con�dence levels, respectively) of the
parameters. The vertical lines in each one-dimensional distribution indicate the median and the corresponding three con�dence levels.
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