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Abstract

We present the unified rotation curve of the Milky Way with the highest resolution and most complete sampling from the central super massive
black hole (SMBH) to the outermost halo up to ~ 300 kpc. We decompose the URC into the following five mass components: 1. the fixed central
SMBH, 2. massive core (a;, M;) = (181 pc, 4.7 x 10" M) , 3. bulge (358 pc, 1.3 x 10'°Mg), 4. disk (5.6 kpc, 1.03 x 101! Mg), and 5. dark
halo (DH) fitted by the Navarro-Frenk-White model with the scale radius h ~ 11 kpc, critical radius Rzpo ~ 36 kpc, critical DH and total masses
MEM ~ 2 x 101 Mg and Magp ~ 3 x 10 Mg for Hy = 71 km s—%/ Mpc—!. The scale radii and masses of the five components show a linear
scaling relation expressed by M; ~ 107 Mg(a;/1 pc)t! with i being the i-th component. The dark matter density near the Sun due to the dark
halo is estimated to be ~0.24 to 0.28 GeV cm~3.
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1 Introduction

Rotation curve (RC) is the most fundamental tool for measuring
the dynamical mass and its distribution in the Galaxy under the
assumption that the galaxy is rotating around its polar axis (Sofue
and Rubin 2001; Sofue 2017; Salucci 2019; Sofue 2020).

In our earlier papers (Sofue et al. 2009; Sofue 2012; Sofue
2013) we have constructed "unified RCs" of the Galaxy from the
nucleus to a half way to M31 including the outer halo by combin-
ing the existing rotation data in the decades from 1980’s to 2000’s.
We have also deconvolved the RC into several mass components
to obtain fundamental parameters such as the total mass and scale
size of each component, as well as the local density of dark matter
(DM) (Sofue 2013; Sofue 2020).

In this paper, we revise the URC of the Milky Way by employ-
ing the most recent data about Galactic rotation. We integrate the
current RCs determined individually for the Galactic Center by the
ALMA molecular line survey of the central molecular zone (CMZ)
(Longmore et al. and ACES Team 2025; Sofue et al. 2025), the in-
ner disk using the CO and HI-line surveys of the Galactic plane
(Sofue & Kohno 2025), the stellar disk by trigonometry of maser
sources using VERA (VERA Collaboration et al. 2020) and VLBA
(Reid et al. 2019), the disk stars by GAIA trigonometry (Eilers et
al. 2019), and 3D velocities of globular clusters and dwarf galax-
ies with GAIA (Jiao et al. 2023; Sylos Labini 2024). We adopt
the Galactic constants Ry = 8.18 kpc (Gravity Collaboration et
al. 2019) and ©p = 235.1 km s~ ! (Sofue & Kohno 2025).

2 Construction of URC26
2.1 Central black hole

The rotation curve around the central supermassive black hole
(SMBH) located at the nucleus (Sgr A*) with a mass of M; =
4.0 x 10Mg (Ghez et al. 2008; Gillessen et al. 2009) is repre-
sented by the Keplerian law.

2.2 Central Molecular Zone (CMZ)

We have recently determined the RC in the CMZ using the ACES
survey data (Longmore et al. and ACES Team 2025) by applying
the terminal velocity method to the longiutde-velocity diagrams
(LVD) of the CS (J = 2 — 1)-line emission from the molecular
gas in the CMZ and the H40a-line from the ionized gas in the
minispiral (Sofue et al. 2025). Figure 1 shows the RC inside R ~
120 pc. The entire CMZ has a nearly flat RC at Vyo; ~ 100 km s™*
associated with a peak around R ~ 5 pc. The innermost V;o¢ within
R <1 pe increases toward the nucleus, obeying the Keplerian law
due to the central SMBH.

2.3 Gas disk by terminal velocities of CO and Hl lines

Inside the solar circle (—90° <1< 90°), the rotation velocity V (R)
at the galacto-centric distance R = Rosin | is calculated simply by
correcting the terminal velocity Vierm for the circular motion of
the LSR (local standard of rest) at the Sun:

‘/rot (R) = ‘/term + @O sin [. (1)

In figure 1 we show the inner RC obtained recently by Sofue &
Kohno (2025), applying TVM to CO and HI line survey data of
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Fig. 1. Rotation curve of the CMZ in the central 120 pc obtained by termi-
nal velocity method for H40« (triangles) and CS (J = 2 — 1) (dots) lines in
semilogarithmic scaling (Sofue et al. 2025). Alt text: Rotation curve of the
Galactic Center.
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Fig. 2. [Top] RC up to 30 kpc by combining the inner RC of the gas disk
using the terminal velocity method (black dots) (Sofue & Kohno 2025),
trigonometry of maser sources with VERA (blue dots) (VERA Collaboration
et al. 2020) and VLBA (magenta dots) (Reid et al. 2019), and disk stars
by GAIA DR3 (brown triangles) (Jiao et al. 2023) by combining the RCs
in figures 1 and 2. [Bottom] Same, but with equal logarithmic radius in-
crement after Gaussian running averaging. The big dot marks the Sun at
(8.2 kpc, 235 kms~! ). Points at R < 0.2 pc are Keplerian circular ve-
locities calculated for the central SMBH of 4 x 106 Mg,. Alt text: Unified
rotation curve from the GC to halo.
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the Galactic plane (Dame et al. 2001; HI4PI Collaboration et al.
2016; Umemoto et al. 2017; Braiding et al. 2015; Cubuk et al.
2023).

2.4 Stellar disk by VLBI trigonometry of maser sources

Recent trigonometric measurements of maser sources using VERA
(VLBI exploration of radio astrometry) (VERA Collaboration et
al. 2020) and VLBA (very long baseline array) (Reid et al. 2019)
have provided accurate 3D motions of the sources in the Galactic
disk, which yielded circular rotational rotation curves at high ac-
curacy. These results were combined with the inner RC from the
terminal velocity to yield an RC from the Galactic Center to the
halo at R ~ 15 kpc. In figure 2 we plot the circular velocities of
maser sources from VERA by blue triangles and those by VLBA
measurements by magenta dots.

2.5 Stellar disk and halo by GAIA trigonometry

The GAIA mission has provided proper motions of billions of stars
in the Milky Way, and yielded high accuracy rotation curves of
the mid to outer Galactic disk at R ~ 8 to 25 kpc (Eilers et al.
2019; Jiao et al. 2023; Sylos Labini 2024). We plot the circular
velocities from GAIA DR3 by the inverse triangles in figure 2.

2.6 RC of the halo up to ~ 300 kpc by GAIA
trigonometry of globular clusters and dwarf
galaxies

In order to construct a rotation curve of the Galactic halo up to

several hundred kpc, we employ the GAIA trigonometric mea-

surements of globular clusters (Vasiliev & Baumgardt 2021; Wang
et al. 2022) and dwarf galaxies (Li et al. 2021; Hammer et al.

2021; Hammer et al. 2023). Circular rotation velocities using glob-

ular clusters are presented by Wang et al. (2022), which cover from

R ~ 25 to ~ 100 kpc. For larger radii from R ~ 25 to ~ 300 kpc,

we introduce a "pseudo” rotation velocity (Sofue 2013) of dwarf

galaxies defined by

‘/rot = ’q\/U%{,A + ’U]?)ec + Ufadial' (2)

Here, v; (i=RA, Dec, radial) are the velocities calculated for the
proper motions and radial velocity with GAIA and 7 is a conver-
sion factor of the 3D velocity to a pseudo circular velocity at the
same radius. We assume 7 ~ 1/+/2, considering that the dwarfs are
half a way to their apocenters and the orbital inclinations to the line
of sights are random. We also examine a case with n = 1, which
will yield the upper limit of the circular velocity. This factor could
vary between )~ 1 and ~ 1/+/3, depending on the dynamical con-
dition of the halo. This means that the dark halo mass estimation
in this paper includes a systematic error of a factor of ~ 2.

2.7 URC26: Unified RC from the GC to outermost halo
by Gaussian running averaging
We then construct a unified RC (URC) by taking Gaussian running
average (GRA) of the circular velocities V' (R;) measured at R =
R; for the i-th data points by the individual methods. The GRA
value of V' at a radius R is calculated by
LZI Viw;
=Ll 3)

w;

V(R)

and
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Fig. 3. GAIA outer rotation curves by Gaussian running average of the
3D velocities inferred from proper motions and radial velocities of globu-
lar clusters (magenta and red triangles) (Eadie & Juri¢ 2019; Vasiliev &
Baumgardt 2021; Wang et al. 2022) and dwarf galaxies (blue diamonds)
and the same but devided by /2 (violet diamonds) (Li et al. 2021; Hammer
et al. 2021; Hammer et al. 2023). Alt text: Outer rotation curve of the halo.

1/2
) = Vi)ws
5V = {(V(@w_v)w} , )
where
L 2
w, = exp [(R’(;RR) ]aﬁ, 5)

and o; is the error of the observed value of the i-th data point. We
plotted the URC in figure 3 at the same logarithmic radius interval.

In figure 4 we summarize the URCs in linear scales for differ-
ent radial coverages from the GC to the outermost halo. Figure 5
shows a simultaneous plot of the RC including the SMBH, CMZ,
bulge, disk, halo, and outer halo up to ~ 300 kpc, about half way
to the Andromeda galaxy, in logarithmic scaling. We name this
diagram the "URC26" (unified rotation curve 2026).

3 Deconvolution of URC26 into five mass
components

The most basic use of rotation curves is to calculate the mass distri-
bution (Sofue and Rubin 2001). A closer look at URC26 in figure
5 reveals four distinct velocity peaks in the center (R ~ 0 pc), near
R ~ 5 pc, ~ 500 pc, and ~ 5000 pc and an outskirt that extends to
R ~ 300 kpc corresponding to the dark halo. We decompose the
URC26 into the following five mass components.

3.1 Supermassive black hole

The innermost rotation curve at R < 1 pc is represented by the
Keplerian law for the massive black hole with Mpu = 4 x 10° Mg
(Ghez et al. 2008; Gillessen et al. 2009):

¢=GM:/R, (6

and
V(R)=Vi/\/R/a: @)

with Vi = 131.5 km s *and a1 = 1 pc.
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Fig. 4. URC26 by linear scaling for different radial ranges from R =0 (cen-
ter) to 20 pc, 0 to 200 pc, 0 to 2kpc, 0 to 20 kpc, and 0 to 300 kpc. Alt text:
URC26 for various parts of the Galaxy.
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Fig. 5. URC26 from the central SMBH to outer halo up to 30 (top) in linear scaling and to 300 kpc (middle) in semi-logarithmic scaling. Black magenta
diamonds are Gaussian running averaged values of the GAIA results for dwarf galaxies with a correction factor = 1/v/2 (pink diamonds) and n = 1
(3D velocity, black diamonds), respectively. Big diamonds and triangles are GAIA globular clusters. The lines are calculated RC for the least x? fitting
parameters of the URC26 for = 1/+/2 (black line) and n = 1 (magenta dash). The innermost Keplerian curve represents the SMBH of 4 x 106 M. The
core , bulge, and disk are fitted by the Plummer model, while the dark halo is fitted by the NFW model. [Bottom] same, but logarithmic presentation. Alt
text: URC26 and fitting result by a calculated RC.
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Fig. 6. Radial variations of the rotation velocity, density, mass and the ratio
of rotation velocities for the Plummer potential (solid lines) and exponential
density profile (dashed lines).

3.2 Core, bulge and disk by Plummer potential

The disk to mid-halo RC at ~ 1 to ~ 15 kpc can be fitted by three
components of a core, bulge and disk. We adopt the Miyamoto &
Nagai (1975) (MN) potential for each component,

—1/2
¢ = GM; [Rz—&—(ci—i— z2+bf)2} . (8)

Since RC provides only the axi-symmetric information at z = 0,
we approximate it by the following form, which is equivalent to
the Plummer potential with a? = b? + ¢2:

¢i=GM; [R*+a2] " (i=2, 3, 4). ©)
The circular velocity at R is then given by

Vi(R) = \/—R 8¢ /OR = Viz(1 + ) %/*, (10)

where x = R/a;, and a; and V; are the scale radius and velocity of
the i-th component. The total mass of each component is given by

M; = a;V;?/G. (11)

We stress that because gravity has a long range force, the Plummer
potential is a good approximation to that of an exponential density
distribution, and any similar mass concentrations with sufficiently
rapid density decrease, in an accuracy of a few percent. Figure 6
compares the rotation curve calculated for the Plummer potential
and for an exponential density sphere with the maximum velocity
and radius taken equal.

3.3 Dark halo by NFW profile

The extended outskirts of the URC beyond R ~ 15 kpc can be fitted
by the dark halo represented by the NFW density profile (Navarro
et al. 1997), o
0

=— 12

J,’(l + LE)2 bl ( )
where © = R/h with h = a5 being a constant scale radius. Note
that the density at R = h is given by ppu(h) = 4po. The rotation
velocity is given by

Vie) = VS\/ln(l o) —a/(+a)

p(x)

(13)
x
where Vs = Vpp is related to h = as and po by
1 (V5)?
=—(—) . 14
po 4G <CL5) (14)

The dark halo mass inside R = hx is calculated by

5
M) = 298 N1 42y — 5 (15)
o 14zl
We introduce the ’critical DH mass’ (White 2001) defined by
Moo = M (R200), (16)

where Raqo is the ’critical radius’ at which the DH density, in-
cluding dark matter and baryon, hence the core + bulge + disk
components, becomes equal to 200 times the critical density of the
universe:

p200 = 200p00, a7
where )
37 Hj
= —— 1
P00 =4 (13)

is the critical DM+baryon density of the Universe.

3.4 The least x? fit and obtained parameters

We fit the URC26 by superposition of the five mass components
as described in the previous section. The scale radius and mass, a;
and V;, are taken as the free parameters to be fitted withi =2to 5
showing the core, bulge, disk and halo. We applied the following
procedure.

* The central black hole (the first mass component) is fixed to
have the observed mass of 4 x 10° Mg (Ghez et al. 2008) to
create the Keplerian RC.

* The initial values of the parameters of the 2nd (core) to Sth (DH)
components were given approximately by eye estimates.

» Using the initial parameters, the least x squares fitting values
were searched for the parameters of each component.

The best-fit parameters for the core (i = 2), bulge (3), disk (4)
and halo (5) components are listed in table 3.5. The error of the
fitted parameter is defined by the displacement of the parameter
that increases x2 by 1 from the minimum.

3.5 Fitted RC and mass distribution

Using the fitted parameters, we calculate the circular velocities and
plot the calculated curve as a function of the Galacto-centric dis-
tance R for individual components and a total rotation velocity in
figure 5. The URC26 with = 1/4/2 from center to R ~ 30 kpc
is well reproduced by the calculated RC and the outer halo up to
~ 300 kpc is also reasonably fitted within the errors. However, fit-
ting with 7 = 1 significantly overestimates the velocity at R ~ 10
to 30 kpc, where accurate GAIA measurements are obtained from
the trigonometry of numerous disk stars.

We emphasize that URC26 proves the presence of an outermost
massive halo up to R ~ 300 kpc, which is reasonably explained by
the NFW mass model. However, it does not support the Keplerian
decrease in rotation velocity beyond R ~ 25 kpc.

We calculate the density profile and the cumulative mass as a
function of R using the fitted parameters for = 1/+/2 and plot
them in figure 7. The diagram displays the high density concentra-
tion of the mass in the Galaxy from the dark halo to the nucleus,
varying over 10 orders of magnitude.

3.6 The dark Halo property

Using equations 16 and 17, we obtain the parameters for the
halo as h ~ 11 kpc, Rao0 =~ 38 kpc, Mago ~ 3 X 10! M, and
200 = Ra200/h = 3.5. Since the density of the core + bulge + disk
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Table 1. Fitting parameters for URC26.

Component Parameter
1. SMBH Vi 131.5kms !
Ao, 1.0 pc (ascate ~ 0.5 pc)
My ..o 4.0 x 10Mg
Dwarf correction n=1/ V2
i =2. Core Vioooooo .. 181.14+1.25kms™*
Qi ovii 4.69+0.10 pc
M ..... 3.557+£0.077 x 10" M
3. Bulge Vieeoooo. .. 392.35+1.78 km s "
[ 7 357.50 £ 5.43 pc
Mi..... 0.127 £0.002 x 10 Mg
4. Disk Vieeooiin .. 282.13+3.71 kms ™ ?
Wivooennnn. 5589.18 4 163.26 pc
Mi..... 1.029 4 0.033 x 10! My
5. Dark halo Vieooooo. .. 308.35+3.96kms T
@ioonnnnn.. 11136.12 +688.93 pc
(M; = 2.449 £ 0.155 x 10" Mg)*
DO e, 0.539 GeV cm™®
Ro00 vvoeviieaiiiain 36 kpc T
(627010 T Rgoo/h =3.2
Mogg oo 3.0 x 10 M,
MEM 2.0 x 10" Mg
pe™M ... 0.244+0.005 GeV cm ™
Dwarf correction n=1
i =2. Core Vieeoooin .. 181.14+1.25km s~ *
Wivooenieeannn. 4.69+0.10 pc
Mi...... 3.557 £0.077 x 107 My
3. Bulge Vieeoooi o1 392.58 £1.79 km s~ "
Qi veveeeeenn 358.79 £5.47 pc
Mi..... 0.128 £0.002 x 10'* Mg
4. Disk Vieeooinn .. 294.23 £3.68 kms™'
Wivooonnnnn, 6310.54 4 203.79 pc
Mi..... 1.26440.044 x 10 My
5. Dark halo Vieeoooin .. 343.14+4.01kms~ T
@ioonnnn 16076.51 4 1023.68 pc
(M; = 4.379 +£0.283 x 10' Mg)*
PO ceemenn 0.320 GeV cm™3
Ro00 e, 40.1 kpe T
(61010 I I, RQOO/h =2.5
Moo oo, 3.8 x 101 Mg
MM 2.8 x 10" Mg

pa™M ... 0.276 £0.005 GeV cm™?

¥ Ghez et al. (2008)

*M; =Via;/G (i =2t05)
T Hy="71kms 'Mpc~!

p200 = 200po0 = 1.87 x 1072g cm ™3 = 0.0105 GeV ecm™3
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Fig. 7. The density p(R) and cumulative mass M (R) calculated for the
least-x? URC for n = 1/+/2. Triangles and open triangles with error bars
in the lower panel show the mass calculated for individual observed points
for n = 1/+/2 (triangles) and n = 1 (open triangles). Alt text: Density and
cumulative mass distributions.

contributes less than 1% of the total density at this radius, the ra-
dius Raqp is correct within a few percent, while the enclosed mass
Moo calculated for the NFW halo alone is 2.2 x 10! Mg, much
less than the total mass that includes the disk and bulge.

3.7 Scaling relation

The deconvolution of the RC into the components enables us to
examine the scaling relation between the scale radius, a;, and total
mass, M;, of the five mass components of the BH, core, bulge, disk
and dark halo. For the BH, we define the scale radius as the radius
at which the gravity of the BH dominates that of the core com-
ponent, i.e., agu ~ 0.5 pc. Figure 8 shows the total masses thus
derived against the scale radii of the five components. We find a
linear proportionality between the radius and the total mass, which
varies by more than six orders of magnitude, and is expressed by
M ~ 10" Mg(R/1 pc)'', as shown by the straight line in the fig-
ure.

3.8 Local DM density

The local density of DM is a key parameter for the direct detection
experiments of DM. Using equation 12 we calculate the local den-
sity of DM at the Sun to be ng ~0.24 GeVem ™ forn=1/v2
and ~ 0.28 GeV cm ™2 for = 1. Although the least x? fitting
yields small errors, the result depends on the assumed correction
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Fig. 9. Measured values of the the local DM density in the decades from
Sofue (2020). The most recent values in 2026 are from Séding et al. (2025)
and this work at 2026.5.

factor for the dwarf velocity, n, which is taken to be 1sqrt2 but
may vary between ~ 1 and 1/+/3 in equation 2.

In figure 9 we plot the local density values of the DM from the
literature taken from Sofue (2020) and the present value that does
not include systematic error. The estimated value of pe has been
nearly constant in the decade, but is re-estimated to be smaller in
this work. The general decrease in the value is due to the improve-
ment of the velocity measurements of the outer halo objects by
GAIA using stellar objects, globular clusters and dwarf galaxies.

4 Summary

We derived the most completely sampled unified rotation curve
of the Milky Way (URC26) from the central super massive black

hole to the outer halo of radius ~ 300 kpc, which has the high-
est resolution and accuracy ever performed. The URC was de-
composed into five components of the central black hole with
mass of M) = 4 x 10° Mg, the core with My ~ 3.5 x 10" Mg
(core), bulge with M3z ~ 1.3 x 10*° M (bulge), disk with My ~
1.06 x 10'* My (disk), and the dark halo with the critical mass of
Maoo >~ 3.2 x 10 Mg and ME} ~ 2.1 x 10! My in the critical
radius R200 = 35.5 kpc. The local dark matter density near the Sun
due to the dark halo is estimated to be p™ ~ 0.24 to 0.28 GeV
cm™? .
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