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A B S T R A C T 

We use the Milky Way’s nuclear star cluster (NSC) to test the existence of a dark matter ‘soliton core’, as predicted in ultra-light 
dark matter (ULDM) models. Since the soliton core size is proportional to m 

−1 
DM 

, while the core density grows as m 

2 
DM 

, the 
NSC (dominant stellar component within ∼3 pc) is sensitive to a specific window in the dark matter particle mass, m DM 

. We 
apply a spherical isotropic Jeans model to fit the NSC line-of-sight velocity dispersion data, assuming priors on the precisely 

measured Milky Way’s supermassive black hole (SMBH) mass and the well-measured NSC density profile. We find that the 
current observational data reject the existence of a soliton core for a single ULDM particle with mass in the range 10 

−20.4 eV � 

m DM 

� 10 

−18.5 eV, assuming that the soliton core structure is not affected by the Milky Way’s SMBH. We test our methodology 

on mock data, confirming that we are sensitive to the same range in ULDM mass as for the real data. Dynamical modelling of a 
larger region of the Galactic centre, including the nuclear stellar disc, promises tighter constraints o v er a broader range of m DM 

. 
We will consider this in future work. 

Key words: Galaxy: centre – Galaxy: kinematics and dynamics – dark matter. 
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 I N T RO D U C T I O N  

he � cold dark matter ( � CDM) cosmological model successfully
escribes the cosmic microwave background (CMB) (e.g. Bennett 
t al. 2013 ; Planck collaboration 2020 ) and large scale structure (e.g.
erci v al et al. 2001 ; Tegmark et al. 2004 ; Weinberg et al. 2015 ).
o we ver, tensions between theory and observations persist at small

cales (e.g. Bullock & Boylan-Kolchin 2017 , for a re vie w). One
xample is the ‘missing satellite’ problem (e.g. Klypin et al. 1999 ;
oore et al. 1999 ), in which numerical simulations of a Milky Way-

ike galaxy in � CDM predict that ∼a thousand dark matter subhaloes
arge enough to host a visible galaxy ( M halo > ∼10 7 M �) should be
ound orbiting within the Milky Way. Ho we ver, to date only ∼70
atellite dwarf galaxies have been found (e.g. Drlica-Wagner et al. 
020 ). Another example is the ‘cusp-core problem’ (e.g. Flores & 

rimack 1994 ; Moore 1994 ). Pure dark matter N -body simulations of
tructure formation in � CDM predict that bound dark matter haloes 
ave a centrally divergent ‘cuspy’ density profile (Navarro, Frenk & 

hite 1997 ). By contrast, observations of the the rotation curves of
earby low-surface brightness galaxies fa v our instead a much lower 
ensity inner ‘core’ (e.g de Blok, McGaugh & Rubin 2001 ). 
The abo v e small scale puzzles may owe entirely to ‘baryonic

ffects’ (i.e. due to gas cooling, star formation, and stellar feedback) 
ot included in early structure formation models. Galaxy formation 
s expected to become increasingly inefficient at low mass due to a
ombination of stellar feedback and ionizing radiation from the first 
tars (e.g. Efstathiou 1992 ; Benson et al. 2002 ; Sawala et al. 2016 ).
ndeed, recent dynamical estimates of the masses of the Milky Way’s 
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warf companions suggests that there is no missing satellite problem 

t least down to a halo mass of M 200 ∼ 10 9 M � (Read & Erkal 2019 ).
urthermore, repeated gas inflo w/outflo w, dri ven by gas cooling and
tellar feedback, can cause the central gravitational potential in dwarf 
alaxies to fluctuate with time. This pumps energy into the dark
atter particle orbits causing the halo to expand (Navarro, Eke &
renk 1996 ; Read & Gilmore 2005 ; Pontzen & Go v ernato 2012 ;
i Cintio et al. 2014 ). There is mounting observational evidence 

hat this ‘dark matter heating’ effect has occurred in nearby dwarf
alaxies; this may be sufficient to fully solve the cusp-core problem
e.g. Read, Walker & Steger 2019 ). 

Nonetheless, � CDM’s small scale puzzles have inspired a host of
o v el dark matter models designed to lower the inner density of dark
atter haloes and/or reduce the number of dark matter subhaloes. 
hese include warm dark matter (WDM e.g. Dodelson & Widrow 

994 ; Bode, Ostriker & Turok 2001 ) and ultra-light dark matter
ULDM e.g. Ferreira 2020 ; Hui 2021 ). In WDM, dark matter is
ssumed to be relativistic for a time in the early Universe, suppressing
he small scale power spectrum and leading to fe wer, lo wer-density,
atellite galaxies as compared to CDM. This can naturally occur if,
or example, dark matter is a light thermal relic particle. 

For thermal relic masses of about ∼ 1 keV, WDM has the potential
o resolve the missing satellite problem (e.g. Knebe et al. 2002 ; Lo v ell
t al. 2014, 2021 ), although this depends on the assumed total mass
f the Milky Way (e.g. Kennedy et al. 2014 ). Indeed, the observed
umber of the Milky Way satellite galaxies puts a lower limit of the
DM mass (e.g. Polisensky & Ricotti 2011 ). Newton et al. ( 2020 )

a v our a lower limit of 3.99 keV, marginalizing the uncertainty in the
ilky Way mass, and taking into account the expected inefficiency 

f dwarf galaxy formation (see also an even stronger constraint of
 6.5 keV in Nadler et al. 2021 ). A similar lower limit on the WDM
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ass is imposed by the other astronomical probes, such as Lyman- α
orest data (Ir ̌si ̌c et al. 2017 ), strong gravitational lensing (Gilman
t al. 2020 ) and density fluctuations in Galactic stellar streams (Banik
t al. 2019 ). Ho we v er, ∼keV-scale WDM is not able to solv e the
usp-core problem on its own (see e.g. Weinberg et al. 2015 , for
 re vie w). Macci ̀o et al. ( 2012 ) sho w that a WDM mass of about
.1 keV is required to generate ∼kpc-sized cores in dwarf galaxies,
ut such a low mass WDM particle is incompatible with the abo v e
bservational constraints. 
ULDM has emerged as a no v el dark matter model that can solve

oth the cusp core and missing satellite problems on its own, without
ecourse to baryonic effects. ULDM is a type of dark matter that is
ade up of bosons with mass in the range 10 −22 . 0 eV < m DM 

< 1 eV
e.g. Ferreira 2020 ; Hui 2021 , for a re vie w). On large scales,
LDM behaves just like CDM, i.e. it successfully explains large

cale structure and the CMB. Ho we ver, in high density regions
ike the centres of dark matter haloes, the de Broglie wavelength
f the ULDM particles becomes larger than the mean inter-particle
eparation, and the ULDM undergoes Bose–Einstein condensation.
onsequently, ULDM introduces a new scale length – the Jeans

ength, λJ – set by the de Broglie wavelength and the dark matter
ensity (Hu, Barkana & Gruzinov 2000a ): 

J ∼ 55[ m DM 

/ (10 −22 eV )] −1 / 2 ( ρ/ρb ) 
−1 / 4 

× ( �ULDM 

h 

2 ) −1 / 4 kpc , (1) 

here ρ is the matter density, �ULDM 

is the mass fraction for
he ULDM particle with respect to the critical density, and ρb ∼
.8 × 10 11 ( �ULDM 

h 2 ) M � Mpc −3 is the background density. 
Perturbations larger than λJ will collapse similarly to CDM, while

erturbations smaller than λJ are stabilized by quantum pressure due
o the uncertainty principle (e.g. Hu, Barkana & Gruzinov 2000b ).
t low dark matter density, close to the background density of the
niverse, the Jeans mass can be computed from the Jeans length, as

ollows (e.g. Hui et al. 2017 ): 

 J = 

4 π

3 
ρ

(
1 

2 
λJ 

)3 

� 1 . 5 × 10 7 M �(1 + z) 3 / 4 
(

�ULDM 

0 . 27 

)1 / 4 

×
(

H 0 

70 km s −1 Mpc −1 

)1 / 2 (10 −22 eV 

m 

)3 / 2 

, (2) 

here H 0 is the Hubble constant. This Jeans mass corresponds to
he minimum halo mass which can collapse in the ULDM model; it
eads to a smaller number of dwarf galaxies as compared to the CDM

odel. In this way, ULDM can resolve the missing satellite problem
e.g. Kulkarni & Ostriker 2020 ). According to Nadler et al. ( 2021 ),
he observed number of Milky Way satellites requires a ULDM
article mass higher than 2.9 × 10 −21.0 eV. 
Another consequence of ULDM is that, at the scale of the de

roglie wavelength within the collapsed halo, the Bose–Einstein
ondensation develops a ‘soliton core’ at the centres of galaxies (e.g.
u et al. 2000b ; Schive et al. 2014 ). The soliton core has a half-
ass radius of about 300 pc in a M 200 ∼ 10 9 M � dwarf galaxy halo

or a ULDM model with m DM 

= 10 −22.0 eV [see equation (12) in
ection 2.4]. This soliton core can mitigate the cusp-core problem.
chive et al. ( 2014 ) suggest that m DM 

= 8 × 10 −23.0 eV ULDM
an explain the observed mass profile of the Fornax dwarf galaxy
e.g. Amorisco, Agnello & Evans 2013 ; Read et al. 2019 ). Ho we ver,
afarzadeh & Spergel ( 2020 ) argued that no single ULDM particle
ass can explain the current observations of the ultra-f aint dw arfs and

he Fornax and Sculptor dwarf spheroidal galaxies simultaneously
see also Hayashi, Ferreira & Chan 2021 ), unless the baryonic physics
hanges the density profile of the dark matter halo (see abo v e) or the
NRAS 511, 1757–1770 (2022) 
bservational constraints are relaxed. As summarized in fig. 3 of
ayashi et al. ( 2021 ), taken at face value, no single particle ULDM
odel can satisfy all current observational constraints, including the
yman-alpha forest limit of m DM 

> 10 −21.0 eV (e.g. Kobayashi et al.
017 ). Also, Desjacques & Nusser ( 2019 ) suggested that the black
ole-halo mass relation of galaxies rules out m DM 

< 10 −18.0 eV.
hus – at least as a full solution to � CDM’s small scale puzzles
ULDM appears to be on the ropes. Ho we ver, all of the current

onstraints on ULDM come with their own potential systematics.
s such, independent observational constraints are invaluable in
etermining once and for all whether we can discard ULDM as a
ull solution to � CDM’s small scale puzzles. 

In this paper, we consider whether the Milky Way’s nuclear star
luster (NSC) can provide a new and competitive probe of ULDM
odels. Due to it being only about 8 kpc away from us, the stellar

inematics of the central region of the Milky Way can be more pre-
isely measured than for more distant dwarf galaxies (d ∼100 kpc).
ence, the inner gravitational potential of the Milky Way can be
erived from precise measurements of the stellar kinematics and
ensity distribution of tracer stars in the centre of the Galaxy. 
The Milky Way’s NSC is a dense and massive star cluster (NSC,

.g. Bland-Hawthorn & Gerhard 2016 , for a re vie w) that harbours
he Milky Way’s supermassive black hole (SMBH), called ‘Sgr
 ∗’ (e.g. Genzel et al. 1996 , 2008 ). The SMBH mass, M BH =
.261 ± 0.012 × 10 6 M �, is now precisely measured by the
RAVITY collaboration (Gravity Collaboration 2020 ), a cryogenic,

nterferometric beam combiner of all four UTs of the ESO VLT
ith adaptive optics. The mass of the NSC itself is about 10 7 M �

e.g. Chatzopoulos et al. 2015 ; Bland-Hawthorn & Gerhard 2016 ;
eldmeier-Krause et al. 2017 ). The majority ( ∼ 80 per cent ) of the
tellar mass of the NSC formed more than 5 Gyrs ago (e.g. Gallego-
ano et al. 2018 ). Thus, we can expect that the NSC is dynamically

elaxed and, therefore, a good target for equilibrium mass modelling
e.g. Binney & Tremaine 2008 ). 

The number density of NSC stars dominate o v er other Milk y Way
tellar components up to about 3 pc (e.g. Gallego-Cano et al. 2018 ,
020 ). As such, we can assume that almost all of the stars observed
ithin 3 pc from the Milky Way’s SMBH are NSC stars, and use

hese to trace the inner dynamical mass profile of the Galactic centre.
n ULDM models, the dark matter mass profile on this small scale
an be affected by the soliton core if the ULDM mass is less than
bout 10 −19.0 eV, as suggested by fig. 15 of Bar et al. ( 2018 ). Hence, a
ynamical model of the NSC promises a new and competitive probe
f ULDM. Taking advantage of the recent precise measurement of the
ilky Way’s SMBH mass, and the density profile of the NSC, in this

aper, we study if a ULDM soliton core can be detected or rejected
y the existing kinematical data for NSC stars, as measured by Fritz
t al. ( 2016 ). Bar et al. ( 2019b ) excluded 2 × 10 −20.0 < m DM 

<

 × 10 −19.0 eV from the stellar dynamics around Sgr A ∗ ( < ∼0.3 pc)
f the Milky Way. Our study is expected to provide a stronger
onstraint using the NSC stellar kinematics within about 3 pc. 

This paper is organized as follows: in Section 2, we describe
he observational data and our fitting methodology. In Section 3,
e describe our results. In Section 4, we use mock data to test

he voracity of our results. Finally, in Section 5 we present our
onclusions. Throughout this paper, we consider that dark matter
onsists of a single mass ULDM particle. 

 M E T H O D  

o derive the total mass distribution in the NSC, we use a spherically
ymmetric and isotropic dynamical model. Because the NSC is
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Figure 1. The distribution of stars whose line-of-sight velocities are mea- 
sured in Fritz et al. ( 2016 ). The data are decomposed into 32 bins, with 
approximately 79 stars per bin. 
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ominant only within about 3 pc (Gallego-Cano et al. 2018 ), we
ocus on the mass distribution within 3 pc in this paper. The structure
f the NSC is not a perfect sphere, it is rather a flattened sphere
ith a minor to major axial ratio of q = 0.80 ± 0.04 (Fritz et al.
016 ). Ho we ver, in this paper, we consider that the NSC is nearly
pherical, and can be approximated, therefore, by a spherical model 
e.g. Read & Steger 2017 ). Fritz et al. ( 2016 ) used the projected
adial and tangential velocity dispersion from the proper motions of 
he NSC stars to show that the NSC is close to isotropic. Hence,
e also assume the NSC stellar kinematics are isotropic. Using the 

pherical isotropic Jeans equation, we can derive the total mass of
he Galactic centre as a function of the 3D radius, r , from the surface
ensity profile and projected velocity dispersion profile of the stars 
ithin the NSC. Although Fritz et al. ( 2016 ) also provides the proper
otions of the NSC stars, we use only the line-of-sight velocity 

ispersion because we assume an isotropic spherical model and 
he uncertainties of the line-of-sight velocities are clearly defined, 
hile the uncertainties of the tangential velocities from the proper 
otions are difficult to be properly assess due to their dependence 

n the unknown distances. The components of the Galactic centre 
hat affect the stellar kinematics are the SMBH, NSC and any central
ark matter, including a soliton core if the correct dark matter model
s ULDM. The total mass, M tot ( < r ), in the Galactic centre is given
y M tot ( < r ) = M BH + M NSC ( < r ) + M DM 

( < r ). 1 

We adopt the recently precisely measured mass of the SMBH 

f M BH = 4.261 ± 0.012 × 10 6 M � (Gravity Collaboration 2020 ) 
s a strong prior (see Section 2.5). Gravity Collaboration ( 2020 )
ote that the systematic uncertainty is larger than this statistical 
ncertainty. In Appendix A, we demonstrate that the results of this
aper do not change if the black hole mass is varied o v er this
arger systematic uncertainty of about 0.06 × 10 6 M �. The stellar

ass of the NSC within r , M NSC ( < r ), can be computed from the
bserved stellar number density profile, fitting a constant stellar 
ass and number density ratio. Although a CDM halo (Navarro 

t al. 1997 ) provides a negligible mass contribution within the NSC
 < 0.1 per cent), if the dark matter is ULDM, with a particle mass of
round 10 −20.0 eV, there should be a significant contribution of the 
oliton core of ULDM within the NSC. In the following subsections,
e describe Jeans equation (Section 2.1), the velocity dispersion 
ata of the NSC (Section 2.2), the stellar density profile of the
SC (Section 2.3), our ULDM model (Section 2.4), and our fitting 
ethodology (Section 2.5). 

.1 Jeans Equation 

or a steady state spherical stellar system that is isotropic, the Jeans
quation is given by (e.g. Binney & Tremaine 2008 ): 

1 

n ( r) 

∂ [ n ( r ) σ ( r ) 2 ] 

∂r 
= −GM tot ( < r) 

r 2 
, (3) 

here σ ( r ) is the velocity dispersion of stars in NSC, n ( r ) is the 3D
umber density profile of NSC stars, and M tot ( < r ) is the enclosed
otal mass of the system within r . 
 There is a circumnuclear gas disc within ∼3 pc, whose mass could be as 
arge as 10 6 M � (e.g. Christopher et al. 2005 ). Since the estimate of the gas 
ass is uncertain, and this mass is about 10 per cent of our derived total mass 
ithin 3 pc, we do not include the contribution of the gas component to the 

otal potential. This simplification makes more room for the ULDM soliton 
ore to contribute the total mass, which leads to more conserv ati ve bounds 
n the ULDM particle mass. 

W  

b
 

d

σ

w  

e  
Integrating both sides of equation (3) gives a velocity dispersion 
rofile of: 

( r) = 

√ 

1 

n ( r) 

∫ ∞ 

r 

GM tot ( < r) n ( r) 

r 2 
d r . (4) 

hrough an Abel transformation of equation (4), the line-of-sight 
elocity is derived as: 

LOS ( R) = 

√ 

2 

�( R) 

∫ ∞ 

R 

n ( r ) σ 2 
r ( r ) r √ 

r 2 − R 

2 
dr , (5) 

here R is the projected 2D radius, and �( R ) is the projected NSC
urface number density profile, which is given by: 

( R) = 2 
∫ ∞ 

R 

r n ( r ) √ 

r 2 − R 

2 
dr. (6) 

.2 Velocity Dispersion Data 

e use the line-of-sight velocity data measured by Fritz et al. ( 2016 )
ith the integral field spectrometer, VLT/SINFONI . Fritz et al. ( 2016 )
btained the line-of-sight velocities for 2513 late-type giant stars 
ithin R < 95 

′′ 
from Sgr A 

∗. Note that in this paper, we use the
otation r for the 3D spherical radius, and R for the projected 2D
adius from Sgr A 

∗. The distribution of stars whose line-of-sight
elocities are provided by Fritz et al. ( 2016 ) is shown in Galactic
oordinates in Fig. 1 . We use a KD-Tree decomposition to bin the
ata (Fig. 1 ), so that there are 32 bins, and each bin has about 79 stars.
e found that this is a good compromise to maximize the number of

ins, but minimize the Poisson noise in each bin. 
For the sample of stars in each bin, the line-of-sight velocity

ispersion is normally computed using the following formula: 

= 

√ 

< v 2 LOS > − < v LOS > 

2 , (7) 

here v LOS is the line-of-sight velocity of the star. Following Fritz
t al. ( 2016 ), to take into account the contribution of the rotation
MNRAS 511, 1757–1770 (2022) 
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Figure 2. The density profile for the Milky Way’s NSC (blue dashed), and 
for the central dark matter density assuming � CDM (brown) and dark matter 
with a ULDM particle mass of 10 −23.0 eV (yellow), 10 −21.0 eV (magenta), 
10 −20.0 eV (orange), 10 −19.0 eV (green), 10 −18.0 eV (black), and 10 −16.0 eV 

(red). Notice that o v er the fix ed radial range probed by the NSC stellar 
kinematic data (vertical black lines), only ULDM models with mass in a 
specific range will affect the stellar kinematics. 

Figure 3. The observed line-of-sight velocity dispersion profile data (black 
dots with error bars). Overplotted is the velocity dispersion profile from 100 
randomly selected model parameters sampled by the MCMC (red lines). 
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pproximately, we instead use: 

LOS = 

√ 

< v 2 LOS > , (8) 

.e. ignoring <v LOS > 

2 in equation (7). This is based on the
pproximation often used as ef fecti v e v elocity dispersion in the
inematical analysis of the external galaxies (e.g. G ̈ultekin et al.
009 ), where <v LOS > corresponds to the projected rotation curve
nd from equation (7), < v 2 LOS > = σ 2 + < v LOS > 

2 = σ 2 + v 2 rot ,
onsidering the kinetic energy being proportional to σ 2 + <v LOS >
 (Binney & Tremaine 2008 ). 

We find that the mean uncertainty of the velocity dispersion mea-
urements from the observational errors of line-of-sight velocities
s about 1.7 km s −1 , which is smaller than the mean Poisson error
f about 8 km s −1 . For this reason, we assume that the error on
ach bin owes solely to the Poisson error. Following Fritz et al.
 2016 ), we measure the Poisson error of the velocity dispersion
ith σLOS , err, i = σLOS , fit ( R i ) / 

√ 

2 N i , where N i is the number of stars
n i -th bin and R i is the mean projected radius of the stars in
 -th bin. σ LOS,fit ( R ) is the fitted 3rd order polynomial velocity
ispersion profile. Because σ LOS,err changes depending on σ LOS,fit ( R ),
e iteratively derive σ LOS,err,i . 
We compute the line-of-sight velocity dispersion and uncertainties

s described abo v e, which are plotted against the mean radius of
he stars within each bin in Fig. 3 . We fit these observed velocity
ispersion with the model described in Section 2.1. 

.3 NSC Density profiles 

 ollowing Galle go-Cano et al. ( 2018 ), we describe the 3D density
rofile, ρNSC ( r ), of the NSC with a 3D Nuker law (Lauer et al. 1995 ): 

NSC ( r) = ρb , NSC 2 
( β−γ ) /α

(
r 

r b 

)−γ [
1 + 

(
r 

r b 

)α]( γ−β) /α

, (9) 

here r b is the break radius, ρb,NSC = ρNSC ( r b ) is the mass density
f the NSC at the break radius, γ and β are the exponent of the
nner and outer po wer-law slope, respecti vely, and α describes the
harpness of the transition between the inner and outer power-law
rofiles. Gallego-Cano et al. ( 2018 ) fit the NSC stellar distribution
rom the high-resolution near-infrared photometric data with the 2D
rojected density profile of equation (9). We rely on the precise
easurement of the NSC density profile from Gallego-Cano et al.

 2018 ), and when we fit the velocity dispersion, we fix the density
rofile parameters with their best-fitting profile. 
Gallego-Cano et al. ( 2018 ) demonstrate that the NSC number

ensity profile depends on the selection of the observational data,
hich indicates the systematic uncertainties of the measurements of

he density profile of the NSC. We take one of the best-fitting models
rom Gallego-Cano et al. ( 2018 ): α = 10, β = 3.4, γ = 1.29, and
 b = 4.3 pc (ID10 of table 5 in Gallego-Cano et al. 2018 ). This
s the case that excludes contamination from pre-main sequence
tars. We consider this to be most appropriate for our kinematic
ample, since the kinematic data of Fritz et al. ( 2016 ) are for late-
ype giants. This model also leads to the smallest γ v alue, allo wing
or the maximal amount of dark matter within the NSC and, thereby,
nsuring maximally conserv ati ve constraints on the ULDM mass.
o we ver, we tested also a value of γ = 1.43, taken from a different
est-fitting model from Gallego-Cano et al. ( 2018 ), and find that our
esults are not sensitive to these choices. 

Although the stellar number density profile is well observed by
allego-Cano et al. ( 2018 ), we need to convert it to the mass density
rofile to obtain the NSC mass contribution to the gravitational
NRAS 511, 1757–1770 (2022) 
otential in the Jeans equation. Because the mass to light ratio of
he observed stars are uncertain, we adopt ρb,NSC as a parameter
hen fitting the velocity dispersion profile, and marginalize o v er

he mass scaling of the density profile. To take into account the
bservational uncertainty of the number density profile, we also take
, which controls the profile in the radial range of our interest, as a
tting parameter with the prior of γ = 1.29 ± 0.05 (Gallego-Cano
t al. 2018 ). 

.4 Dark Matter Density profiles 

ark matter haloes in ULDM are well described by a Navarro–
renk–White (NFW Navarro et al. 1997 ) density profile at large
adii, ρNFW 

, and a ‘soliton core’ density profile, ρDM,s , at small radii
Schive et al. 2014 ). The NFW profile is given by: 

NFW 

( r) = 

ρ0 

r 
r s 

(
1 + 

r 
r s 

)2 , (10) 
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Figur e 4. Mar ginalized posterior probability distribution of the model parameters of log ( ρb,NSC ), log ( m DM 

), γ , and m BH obtained by MCMC fitting to the 
observ ed v elocity dispersion from the line-of-sight v elocity data in Fritz et al. ( 2016 ). 
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here ρ0 is the characteristic density and r s is the scale radius. The
umulative mass of the NFW profile is given by: 

 NFW 

( < r) = 

∫ r 

0 
4 πr ′ 2 ρNFW 

( r ′ )d r ′ 

= 4 πρ0 r 
3 
s 

[
ln 

(
r s + r 

r s 

)
+ 

r s 

r s + r 
− 1 

]
. (11) 

chive et al. ( 2014 ) suggested that the density profile of the soliton
ore obeys the following equation (e.g. Safarzadeh & Spergel 
020 ): 

DM , s ( r ) = 

1 . 9 { 10[ m DM 

/ (10 −22 eV )] } −2 r −4 
c 

[1 + 9 . 1 × 10 −2 ( r/r c ) 2 ] 8 
10 9 M � kpc −3 , (12) 

 c ≈ 1 . 6[ m DM 

/ (10 −22 eV )] −1 
( M h 

10 9 M �

)−1 / 3 
kpc , (13) 
here M h is the virial mass of the halo (Schive et al. 2014 ). These
elations lead to a soliton core mass of: 

 c ≈ 1 

4 
M 

1 / 3 
h { 4 . 4 × 10 7 [ m DM 

/ (10 −22 eV )] −3 / 2 } 2 / 3 , (14) 

here M c ≡ M ( < r c ) gives the central core mass (see also Sa-
arzadeh & Spergel 2020 ). 

The total cumulative dark matter mass is, therefore, given by: 

 DM 

( < r) = M NFW 

( < r) + 

∫ r 

0 
4 πr ′ 2 ρDM , s ( r 

′ )d r ′ , (15) 

here ρDM,s is the soliton core density profile of equation (12). We
dopt a total mass of the Milky Way of M h = 1 . 4 × 10 12 M �, with
0 = 0.00854 M � pc −3 and r s = 19.6 kpc, obtained from McMillan
 2017 ). Once these parameters are fixed, the only free parameter
s m DM 

which controls the shape of the soliton core. As mentioned
bo v e, the NFW profile pro vides a ne gligible contribution to the total
MNRAS 511, 1757–1770 (2022) 
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Figur e 5. Mar ginalized posterior probability distribution of the model 
parameter log ( m DM 

) from Fig. 4 , but with finer bins. The solid black lines 
demark log [ m DM 

(eV)] = −20.4 and −18.5. 

Figure 6. The cumulative mass profile, M tot ( < r ), for the total (black solid 
line), NSC (blue solid line) and dark matter with a ULDM particle mass 
of 10 −18.5 eV and 10 −21.0 eV (orange solid and magenta dot-dashed lines, 
respectiv ely). The solid v ertical black line shows r = 3 pc. The NSC mass 
profile is computed with log [ ρb,NSC (M � pc −3 )] = 4.21. The total mass is 
computed for the case of the ULDM mass of m DM 

= 10 −21.0 eV, including 
the SMBH. 
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Figure 7. The cumulative mass profile, M tot ( < r ), for the total (black), NSC 

(blue), and dark matter mass with the particle mass of 10 −20.5 eV (orange). 
The solid vertical black line shows r = 3 pc. The total mass is computed for 
the case of the ULDM mass of m DM 

= 10 −20.5 eV, including the SMBH. 

Figure 8. Upper panel: Observed line-of-sight velocity dispersion as a 
function of the projected radius (black dots with error bars). Orange solid/red 
dot-dashed/yellow dotted/blue dashed line indicates the velocity dispersion 
profile expected from the combination of the soliton core with m DM 

= 

10 −20.5 eV, NSC and SMBH/NSC and SMBH/SMBH only/NSC only. NSC 

contribution is computed with log [ ρb,NSC (M � pc −3 )] = 3.60. Lower panel: 
Same as the upper panel, but the soliton core with m DM 

= 10 −19.5 eV 

and log [ ρb,NSC (M � pc −3 )] = 4.21 are used for the soliton core and NSC 

contributions. 
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ass within 3 pc, and therefore our analysis is insensitive to ρ0 or
 s . Ho we ver, M h contributes to the soliton core radius and therefore
ensity profile, and it scales as ρDM , s ∝ M 

4 / 3 
h within the core radius.

ence, a larger Milky Way mass produces a denser soliton core, and
 larger mass range of the ULDM can, therefore, contribute to the
ass within the NSC region – i.e. a larger mass range of the ULDM

an be constrained by the NSC data. In fact, the total mass of the
ilky Way is still in debate (e.g. Erkal, Belokurov & Parkin 2020 ).
ecently , Vasiliev , Belokurov & Erkal ( 2021 ) claims that the virial
ass of the Milky Way is as small as 9 × 10 11 M �. In Appendix B,
e show the results with M h = 9 × 10 11 M �, and demonstrate that
ur results are not sensitive to M h as long as it is within the current
xpected range of M h . 

.5 Fitting Methodology 

e fit the measured line-of-sight velocity dispersion data in Fig. 3
ith equation (5) with our fitting parameters of m DM 

, ρb,NSC , γ , and
 BH . We include the SMBH mass of m BH as a fitting parameter,
NRAS 511, 1757–1770 (2022) 
ecause the SMBH mass is dominant at radii r ≤ 1 pc. We use
ayesian statistics to obtain the marginalized probability distribution

unction for these parameters, θm 

= ( m DM 

, ρb,NSC , γ , m BH ): 

 ( θm 

| D) = L ( D| θm 

) × pr ior , (16) 

here D is the data, i.e. the line-of-sight velocity dispersion in
ifferent radial bins (Fig. 3 ). 
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Figure 9. The mock line-of-sight velocity dispersion profile data of model 
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To obtain P ( θm 

| D ), we run a Markov chain Monte Carlo (MCMC)
t, with a likelihood function given by: 

 ( D| θm 

) = 

N D ∏ 

i 

1 √ 

2 πσ 2 
err, i 

exp 

{
− [ σm 

( R i , θm 

) − σobs , i ] 2 

2 σ 2 
err, i 

}
, (17) 

here σ obs,i is the observed line-of-sight velocity dispersion data at 
 i , σ err,i is the measurement error on each bin, N D is the number of

he data points, and σ m 

( R i , θm ) is the model line-of-sight velocity
ispersion at R i (with parameters θm 

). 
We use log ( ρb,NSC ) and log ( m DM 

) as our fitting parameters
ith flat priors of 3 < log [ ρb,NSC (M � pc −3 )] < 7 and −23
 log [ m DM 

(eV)] < −16, since we find that the likelihood
hanges more smoothly in log ( ρb,NSC ) and log ( m DM 

). The range
f log [ ρb,NSC (M � pc −3 )] is chosen as abo v e, because outside of this
ange is unrealistic from the NSC photometric observations (e.g. 
ch ̈odel et al. 2014 ). Since γ and m BH are well constrained by the
ther observations, as described abo v e, we adopt Gaussian priors
or these two parameters. The Gaussian prior for γ has a mean and
ispersion of 1.29 and 0.05, respectively. The mean and dispersion 
or the Gaussian prior on m BH are set to be 4.26 × 10 6 M � and
.012 × 10 6 M �, respectively. 
In Fig. 2 , we show the NSC density profile (higher mass solution

nferred in Section 3) and the ULDM dark matter density profile with
 DM 

= 10 −23.0 eV, 10 −21.0 eV, 10 −20.0 eV, 10 −19.0 eV, 10 −18.0 eV,
0 −16.0 eV, and the NFW dark matter density profile. Fig. 2 shows
hat a soliton core with higher ULDM mass has a higher density at
he centre, but a smaller core size. Consequently, within the radial 
ange where we focus in this paper, i.e. 0.1 < r < 3 pc, only the
LDM soliton core with a mass range of about 10 −20.0 < m DM 

<

0 −19.0 eV becomes important, compared to the NSC. In other words, 
he NSC kinematics in this radial range has the potential to constrain
he existence of 10 −20.0 < m DM 

< 10 −19.0 eV ULDM, as discussed
n Bar et al. ( 2018 ). Fig. 2 also shows that the soliton core with m DM 

 10 −23.0 eV or m DM 

> 10 −16.0 eV has negligible density within 0.1
 r < 3 pc as compared to the expected NSC density. Hence, we

onsider that our prior range on log ( m DM 

) is large enough to capture
he region we hope to constrain. 

We use emcee (F oreman-Macke y et al. 2013 ) for our MCMC
ampler, with 32 w alk ers and 4000 chains per w alk er. We discard the
rst 1000 chains as our ‘burn in’. We confirm that after 1000 steps

he MCMC results are stable. 

 RESULTS  

ig. 3 shows our modelled line-of-sight velocity dispersion profiles 
equation 5) for 100 random parameter values sampled from our 

CMC chains, as compared to the observ ed v elocity dispersion
ata. Notice that there is a good agreement between the sampled 
ine-of-sight velocity dispersion profiles and the observational data. 

Fig. 4 shows the marginalized posterior probability distribution 
f our fitting parameters of log ( ρb,NSC ), log ( m DM 

), γ , and m BH .
otice that γ and m BH are well constrained. We compute the 
ean and standard deviation of the posterior probability distri- 

utions of these parameters and obtain the best-fitting parameter 
alues and 1 σ uncertainties of γ = 1.28 ± 0.04 and m BH = 

4.26 ± 0.01) × 10 6 M �. Our results show that the best-fitting
alues of γ and m BH are consistent with our priors, i.e. the ob-
erved inner slope of the NSC measured by Gallego-Cano et al. 
 2018 ) and the black hole mass measured by Gravity Collaboration
 2020 ). 
Fig. 5 shows a close-up view of the marginalized probability 
istribution of log ( m DM 

) with a histogram with a smaller bin
ize, where we can see two interesting results. First is the gap
f the posterior probability distribution of log ( m DM 

) around the
ange of −20.4 � log [ m DM 

(eV)] � −18.5, which is highlighted
y the black vertical lines of log [ m DM 

(eV)] = −20.4 and −18.5
n Fig. 5 . This result indicates that the observational data re-
ect the ULDM particle mass between about 10 −20.4 eV and 
0 −18.5 eV. 
Note that the upper and lower limits of log ( m DM 

) in Fig. 5 come
rom the upper and lower limit of the flat prior we imposed. The
oughly flat probability distributions at higher than about −18.5 and 
ower than about −21.0 mean that the observational data cannot 
istinguish the difference in the ULDM particle mass in these ranges.
ig. 6 shows the cumulative mass profiles of the NSC, dark matter
nd the total mass as a function of the Galactocentric 3D radius. For
he NSC profile, we take log [ ρb,NSC (M � pc −3 )] = 4.21, which is
he mean log ( ρb,NSC ) of our MCMC samples with log [ m DM 

(eV)] >
18.0 or log [ m DM 

(eV)] < −21.0. This leads to a NSC mass within
 = 3 pc of about 5.03 × 10 6 M �, which is larger than the value
f about 3.965 × 10 6 M � measured by Fritz et al. ( 2016 ) within
5 arcsec ( r ∼ 3 pc). This is likely due to different density profiles
e are using. For example, Fritz et al. ( 2016 ) uses a lower γ value of
= 0.81. We tested our results with a Gaussian prior for γ with the

ean value of 0.81 and we confirmed that the NSC mass within 3 pc
educed to 3.91 × 10 6 M �, which is similar to the measured value
y Fritz et al. ( 2016 ). 
Fig. 6 also shows the cumulative mass profile of the ULDM with
 DM 

= 10 −21.0 eV and m DM 

= 10 −18.5 eV, where both cumulative
asses reach about 4.4 × 10 5 M � at 3 pc. These two ULDM soliton

ores are much smaller than both the NSC mass within the same
adius and the SMBH mass. Because the size of the soliton core
ncreases with decreasing particle mass of the ULDM (equation 13), 
he soliton core mass within r < 3 pc decreases with the decreasing
LDM particle mass. Consequently, the ULDM particles mass with 
 DM 

< 10 −21.0 eV does not affect the velocity dispersion of the NSC.
his explains the equally accepted probability distribution of m DM 

 10 −21.0 eV in Fig. 5 . On the other hand, the ULDM particles mass
ith m DM 

> 10 −18.5 eV leads to too small of a soliton core to affect
he stellar dynamics in the central region. This explains the equally
ccepted probability distribution at m DM 

> 10 −18.5 eV. Hence, if the
MNRAS 511, 1757–1770 (2022) 
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Figur e 10. Mar ginalized posterior probability distribution of the model parameters of log ( ρb,NSC ), log ( m DM 

), γ , and m BH obtained by the MCMC fit to the 
velocity dispersion data of model A. The cyan line with cyan solid square shows the true values of the parameters. 

Figur e 11. Mar ginalized posterior probability distribution of the model 
parameter log ( m DM 

) for model A from Fig. 10 , but with finner bins. The 
solid black lines demark the range log [ m DM 

(eV)] = −20.4 and −18.5. 
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NRAS 511, 1757–1770 (2022) 
LDM particle mass is larger than m DM 

= 10 −18.5 eV or smaller
han m DM 

= 10 −21.0 eV, our current data of the NSC stellar dynamics
annot find or reject their existence. 

The second striking result of Fig. 5 is the peak around
og [ m DM 

(eV)] = −20.5. At first sight, this appears to statistically
a v our a soliton core due to ULDM with a mass of m DM 

= 10 −20.5 eV.
ig. 7 shows the cumulative mass profile for the total mass, dark
atter halo mass including the soliton core with m DM 

= 10 −20.5 eV
nd the NSC mass with log [ ρb,NSC (M � pc −3 )] = 3.60, which is
he mean of log ( ρb,NSC ) of the MCMC sample with −21.0 <

og [ m DM 

(eV)] < −20.4. Fig. 7 shows that the NSC mass is smaller
han that in Fig. 6 , and the m DM 

= 10 −20.5 eV soliton core has
 suitable size to compensate the deficit of the mass within r <
 pc. The upper panel of Fig. 8 also shows that the additional
ass from the m DM 

= 10 −20.5 eV soliton core helps to increase
he velocity dispersion at an outer radius ( r > 0.5 pc) to match with
he observational data more than the expected velocity dispersion
rom the NSC and SMBH only. 

art/stac057_f10.eps
art/stac057_f11.eps


Constraining ULDM with the NSC 1765 

Figur e 12. Mar ginalized posterior probability distribution of the model parameters of log ( ρb,NSC ), log ( m DM 

), γ , and m BH obtained by the MCMC fitting to 
the velocity dispersion data of model B. The cyan line with cyan solid square shows the true values of the parameters. 
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Consequently, the NSC mass within 3 pc is about 1.25 × 10 6 M �,
hich is significantly smaller than the aforementioned NSC mass 
easured by Fritz et al. ( 2016 ). The cumulative mass of the NSC

n Fig. 7 is also much smaller than the NSC mass of (2.1 ± 0.7) ×
0 7 M � within about 8.4 pc, as measured in Feldmeier-Krause et al.
 2017 ). Although these studies use dynamical models that assume 
hat the NSC is the dominant source of the central gravitational 
otential, the photometric observations of Sch ̈odel et al. ( 2014 ) also
uggest a total NSC mass of (2.5 ± 0.4) × 10 7 M �, assuming a
onstant mass to light ratio. Hence, it is unlikely that the NSC mass
s as small as the case of Fig. 7 . Thus, the peak of m DM 

= 10 −20.5 eV
s not likely to be a viable solution. Still, it is difficult to measure
he mass to light ratio precisely, and there could be some systematic
iases in these previous measurements. Hence, we consider that we 
annot (yet) reject the existence of the m DM 

= 10 −20.5 eV soliton core.
The constraining power of the observed velocity dispersion data 

o reject the ULDM mass between about 10 −20.4 eV and 10 −18.5 eV
n Fig. 5 can be demonstrated in the lower panel of Fig. 8 . The
 a
ower panel of Fig. 8 shows that the velocity dispersion profile
xpected from the m DM 

= 10 −19.5 eV soliton core and SMBH
ven without NSC (orange line) is systematically higher than the 
bservational data within r = 1 pc. Hence, the data can reject the
oliton core with the ULDM mass around 10 −19.5 eV. On the other
and, the velocity dispersion profile expected from the SMBH and 
SC with log [ ρb,SMC (M �pc −3 )] = 4.21, i.e. without any soliton

ore (red doted-dashed line), agrees well with the observational data. 
ence, NSC and SMBH are enough to describe the observed stellar
inematics. 

 M O C K  DATA  VA LI DATI ON  

n Section 3, we found a gap in the probability distribution function of
LDM masses that rejects a ULDM particle in the mass range −20.4
 log [ m DM 

(eV)] � −18.5. We also found a peak in the probability
istribution around log [ m DM 

(eV)] = −20.5 that we argued owed to
 de generac y between ρb,NSC and m DM 

. 
MNRAS 511, 1757–1770 (2022) 
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Figur e 13. Mar ginalized posterior probability distribution of the model parameters of log ( ρb,NSC ), log ( m DM 

), γ , and m BH obtained by the MCMC fit to the 
velocity dispersion data of model C. The cyan line with cyan solid square shows the true values of the parameters. 

Table 1. Model parameters of the mock data. 

Model name log [ m DM 

(eV)] log [ ρb,NSC (M � pc −3 )] γ m BH 

A −20.5 3.60 1.29 4.26 
B −19 . 5 4.50 1.29 4.26 
C −23 . 0 4.21 1.29 4.26 
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To test the voracity of abo v e results, we construct mock velocity
ispersion data similar to the observational data, using the same
odel as in Section 2. We then fit the data as in Section 3. We adopt

he same parameters for the SMBH, NSC, and dark matter model as
n Section 2. 

We construct three different models with different values of ρb,NSC 

nd m DM 

, as shown in Table 1 . We then generate the mock velocity
ispersion profile data for each model by solving equation (5) for
2 bins spaced out in exactly the same way as for the observational
NRAS 511, 1757–1770 (2022) 
ata. We then add a random displacement to the velocity dispersion
f each bin, within the measurement error of each bin, taken to be
he same as for the observational data. 

We use the same fitting methodology with the same priors, as
escribed in Section 2.5, except that now the observational data
re replaced by mock data for three models, labelled A, B, and C
Table 1 ). 

Model A employs m DM 

= 10 −20.5 eV and log [ ρb,NSC (M � pc −3 )] =
.60, which is the mean value of our MCMC samples around m DM 

=
0 −20.5 eV found in Section 3. This model is to test if the probability
istribution of log [ m DM 

(eV)] would be similar to what is obtained in
ig. 5 , when a soliton core of the m DM 

= 10 −20.5 eV UDLM exists. 
Fig. 9 o v erplots the model line-of-sight v elocity dispersion profiles

rom the 100 random parameter values sampled from the results of
CMC with the mock velocity dispersion data for model A. Fig. 9

hows that there is a good agreement between the sampled line-of-
ight velocity dispersion profiles and the mock data roughly within

art/stac057_f13.eps


Constraining ULDM with the NSC 1767 

t
i
l  

l  

p

a  

a
J  

l  

l  

v  

3  

l

o  

a  

s  

r  

l  

r  

i
 

1  

w  

t  

a
o  

l  

N
t

 

a
p  

t
d
l  

p
t  

l  

(  

w
fi  

U  

m
a

 

t
m  

m
i  

t  

4  

w
 

a
p  

t
p  

r  

(  

v

Figur e 14. Mar ginalized posterior probability distribution of the model 
parameter log ( m DM 

) for model C from Fig. 13 , but with finer bins. The 
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he uncertainties of the mock data. Fig. 10 shows the marginal- 
zed posterior probability distribution of our fitting parameters of 
og ( ρb,NSC ), log ( m DM 

), γ , and m BH for model A with the cyan
ine with the cyan solid square representing the true values of the
arameters. 
The obtained best-fitting parameter values and 1 σ uncertainties 

re γ = 1.29 ± 0.05 and m BH = (4.26 ± 0.01) × 10 6 M �, which
re consistent with the true values within our 1 σ uncertainty regions. 
ust like the results in Section 3, there is a de generac y between
og ( ρb,NSC ) and log ( m DM 

). In the probability distribution between
og ( ρb,NSC ) and log ( m DM 

), when log [ m DM 

(eV)] is around the true
alue of −20.5, log ( ρb,NSC ) corresponds to log [ ρb,NSC (M � pc −3 )] =
.74 ± 0.37, which is within one sigma of the true value of
og [ ρb,NSC (M � pc −3 )] = 3.60. 

The close-up plot of the marginalized probability distribution 
f log( m DM 

) is shown in Fig. 11 , and there is a similar peak
round about 10 −20.5 eV when compared to Fig. 5 . Also, Fig. 11
hows the gap between ∼ −20 . 4 � log [ m DM 

(eV) ] � ∼ −18 . 5, and
oughly flat probability distribution at log [ m DM 

(eV) ] < −21 . 0 and
og [ m DM 

(eV) ] > −18 . 5, as seen in Fig. 11 . This implies that the
esult in Section 3 is consistent with the expected result when there
s a soliton core with ULDM particle mass around 10 −20.5 eV. 

Model B adopts log [ ρb,NSC (M � pc −3 )] = 4.50 and m DM 

=
0 −19.5 eV, to see if the data are capable of detecting a soliton core
ith m DM 

= 10 −19.5 eV. If it is confirmed, we can be confident
hat the gap we obtained in Fig. 5 in Section 3 is not due to an
rtificial feature, but rather it is meaningful to reject the existence 
f a soliton core o v er this mass range. The choice of this higher
og [ ρb,NSC (M � pc −3 )] compared to models A and C is to make the
SC more gravitationally dominant, i.e. to make it more challenging 

o reco v er the soliton core contribution. 
Although not shown for brevity, we confirm that there is a good

greement between the sampled line-of-sight velocity dispersion 
rofiles and the mock data of model B within the uncertainties of
he mock data. Fig. 12 shows the marginalized posterior probability 
istribution of our fitting parameters for model B with the cyan 
ine with the cyan solid square representing the true values of the
arameters. The best-fitting values and the respective uncertain- 
ies of the parameters are log [ ρb,NSC (M � pc −3 )] = 4.56 ± 0.07,
og [ m DM 

(eV)] = −19.51 ± 1.09, γ = 1.30 ± 0.05, and m BH =
4.26 ± 0.01) × 10 6 M �, which are consistent with the true value
ithin our 1 σ uncertainty regions. This demonstrates that our MCMC 

tting can reco v er the true parameter values well, especially the
LDM particle mass, which is the main focus of this paper. This
eans that the current observational data are good enough to identify 
 soliton core of m DM 

= 10 −19.5 eV, if it exists. 
Model C employs m DM 

= 10 −23.0 eV. As we discussed in Section 3,
his particle mass of ULDM produces a negligible soliton core 

ass compared to the SMBH and NSC mass (see also Fig. 2 ), i.e.
imicking the case of no detectable soliton core. Hence, this model 

s designed to test what our MCMC fitting results will look like if
here is no soliton core. Model C adopts log [ ρb,NSC (M � pc −3 )] =
.21, which is found to be the best fitting parameter in Section 3,
hen the soliton core is negligible. 
Although not shown for brevity, we confirm that there is a good

greement between the sampled line-of-sight velocity dispersion 
rofiles and the mock observational data for model C. Fig. 13 shows
he marginalized posterior probability distribution of our fitting 
arameters for model C with the cyan line with the cyan solid square
epresenting the true values of the parameters. Except for log ( m DM 

)
that is now expected to be challenging to detect), the true parameter
alues are well reco v ered. 
Contrary to our MCMC results for the observational data (Fig. 4 ),
he probability distribution of log ( m DM 

) does not show a clear
e generac y with log ( ρb,NSC ). The close-up view of the marginalized
robability distribution of log ( m DM 

) is shown in Fig. 14 . Similar to
odel A, Fig. 14 shows a clear gap between about log [ m DM 

(eV)] =
20.4 and −18.5, unlike model B that has a soliton core with m DM 

=
0 −19.5 eV. Hence, we can confidently conclude that the gap can
e used to reject a soliton core with ULDM particle mass in the
ange between m DM 

= 10 −20.4 eV and 10 −18.5 eV. On the other
and, comparing with model A (Fig. 11 ), there is no clear peak
f the probability distribution around log [ m DM 

(eV)] = −20.5 in
odel C. This means that the 10 −20.5 eV ULDM particle mass is

qually possible to be m DM 

< 10 −21.0 eV or m DM 

> 10 −18.5 eV. In
ther words, the current quality of the data cannot identify or reject
he ULDM particle mass outside of the gap, i.e. m DM 

< 10 −20.4 eV
r m DM 

> 10 −18.5 eV, including 10 −20.5 eV. 
Interestingly, the fact that the result for the observational data 

Fig. 5 ) has a clear peak around log [ m DM 

(eV)] = −20.5 indicates
wo potential scenarios: there is a soliton core with m DM 

= 10 −20.5 eV,
r there is an extra mass contribution, compared to the pure NSC
odel of model C, to mimic the m DM 

= 10 −20.5 eV soliton core.
ince the former scenario requires an unreasonably small mass of 
SC, as discussed abo v e, we think that the latter scenario is likely,
ecause the mass of the nuclear stellar disk might become significant
round ∼3 pc (Gallego-Cano et al. 2018 ). 

 C O N C L U S I O N S  

e have tested the existence of a soliton core due to ULDM in
he centre of the Milky Way by fitting the line-of-sight velocity
ispersion data of its NSC stars, taken from Fritz et al. ( 2016 ). We
ssumed a spherical isotropic Jeans model, using strong priors on 
he accurately measured NSC stellar number density profile and 
he mass of the SMBH. We fit the NSC density, ρb,NSC , ULDM
article mass, m DM 

, the inner slope of the NSC density profile, γ ,
nd the SMBH mass, m BH . The resultant marginalized probability 
istribution function of m DM 

shows a peak around about 10 −20.5 eV
nd a gap between about 10 −20.4 eV and 10 −18.5 eV, rejecting ULDM
 v er this mass range. We show that this result is insensitive to our
odel assumptions and priors (see Appendices A and B). We also

onstruct mock velocity dispersion data with the same radial bins and
MNRAS 511, 1757–1770 (2022) 
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Figure 15. Summary of rejected ULDM particle masses from various astronomical probes. The Lyman- α forest observation rejects m DM 

< 10 −20.5 eV 

(Armengaud et al. 2017 ; Ir ̌si ̌c et al. 2017 ; Kobayashi et al. 2017 ). The observed spin of black holes constrain the superradiance of black holes, and rejects m DM 

> 10 −19.2 eV (Stott & Marsh 2018 ), including the Event Horizon Telescope observation of M87, which rejects 10 −21.07 < m DM 

< 10 −20.34 eV (Da v oudiasl & 

Denton 2019 ). Rotation curves of nearby galaxies also reject m DM 

< 10 −21.0 eV (Bar et al. 2019a ). Schutz ( 2020 ) suggests that m DM 

< 10 −20.7 eV is rejected by 
the satellite luminosity function inferred from the perturbed stellar streams (Banik et al. 2019 ) and lensed images (Gilman et al. 2020 ), similarly to constraints 
on the WDM mass (Section 1). Gonz ́alez-Morales et al. ( 2017 ) reject m DM 

> 10 −22.4 eV from the stellar kinematics of the Fornax and Sculptor dwarf spheroidal 
galaxies. Hayashi et al. ( 2021 ) find that the stellar kinematics of Segue I is consistent with 10 −19.4 < m DM 

< 10 −18.0 eV. We naively take this as the required 
ULDM mass range, and consider that the other mass ranges are rejected, if the Segue I stellar kinematics is purely due to the soliton core. Zoutendijk et al. 
( 2021 ) reject m DM 

< 10 −20.4 eV from the stellar kinematics of the ultra-faint dwarf galaxy, Eridanus. 
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ncertainties as the observational data with different m DM 

, further
alidating our observational constraints. 

Fig. 15 shows a summary of the rejected ULDM mass ranges from
 range of astronomical probes in the literature (a comprehensive
e vie w can be found in Hui 2021 ), including our new result. Taken at
ace value, Fig. 15 suggests that ULDM is not a viable solution for
esolving the small scale problems in � CDM. Fig. 15 also highlights
hat our study provides a unique constraint on ULDM over a mass
ange only otherwise probed by the stellar kinematics of Milky Way
atellite galaxies (e.g. Gonz ́alez-Morales et al. 2017 ; Hayashi et al.
021 ). 
Ho we ver, there are four important caveats to our constraint. Firstly,
e applied a spherical isotropic model for NSC. Applying an

xisymmetric kinematic model, Chatzopoulos et al. ( 2015 ) found
 flatter NSC with q = 0.73 ± 0.04 and also suggested that a
pherical model underestimates the total mass derived from the
bserv ed v elocity dispersion profile. Ho we ver, it requires a further
tudy to address if a more realistic and complex model increases
he NSC mass or provides more room for the ULDM soliton core.
econdly, we assumed that there is no radial dependence of the mass-

o-light ratio. To some degree, the inner density slope parameter of γ
NRAS 511, 1757–1770 (2022) 
aptures such radial dependence. Ho we ver, this also requires further
nvestigation in a future study . Thirdly , we have assumed throughout
 single ULDM partilce comprises all of the dark matter. Finally, as
ighlighted in Davies & Mocz ( 2020 ), a soliton core with m DM 

>

0 −19.4 eV cannot survive in the Milky Way due to accretion into the
MBH. Hence, the stellar kinematics of the centre of the Milky Way
ay not be able to constrain the existence of a ULDM soliton core
ith m DM 

> 10 −19.4 eV. 
Constraining a ULDM mass lower than 10 −20.0 eV with the
ethodology, we introduce here would be still interesting, but

equire the stellar kinematic data at larger radii, r > 3 pc. Further
pectroscopic surv e ys of the stars in the Galactic centre with
LT/KMOS (e.g. Fritz et al. 2020 ) and future VLT/MOONS and
ubaru/ULTIMATE would be invaluable to test the existence of the
LDM with m DM 

< 10 −20.0 eV. In addition, the Japan Astrometry
atellite Mission for INfrared Exploration ( JASMINE ; Gouda 2012 ;
ouda & Jasmine Team 2020 ) 2 will provide near-infrared astrometry

or bright stars in the Galactic centre, which would provide further
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onstraints on ULDM. This will require accurately modelling the 
uclear stellar disc dynamics, since at r > 3 pc the nuclear stellar
isc dominates the central potential o v er the NSC (e.g. Li, Shen &
chive 2020 ). 
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igur e A1. Mar ginalized posterior probability distribution of the model
arameter log(m DM 

) for lower black hole mass case. The marginalized
osterior probability distribution is divided in to 250 bins. Solid black line
ndicates log [ m DM 

(eV)] = −20.4 and −18.5. 

igur e A2. Mar ginalized posterior probability distribution of the model
arameter log(m DM 

) for higher black hole mass case. The marginalized
osterior probability distribution is divided in to 250 bins. Solid black line
ndicates log [ m DM 

(eV)] = −20.4 and −18.5. 

PPENDIX  A :  SYSTEMATIC  U N C E RTA I N T Y  O F  

H E  BLACK  H O L E  MASS  

here is a strong correlation between the distance to the Galactic
entre, R 0 , and m BH measurements by Gravity Collaboration ( 2020 ),
s shown in their fig. E2. Gravity Collaboration ( 2020 ) estimate that
here is a systematic uncertainty of 45 pc for R 0 , which propagates
o a larger systematic uncertainty on the SMBH mass than the
ncertainty considered in this paper. We tested the effect of this
elatively large systematic uncertainty by considering two cases. The
rst case takes a distance to the Galactic centre of R = 8.20 kpc,
0 

NRAS 511, 1757–1770 (2022) 
igur e A3. Mar ginalized posterior probability distribution of the model
arameter log(m DM 

) for the MCMC fitting result with a lower Milky Way
ass of M h = 9 × 10 11 M �, taken from Vasiliev et al. ( 2021 ). Solid black

ine indicates log [ m DM 

(eV)] = −20.4 and −18.5. 

hich is systematically shorter than our fiducial assumed distance.
y fitting the correlation between R 0 and m BH by eye from fig. E2 of
ravity Collaboration ( 2020 ), this corresponds to a SMBH mass of
 BH = 4.20 × 10 6 M �. The different R 0 also affects the conversion
f arcsec to pc, and we adjust the project radial distance of the stars
rom Sgr A 

∗ and the break radius of the NSC density profile. The
econd case applies a larger distance to the Galactic centre of R 0 

 8.29 kpc. This leads to m BH = 4.32 × 10 6 M �. Figs A1 and A2
how the marginalized probability distribution of log ( m DM 

) for the
ormer and latter cases, respectively, after fitting the data with the
ame method as in Section 2. These results show almost identical
esults to Fig. 5 . This confirms that the systematic uncertainty on R 0 

nd m BH in Gravity Collaboration ( 2020 ) is still small enough that it
oes not affect our conclusions. 

PPENDI X  B:  T H E  LOWER  M I L K Y  WAY  MASS  

ASE  

asiliev et al. ( 2021 ) recently suggest that the Milky Way’s virial
ass is as small as 9 × 10 11 M �. Fig. A3 shows the marginalized

robability distribution of log ( m DM 

) obtained by the MCMC fitting
o the observed velocity dispersion with adapting M h = 9 × 10 11 M �.
he result is similar to our fiducial result of Fig. 5 with M h =
.4 × 10 12 M �, which is rather high side of the current estimates of
he Milky Way mass. This demonstrates that our result is not sensitive
o the assumed M h value within the current expected range of M h of
he Milky Way. 
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