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ABSTRACT

We present 3D kinematic observations of stars within the central 0.5 pc of the Milky Way nuclear
star cluster using adaptive optics imaging and spectroscopy from the Keck telescopes. Recent ob-
servations have shown that the cluster has a shallower surface density profile than expected for a
dynamically relaxed cusp, leading to important implications for its formation and evolution. How-
ever, the true three dimensional profile of the cluster is unknown due to the difficulty in de-projecting
the stellar number counts. Here, we use spherical Jeans modeling of individual proper motions and
radial velocities to constrain for the first time, the de-projected spatial density profile, cluster velocity
anisotropy, black hole mass (Mgg), and distance to the Galactic center (Rg) simultaneously. We find
that the inner stellar density profile of the late-type stars, p(r) o r~7 to have a power law slope

v = 0.0570 25, much more shallow than the frequently assumed Bahcall & Wolf slope of y = 7/4.
The measured slope will significantly affect dynamical predictions involving the cluster, such as the
dynamical friction time scale. The cluster core must be larger than 0.5 pc, which disfavors some
scenarios for its origin. Our measurement of Mgy = 5.7671 75 x 106 M and Ry = 8.927028 kpc is
consistent with that derived from stellar orbits within 1” of Sgr A*. When combined with the orbit
of S0-2, the uncertainty on Ry is reduced by 30% (8.46f8:§§ kpc). We suggest that the MW NSC can

be used in the future in combination with stellar orbits to significantly improve constraints on Ry.
Subject headings: Galaxy: center — stars: kinematics and dynamics — stars: late-type — techniques:

high angular resolution — techniques: spectroscopic

1. INTRODUCTION

Due to its proximity, the nuclear star cluster (NSC) at
the center of the Milky Way (MW) is the only galactic
nucleus for which we are currently capable of resolving
individual stars and measure both their proper motion
and line-of-sight velocities. This provides us with the
unique opportunity to study the dynamical interactions
of a star cluster with a supermassive black hole (BH) in
unprecedented detail.

One of the predictions for a dynamically relaxed star
cluster with a massive black hole is that there should be
a steep increase in stellar density toward the black hole.
Sometimes termed the Bahcall and Wolf (BW) cusp,
these clusters are predicted to have a power law density
profile p(r) oc 7~7, where r is the physical distance from
the black hole, with v = 7/4 to 3/2 depending on the
relative masses of stars in the cluster
1976, 1977). The red giants in the MW NSC, which
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constitute the majority of the observable stars in the
cluster, are likely old enough (1-10 Gyr) to have formed
such a cusp. However, star counts using adaptive op-
tics (AO) spectroscopy and medium-band imaging have
shown that the red giants have a very flat projected sur-
face density profile close to Sgr A*, the central black
hole (Buchholz et alll2009; Do et alll2009,2013). Due to
the effect of projection, it is difficult with number counts
alone to constrain the three-dimensional spatial density
profile. The flat projected surface density profile even al-
lows for decreasing stellar density toward the black hole,
or a ’hole’ in the stellar distribution. It is important to
measure the spatial density profile of the MW NSC as
it may lead us to understand better its formation and
evolution (e.g. Merrittl 2010; [Antonini et al![2012). The
density profile is also important for dynamical consider-
ations, such as the growth of black holes, the effect of
dynamical friction, and the predictions for gravitational
waves due to the in-spiral of compact objects.

There has also been much interest over the years in us-
ing stellar dynamical measurements of the MW NSC to
constrain the existence of a supermassive black hole at
the Galactic center (GC) and measure its mass (Mpp).
A number of approaches at measuring Mgy were made
using stellar radial velocities and proper motions (e.g.
\Genzel et_al! [1996; |Ghez et. all [1998; [Genzel et al! 2000;

[2001) in combination with dynam-
ical modeling. Using an assumed distance to the GC
(usually 8 kpc), early measurements of Mpy have
been made using isotropic (Genzel et all [1996) and
anisotropic Jeans models (Genzel et all[2000), mass esti-
mators (Ghez et all[1998), and non-parametric isotropic
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mass modeling (Chakrabarty & Saha [2001)). The mea-
surements for Mgy using these methods range from 1.8
to 3.6x10% M. However, subsequent measurements us-
ing the orbit of S0-2, a star with a semi-major axis of
0.124”, have found a higher Mgy of 4.1 0.6 x 10° M,
and Ry = 8.0+ 0.6 kpc (Ghez et al!l2008; |Gillessen et al
2009). Later estimates of Mpp using Jeans modeling of
proper motions (Schodel et all2009) and in combination
with radial velocities (Trippe et all[2008) has come into
closer agreement with the stellar orbits. One source of
the discrepancy between these cluster studies may lie in
the assumption of the spatial profile of the stars; the ear-
lier works assumed a BW-like cusp, while the later stud-
ies assumed a more shallow stellar density profile. How-
ever, no studies have so far measured the volume density
profile of the MW NSC simultaneously with Mgy and
Ry to verify consistency with the results from S0-2.

We present a spherical Jeans model of the inner 0.5 pc
of the MW NSC which for the first time, measures the
stellar density profile, velocity anisotropy, Mgy, and Ry
simultaneously using individual three-dimensional veloc-
ity measurements. In Section 2] and [8] we present the
observations and sample selection. We discuss the com-
ponents of our dynamical model in Section [ while in
Section B, we present significant constraints on the clus-
ter parameters as well as Mgy and Ry. Section [6] dis-
cusses the implications of these measurements for cusp
formation and dynamical calculations involving the clus-
ter.

2. OBSERVATIONS

Observations of the central 0.5 pc were made using
the integral-field spectrograph OSIRIS and the imager
NIRC2 on the Keck 2 telescope between 2006 and 2010.
These instruments are behind a laser-guide star adap-
tive optics system (LGS AO) system. The spectroscopic
observations are made along the inclination angle of
the young stellar disk, at a position angle of 105 deg
(Lu_et all2009) extending out to 14” from the Galactic
center. For more details about the spectroscopic fields
and data reduction, see Do et all (2013), where the stel-
lar identifications are reported. Observations and data
reduction for the imaging observations are detailed in
Yelda et al. (2013, submitted).

3. SAMPLE SELECTION AND VELOCITY
MEASUREMENTS

In the current study, we only include stars which are
identified as late-type in Table 2 from [Do et all (2013),
as we are interested in the properties of the older com-
ponent of the NSC. It is important not to include the
dynamics from the young stellar population in this re-
gion, because at least half of them are distributed in
a distinct stellar disk, which would bias the results of
spherical Jeans modeling. In contrast, the old compo-
nent is likely to be spherically symmetric (Trippe et al.
2008; [Schodel et all 2010). In addition, this sample in-
clude only stars with all three components of velocity
measured (thus limited by the coverage of the OSIRIS
observations). The line-of-sight measurements where ob-
tained by cross-correlation of the late-type stars with an
M3II stellar template (HD40239) from the SPEX instru-
ment on IRTF (Rayner et al!l2009). The radial velocities
are then corrected for the solar motion with respect to

the standard of restf]. Radial velocity errors are obtained
by splitting the spectra for each star into three subsets
and measuring the standard deviation of the radial veloc-
ities of the three subsets. We are able to measure radial
velocities up to ~ 3 kms™! precision, where systematic
uncertainties, such as the wavelength solution, then dom-
inate. The proper motion measurements are made using
the data set and reference frame defined by Yelda et al.
(2013, submitted). We further only include stars with
velocity error less than 100 kms™" in any velocity com-
ponent. The median radial velocity error in our sample
is 16 kms™'. The median error in v, is 0.09 mas yr—?
and vy, is 0.11 mas yr—! (3.6 & 4.4 kms™ " at 8 kpc). The
final sample of 265 stars and their velocities are listed in
Table [Tl

4. JEANS MODELING

In order to relate the measured stellar positions and
velocities to the cluster properties and the gravitational
potential, we will use the spherically symmetric Jeans
equation, allowing for velocity anisotropy:

dip.oy) | o Br)poy _
dr T T

where o, is the dispersion in the radial direction in spher-
ical coordinates. The velocity anisotropy, £ is defined as
in Binney & Tremaind (2008):

_ 95+
202 7’

B=1 (2)
where 09, 04, and o, are the velocity dispersion in spheri-
cal coordinates. The radial dependence of the anisotropy,
B(r) is parameterized as:

~ Bo+ Boo(r/15)"
ST e

where [, is the inner anisotropy, B is the outer
anisotropy, g is the location of the transition, and 7
is the sharpness of the transition. The stellar spatial
density profile, p,(r) is defined to be a broken power law
(Lauer et alll1995):

(3)

pu(r) o (%) ) (1 + (T/rb)é)(v—a)/é7 (4)

where v is the inner power law slope, « is the outer slope,
rp is the break radius, and ¢ is the sharpness of the tran-
sition between the two slopes. The mass profile M(r) is
defined to be a point sourcd™ with the mass of the black
hole:

M(T‘) = MBH' (5)

We also include the distance to the black hole, Ry, as a
free parameter. The mean velocity of the cluster with
respect to the center of the reference frame (Yelda et al.

9 The velocity correction is performed using the rvcorrect task
in IRAF. This correction uses a velocity of 20 kms~? for the solar
motion with respect to the local standard of rest in the direction
a = 18" § = +30deg for epoch 1900 (Kerr & Lynden-Bell [1986),
corresponding to (u,v,w) = (10,15.4,7.8) kms~!.

10 The stellar kinematics are dominated by the gravitational
influence of the black hole in the observed region (rs, s = 2 pc).



TABLE 1
MEASURED STELLAR POSITIONS AND VELOCITIES
Name K’ ARA ADec Vg Ovy Vy Ov, Epochgzy v Ou,® Epoch,,
(@) (@) (mas yr~ 1) (masyr~!) (masyr~!) (masyr—?!) (km s~1)  (kms™1)
S0-17 159 0.0410 -0.0014 7.09 0.08 24.18 0.09 2008.177 597 16 2005.500
S0-6  14.1  0.0296 -0.3604 -5.12 0.02 3.57 0.03 2007.675 87 1 2008.370
S0-18  15.1 -0.1153 -0.4173 -2.66 0.04 1.82 0.04 2007.321 -262 19 2008.370
S0-27  15.6  0.1491  0.5477 0.76 0.03 3.61 0.05 2008.449 -126 43 2008.560
S0-28 15.7 -0.1411 -0.4956 7.61 0.04 13.60 0.05 2007.228 -329 73 2008.560
S0-12 14.3  -0.5560 0.4124 0.98 0.02 3.88 0.03 2007.779 -29 6 2008.370
S0-13  13.3  0.5503 -0.4119 1.80 0.02 3.64 0.03 2007.642 -38 3 2006.490
S1-5  12.7 0.3309 -0.8978 -3.84 0.02 4.71 0.03 2006.293 21 2 2009.340
S1-10  14.7 -1.1108 -0.0128 4.28 0.02 2.24 0.03 2007.804 -35 17 2006.460
S1-31  15.7 -0.9853  0.5548 -0.87 0.03 -2.01 0.04 2008.473 159 50 2008.370
a Listed are statistical uncertainties. There is ~ 3 km s~! systematic uncertainty from the wavelength solution.
b A full table is published electronically.
2013, submitted) is included (U, Ty, U,). The total set as a function of the anisotropy £(r):
of model parameters are:
g C __2 /OO Amdr (10)
YXR)Jr  VrT-RT

M= {5175%527 Thy 0, 0,7, 7’[37507 m, Boos MBH, Ro} (6)

Given this set of model parameters and the Jeans equa-
tion, we can compute the radial dispersion and project it
on the sky to compare to our observed dispersion mea-
surements and its covariances. In order to avoid having
to bin the data either radially or by velocity and thus los-
ing information, we choose to compute the likelihoods for
each source having an observed (projected) velocity vec-
tor V.= {Vg, Vr, V. } and a projected distance from Sgr
A* of R, given the set of model parameters .# . Following
the methodology in [Martinez et all (2011) and [Do et all
(2012), the probability density function (PDF) for each
individual star is defined as:

—r . _
P(V,R|A) x _ exp |:— (V=-V)y RV -V) .
IC(R)] 2
(M
The combined likelihood of the whole sample is the prod-
uct of the PDF for each star, :

L) = HP(vi, Ri|.A) (8)

The likelihood is proportional to RZ, the distance to the
Galactic center through the conversion between angular
velocity into physical units.

The covariance matrix (C) of the intrinsic moments of
the velocity components (v = {vg,vr,v.} in cylindrical
coordinates):

1
C=—

SR p*<VTV>dZ

(9)

o0
I
Where Y (R) is the projected surface density profile.
Equivalently this covariance matrix came be expressed

-o(-#) o [#/iE]

0 -5 0

L I
(11)

Some of the off-diagonal terms are zero because of our
assumption of spherical symmetry. The error matrix to
account for measurement error is (the errors are assumed
to be normally distributed and uncorrelated):

A:

e%/R 0 0
Err = 0 €, 0 (12)
0 O e%,z
The total projected covariance matrix is therefore:
Crr.total = Crr + ERT (13)

If Cartesian coordinates are chosen, such that v
(vg, vy, v,) then A in Equation [I0]is:

1-9(-2)

(3%

]

A,y

1-s-8)] [

] ] o

We take a Bayesian approach along with the Multi-
Nest sampling algorithm (Feroz et all 2009) to compute
the posterior PDFs with linear flat priors for all param-
eters (Table [2)).

5. RESULTS

We find the combination of kinematic data and Jeans
modeling is able to significantly measure most of the clus-
ter parameters, including v, 8,, Mpg, and Ry. For the
case where Mgy and Ry are allowed to be free, we find
the 68% central confidence interval for v = 0.0570-2%

Bo = 0.01753% Mpy = 5.767178 x 105 My, and Ry =



TABLE 2
MODEL PARAMETERS, PRIORS, AND FITS

Parameter Description Unit Lower Limit Upper Limit Fit 12 Fit 2b Fit 3¢
[ central velocity in x direction  km s~1 -100 100 24-994_-;',2?1 21-994_-;:2; 23-134_-;'22
Uy central velocity in y direction  km s™! -100 100 10-061—2:% 8111’;1?2 9-401—;:56;?;
v central velocity in z direction ~ km s™! -100 100 —6.11t;:§g —7.231’2:83 —6.414_';'é3
T8 break radius in B(r) pc 0 2 0.9315-52 e 1.1379-22
Bo inner anisotropy -3 1 0~01t8:§i 0.00 _0.134_—8.38
n sharpness in 8(r) transition 0 10 4.55t§:$g 4.241'3:2(1)
Boo outer anisotropy -5 1 —2.72+1:50 0.00 —2,017125
b break radius for p. pc 0 2 15617035 1537028 1517007
gl inner slope of p, -5 2 0.057080 0167020 0.227032
4 sharpness in ps transition 0 10 6.87tg:ég 6.83tg:g§ 6.811’3%2
outer slope in p, 3 10 5947590 5881200 6317270
Mgy black hole mass x10% Mg 3 8 5760150 3.7TI00s  4.6210-9%
R, distance to GC kpc 5 10 8.927038 8127097 8461033

2 Fit using MW NSC stars.
b Fit with isotropic velocity distribution.
¢ Fit 1 with R, and My priors from the orbit of S0-2 (Ghez et all[2008)

1.0 1.0
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0.8¢
0.6
w
a
a
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0'8. . 1.0 1.5
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o 9 9
© [0}
=7 =7
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S =
= 5 5 5
= =
4 4
3 3
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FiGc. 1.— The first row of plots shows the posterior distributions for the cluster parameters for the case where both Mpy and Rg are

allowed to be free. The measurements have 68% central confidence intervals of: (a) v = 0.054_'8:28, (b) Bo = 0011—8:32 The constraints

on v and f8, are robust, but the core radius (c¢) and outer anisotropy Boo (d) are dominated by the priors because the data is limited
to R < 0.5 pc. The joint posteriors between (e) v and Bo, and (f) v and Mpy show strong correlation. The third row shows the joint
posteriors between (g) o and Mg, (h) B and Mgy, and (i) the distance to the Galactic center, Ry and the bulk cluster velocity along
the line of sight, 7,. There is no correlation between v, and R,.



8.9210%8 kpc (Figure[M)). We find that there is a strong
correlation between [, and -y, as well as between v and
Mpn (Figure[). The fits are insensitive to the mean ve-
locity offset in each direction (T, 7y,7.), which are not
correlated with any of the cluster parameters. As an
example, we show the joint PDF of v, and Ry in Fig. [

In order to test the robustness of these results, we also
re-analyze the data with variations of assumptions about
the cluster parameters: (1) using the joint PDF of Mgy
and R, from the orbit of S0-2 (Ghez et alll2008, Mgy =
4.140.6 x 106 Mg, Ry = 8.0 £0.6 kpc), (2) allowing for
extended mass (M (r) = My + Mstars(r)), (3) allowing
for cluster rotation. We find that the inner slope value
is very robust to changes in model assumptions, varying
only within the range of statistical uncertainties. Adding
the priors on Mgy and Ry, shifts v by less than 1 o,
with the uncertainties staying nearly the same. We find
no significant constraints on the mass from stars in this
region. The present data show no significant evidence for
rotation, even when it is allowed in the fit. Within the
radial range of the present dataset (0.5 pc), the velocity
dispersion dominates over the large scale rotation that
is seen at larger scales of 1 to 2 pc (Trippe et all 2008;
Schodel et all [2009). We tabulate the resulting central
confidence intervals for the cluster-only fit as well as for
the addition of the constraints on Mgy and Ry from S0-2
in Table

We also examine the effect of including velocity
anisotropy by doing an isotropic fit. We find that the in-
ner slope becomes steeper with v = O.leg:gg, but is con-
sistent within 1 . The inferred black hole mass and Ry
also decreases, along their statistical uncertainties (Table
2). We note that inferred Ry has a direct impact on the
inferred anisotropy and vice versa.

It has been argued that the non-negativity of the dis-
tribution function imposes the constraint v > Sy + 1/2
(An & Evand [2006). This relation is violated in large
parts of the 8y — v preferred region (Figure [Ik) and this
issue deserves a separate investigation. Including this
limit will likely result in slightly steeper « and increased
tangential anisotropy. A distribution function analysis
similar to that of [Wu & Tremained (2006) will be useful
to confirm the present results.

We are unable to place strong constraints on the size
of the core profile using the current dataset, except that
it must lie beyond 0.5 pc. This lower-limit is consistent
with surface number density profiles from [Schodel et al.
(2007) show that the cluster core should lie between
about 0.4 to 0.6 pc, where the profile turns over to the
form of 1/R%8.

Similarly, constraints on the velocity anisotropy is best
in the region that the data samples. The posterior distri-
bution for the inner anisotropy (8y) is well constrained
while the outer anisotropy (8 ) is prior dominated (Fig.

The Jeans model shows definitively that the Galactic
center has only a very shallow cusp of red giants, and that
it is inconsistent with the predictions of dynamical relax-
ation of v = 3/2 to 7/4 (Bahcall & Wolf[1977). Number
counts from the surface density profile had previously
placed upper-limits on the slope of the spatial density
profile of v < 1.0 at 99.7% confidence, which allowed for
a complete lack of late-type giants close to Sgr A* (or
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a ‘hole’ in the stellar distribution). The addition of 3D
kinematics shows that there must be late-type stars near
the black hole, though the stellar density may decrease
toward the black hole.

6. DISCUSSION & CONCLUSION

The theoretical explanations for the unrelaxed stellar
density profile at the Galactic center can be roughly
classified as either as slow and secular, or from dis-
ruptive events. Secular explanations include: resonant
relaxation of the cluster driving stars more efficiently
than two-body relaxation into the black hole loss cone
(Madigan et all [2011)); collisions between the red giants
and other stars or stellar remnants (e.g.[Dale et all2009);
or tidal stripping of the red giants (Davies & King 2005;
Murphy et all [1991)). While these mechanisms may all
occur and can produce core-like profiles, they are gener-
ally only effective at » < 0.1 pc and are not likely able
to fully explain a core with r > 0.5 pc. Disruptive mech-
anisms such as the infall of a massive black hole (e.g.
Baumgardt et alll2006; Merritt |2010) or a globular clus-
ter (Antonini et all [2012) can produce very large cores
depending on the mass of the infalling object. While
these events are very infrequent, the long two-body dy-
namical relaxation time in this region would require
about 1-10 Gyr to regenerate a BW cusp. To test the
theory of an infalling black hole will require theoretical
predictions for the motion of stars after the passage of
the massive object. For example, tangential anisotropy
observed may be indicative of the effect of core scouring
by a massive black hole, though other mechanisms may
also result in this effect. The radial profile of the veloc-
ity anisotropy could also potentially offer a constraint on
its formation. Simulations of merging globular clusters
from [Antonini et all (2012) show a linearly decreasing 3
outward from the cluster center at 5 = 0. Our dataset
shows a generally flat velocity anisotropy profile within
the region with data (Fig. [). Future kinematic data
from outside the central 0.5 pc will be necessary to pro-
vide better constraints on these scenarios.

We also investigate the potential for combining the
cluster measurements with that from stellar orbits to re-
duce statistical uncertainties in Mgy and Ry. Figure [3h
shows the joint probability distribution for Mgy and Ry
based on the cluster alone, while Figure Bb shows the
addition of the PDF on Mgy, R,, and v, from the orbit
of S0-2 (Ghez et all[2008). Because the two methods of
measuring Mgy and Ry have different degeneracies, their
combination provides better constraints on both param-
eters. The joint fit has Mpy = 4.6270 3% x 10 M and
Ry = 8461932 kpc. The uncertainty in Ry has improved
by about 30%, from 0.6 kpc using either SO-2 or the clus-
ter alone. This points toward a method for significantly
improving the measurement of Ry, which is important
for scaling other measurements of the MW, such as the
Galaxy’s total mass and shape (e.g |Olling & Merrifield
2000). However, there may be a number of system-
atic effects that would need to be quantified before this
method can be employed. For example, errors in estab-
lishing the reference frame for astrometry can lead to
shifts in the orbit determination (Yelda et all2010). If
the cluster is highly aspherical or triaxial, the cluster
measurements can also be biased. These systematic er-
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Fi1a. 3.— The PDFs from the Jeans modeling analysis of the NSC for (a) My and (b) Ro, marginalized over all other parameters. The
central 68% confidence interval is shown in shaded red (Mg = 5.76ti:;2 x 108 Mg, Ro = 8.92‘_*81?,?, kpc). Panel (c) shows the joint PDF

of Mgy and Ry, showing the correlation in the two parameters. The contours are at confidence levels of 68%, 95%, and 99.73%. Panel
(d) shows the joint PDF after the addition of the constraints from the orbit of S0-2 (Ghez et all[2008); the PDF from the cluster (dashed
black) and S0-2 (dotted blue) are oriented in different directions, so their combination leads to stronger constraints and can improve the

measurement of Ry by 30% compared to using either methods alone (Mpy = 4.62t8:i§ x 109 Mg, Ro = 8.46t8:§§ kpc).



rors can be quantified in the near future with more dy-
namical data and comparisons with N-body solutions.
Kinematic measurements of the MW NSC were among
the first methods used for measuring Mgy and it now
holds renewed promise for significantly improving mea-
surements of both Mpy and Ry using existing data.
Given the richness of the dynamical data available for
the Galactic center, more sophisticated approaches to dy-
namically model the cluster can be used in the future.
While spherical Jeans modeling appears to be a suitable
fit for the inner 0.5 pc of the Galaxy, on larger scales,
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axisymmetric or triaxial models will be more flexible in
incorporating deviations from sphericity and rotation.
The phase space distribution of the cluster can also be
mapped directly, given that 5 out of 6 of the phase-space
parameters have been measured for each star. These
kinematic measurements will not only reveal more about
the properties and origins of the MW NSC, but also drive
the development of better dynamical models of star clus-
ters.
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