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Abstract

We update our unified rotation curve (URC) of the Milky Way (Sofue et al. 2009) to that with the highest spatial and velocity resolutions and the
most complete sampling from the central supermassive black hole (SMBH) to the outermost dark halo, up to ~ 300 kpc; hence, it has the widest
radial coverage. We present the curve in the form of figures and ascii tables. The URC can be ascribed to a combination of the following five
components: 1. The central Keplerian curve due to the supermassive black hole at the nucleus; 2. a core component attributed to a high-density
mass concentration within several parsecs of the Galactic Center, which can be fitted by a spherical mass concentration of scale radius and
mass of ~ 2.4 pc and ~ 3 x 107 M. 3. a bulge component with a high velocity peak at a radius of 0.4 kpc, which can be represented by a mass
sphere of ~ 160 pc radius and 1.1 x 1019Mg or by an eccentric gas flow in the central bar. 4. a disk component that can be represented by
an exponential disk with a scale radius and mass of ~ 3.8 kpc and ~ 1.6 x 101! Mg; and 5. an extended component that can be understood
as being due to the dark halo, which can be fitted by the Navarro-Frenk-White type density distribution with a scale radius of h ~ 14 kpc and a
density parameter po ~ 9 x 10~3 Mg pc, with a critical radius and mass of Raoo ~ 81 kpc and MESE ~ 4.2 x 10! M. This dark halo yields
the lower limit to the local DM density at the Sun of ~ 0.24 GeV cm~3(~ 6 x 1073 Mgpc™3).

Keywords: galaxies: individual (Milky Way) — galaxies: kinematics and dynamics — Galaxy: kinematics and dynamics — Galaxy: structure —

dark matter

1 Introduction

The rotation curve (RC) is the most fundamental tool for measur-
ing the dynamical mass, including dark matter, and its distribution
in galaxies under the assumption that a galaxy is rotating around
the polar axis (Sofue and Rubin 2001; Sofue 2017; Sofue 2020;
Lelli et al. 2016; McGaugh 2016; Salucci 2019). Photometry of
luminous mass, e.g., stars, is a powerful tool to obtain the mass
distribution in galaxies if a precise distribution of the mass-to-
luminosity (M/L) ratio has already been prepared. However, for
calculating the total mass, we need a dynamical determination of
the mass because galaxies include dark matter.

This situation also applies exactly to the Milky Way Galaxy,
whose rotation curve has been determined most precisely among
the galaxies, and the mass distribution, including the dark halo,
has been well determined (see Sofue (2020) and the wealth of
literature therein). Extensive photometric determination, partic-
ularly in infrared wavelengths, has revealed the luminous mass
distribution in the inner Galaxy and the detailed distribution of
stellar components, including the nuclear disk, bulge and/or bar,
and the inner disk (Schodel et al. 2014; Robin et al. 2012; Robin
et al. 2014; Wegg et al. 2015; Portail et al. 2015; Ness & Lang
2016; Valenti et al. 2016; Simion et al. 2017; Marasco et al. 2025),
while the dark matter mass, and hence the total mass, has been
excluded from the photometric approach.

In our earlier papers (Sofue et al. 2009; Sofue 2012; Sofue
2013), we constructed a unified RC (URC) of the Galaxy from
the nucleus to halfway to M31, including the outer halo, by com-
bining the existing rotation data from the 1980s to the 2000s. We

have also deconvolved the URC 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 and present a new
unified rotation curve, which we call "URC26’. We integrate the
current RCs determined individually for the Galactic Center by
the ALMA molecular line survey of the central molecular zone
(CMZ) (Sofue et al. 2025), the inner disk using the CO and HI-
line surveys of the Galactic plane (Sofue & Kohno 2025), the stel-
lar 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 veloci-
ties of globular clusters and dwarf galaxies with GAIA (Jiao et al.
2023; Sylos Labini 2024). However, we do not use the earlier RCs
derived from HI and CO observations of the gas disk of the outer
Galaxy outside the Solar circle, where the gaseous RC is claimed
to be distinct from the stellar RC (Nelson et al. 2026). We adopt
the Galactic constants Ro = 8.18 kpc (Gravity Collaboration et
al. 2019) and ©¢ = 235.1 km s~ ' (Sofue & Kohno 2025).

The main purpose of this paper is to construct the updated URC
with the highest resolution, highest sampling, and widest radius
coverage, and to present the curve in figures and tables for broader
usage. As a byproduct, we try to deconvolve the URC into several
mass components and calculate their masses and scale radii.
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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.

2 Construction of a new URC

We integrate the partially determined rotation curves in specific
radii based on the most recent observations. Below, we describe
the data.

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 10 Mg (Ghez et al. 2008; Gillessen et al. 2009) is repre-
sented by the Keplerian law, as shown in figure 2 (A).

2.2 Central Molecular Zone (CMZ)

We have recently determined the RC in the CMZ using the ACES
(ALMA CMZ Exploration Survey) data (Longmore et al. 2026;
Ginsburg et al. 2025; Walker, D. L., et al. and ACES Team 2025;
Lu et al. 2026; Hsieh et al. 2026; Battersby et al. 2026) by applying
the terminal velocity method to the longitude-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). The entire CMZ has a nearly flat RC
at Viot ~ 100 km s™! associated with a peak around R ~ 5 pc.
The innermost Vot within R 5 1 pc increases toward the nucleus,
obeying the Keplerian law due to the central SMBH.

2.3 Gas disk inside the solar circle 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 = Ry sin [ is calculated simply by
correcting the terminal velocity Vierm for the circular motion of
the LSR (local standard of rest) at the Sun:

Viot (R) = Vierm + @0 sin [. (])

In figure 2 we show the inner RC obtained recently by Sofue &
Kohno (2025), applying TVM to CO and HI line survey data of
the Galactic plane (Dame et al. 2001; HI4PI Collaboration et al.
2016; Umemoto et al. 2017; Braiding et al. 2015; Cubuk et al.
2023), where the RCs from the literature described in the next two
subsections are included by taking the running averages of all the
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available data.

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 rotation curves at high accuracy. These results
were combined with the inner rotation curve from the terminal ve-
locity to yield a rotation curve from the Galactic Center to the halo
at R ~ 15 kpc. We include the rotation velocities of maser sources
from VERA and VLBA measurements for the disk RC by taking
running averages with our inner RC (Sofue & Kohno 2025). In this
work, we do not use the gaseous rotation curve outside the Solar
circle from CO and HI-line observations, which is claimed to be
displaced from the Virial motion in the Galactic potential (Nelson
et al. 2026).

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 also include their
rotation curve by taking running averages with the RC for the disk
described above.

2.6 Halo RC from 25 to 100 kpc by globular clusters

For the outer Galactic halo, we employ GAIA trigonometric mea-
surements of globular clusters (Vasiliev & Baumgardt 2021; Wang
et al. 2022). In figure 3 we plot the rotation velocities presented by
Wang et al. (2022), which cover R ~ 25 to ~ 100 kpc.

2.7 Halo RC from 25 to 300 kpc by dwarf galaxies

For ~ 25 to 300 kpc we use the 3D velocities observed by the
GAIA trigonometry of dwarf galaxies (Li et al. 2017; Li et al.
2021; Hammer et al. 2021; Hammer et al. 2023). Following Sofue
(2013) we introduce a "pseudo” rotation velocity of dwarf galaxies
defined by

V;”Ot = 77‘/3]3 = n\/UIQKA + v]%ec + UrQadial' (2)
Here, v; (i = RA, Dec, radial) are the velocities calculated for
the proper motions and radial velocity with GAIA, and 7 is a con-
version factor for the 3D velocity to a pseudo circular velocity at
the same radius. We assume n~ 1/ V2, considering that the dwarfs
are halfway to their apocenters and the orbital inclinations to the
line of sight are random. We also examine a case with =1, which
will yield the upper limit of the circular velocity. Using the veloci-
ties thus converted, we perform the Gaussian running average and
plot them in figure 3. This "dwarf correction factor" n could vary
between 7 ~ 1 and ~ 1/+/3, depending on the dynamical condition
of the halo. This means that the dark halo mass estimation in this
paper includes a systematic error of a factor of ~ 2.

2.8 URCZ26: Unified RC from the GC to outermost halo

We then construct a unified RC (URC) by taking the Gaussian run-
ning average (GRA) of the rotation 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
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Fig. 2. [A] URC in the central 10 pc; [B] 0 to 100 pc; [C] 0 to 1 kpc; [D] 0 to 10 kpc; [E] 0 to 100 kpc; and [F] 0 to 1 Mpc. The URC was constructed
by combining the innermost RC shown in figure 1, 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), disk stars by GAIA
DR3 (brown triangles) (Jiao et al. 2023), GAIA trigonometric rotation curves of globular clusters (Eadie & Juri¢ 2019; Vasiliev & Baumgardt 2021; Wang et
al. 2022), and GAIA proper motions of dwarf galaxies for = 1/+/2 (Li et al. 2021; Hammer et al. 2021; Hammer et al. 2023). The innermost Keplerian
curve represents the SMBH of 4 x 106 Mg, (Ghez et al. 2008). Alt text: URC26.
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4
V(R) =L, Viw; | Siliw; 3)
and
oV = [S(V(R) - Vi)*w, | Sw,]"?, ©)
where
wi =exp [—(Ri — R)* / 6R*] 0; %, (5)

and o; is the error of the observed value of the i-th data point, and
0R ~ 0.1R is the smoothing width. We plotted the URC in figure
3 at the same logarithmic radius interval and listed the calculated
values in tables 2 — 5 in the appendix.

Figure 2 shows the obtained results with different scalings from
the central region to the halo. Figure 3 shows a simultaneous plot
of the RC that includes the SMBH, CMZ, bulge, disk, halo, and
outer halo up to ~ 300 kpc, about halfway to the Andromeda
galaxy, in semi-logarithmic and logarithmic scaling. We name this
RC the "URC26" (unified rotation curve 2026).

3 Approximate mass distribution
3.1 The major goal of this study

The major purpose of this paper was to present the newly con-
structed unified rotation curve of the Milky Way shown in figures
3 and 3, referred to as URC26. This rotation curve is sampled at
the highest spatial resolution ever obtained, as well as the highest
velocity resolution inside the solar circle, based on the accurate
analysis of the highest resolution molecular line cube data of the
Galactic disk using the terminal velocity method. It further com-
bines the most recent proper motion data of globular clusters and
dwarf galaxies. Thus, URC26 has achieved sufficiently tight loga-
rithmic as well as semi-logarithmic plots of the rotation velocities,
covering the widest area of the Galaxy from the central supermas-
sive black hole to the dark matter halo at radii of approximately
300 kpc, almost halfway to the neighboring major member of the
Local Group, M31. The curve is useful for a variety of analyzes of
the Galactic structure and dynamics and the obtained valaues are
listed in tables 2 — 5 in the Appendix.

3.2 Derivation of mass distribution

One of the important applications of rotation curves is the deriva-
tion of mass distribution, assuming circular rotation. However, this
assumption is not fully plausible in the inner Milky Way, where a
bar potential may controle the dynamics, and we will discuss the
limitations and systematics of this method in section 4.2.1.

3.2.1 Basic method to derive the dynamical mass

We use the dynamical method based on the Virial theorem, which
is a direct method using kinematical data such as the rotation
curve. Widely adopted models to represent the bulge and disk
are the exponential sphere, exponential disk, Sérsic type potential,
Miyamoto-Nagai potential, and the Plummer potential. We adopt
the exponential sphere for the core and bulge and a flat exponential
disk for the disk component. We note that all these density mod-
els yield similar potentials due to the long range force of gravity,
composed of a rigid-body rise, a peak at ~ 2a (a =scale radii),
and a Keplerian decrease, coinciding within a few percent. Note
that exp(—x/a) = exp(—2z/2a)? ~sech(z/a) ~ sech®(z/2a), and
sech?(z/a*) (a* = 2a) is often used in other works. However,
NFW type potentials for the dark halo behave quite differently, di-
verging outward because of the slow decrease in density.
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3.2.2 Deconvolution into dynamical mass components
The rotation curve is represented by a superposition of N dynam-
ical mass components as

Viot(R) = /3L, Vi(R)?, (6)

where V;(R) is the rotation velocity at radius R due to the i-th
component. By closely examining URC26 in figure 4, we recog-
nize five (N = 5) distinct mass components characterized by five
velocity peaks at the center (R~ 0 pc), R~ 5 pc, ~ 500 pc, ~ 5000
pc, and an outskirt that extends to R ~ 300 kpc. We attribute these
peaks to 1) SMBH, 2) core, 3) bulge, 4) disk, and 5) dark halo, and
try to fit URC26 by superposing these mass components employ-
ing the following profiles. We then decompose the observed RC
into the five components by the least-x? method using the follow-
ing functions representing the individual components. The fitted
parameters are listed in table 1

3.2.3 Supermassive black hole

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

¢=GM/R, @)
and
V(R) = Vi/\/R/ax ®)
with V4 = 131.5km s~ 'and a; = 1 pc.

3.2.4 Core by an exponential sphere

For the core component, we adopt a spherical exponential density
profile expressed as

pi(R) = phexp(—R/a;), ©

where p{, and a; are the central density and scale radius of the i-th
mass component. The rotation velocity is calculated by

Vioti(R) = \/GM;(R)/R, (10)
where
R
M;(R) = / pi(r)amridr (an
0

is the enclosed mass inside R. We stress that, because gravity has
a long range force, the exponential potential is a good approxi-
mation to that of a Plummer potential, as well as any similar mass
concentrations with sufficiently rapid density decrease, with an ac-
curacy of a few percent (Sofue 2017). By fitting to the URC, we
obtain the scale radius and mass for the core to be a2 ~ 2.4 pc and
M ~ 3.3 x 10" M.

3.2.5 Bulge by an exponential sphere

We adopt the same form of the exponential sphere as the core
expressed by equation 9. The fitting yields a3 ~ 162 pc and
M3 ~ 1.12 x 10*° M, which is nearly identical to the fit using
the sech?(R/a*) function with a} ~ 2a3 ~ 0.32 kpc.

However, the inner Galaxy has a bar, and the bar-driven non-
circular motion of the gas does not necessarily represent the true
mass distribution. This issue will be discussed in a later section on
the limitations and uncertainties of using the RC in this region.
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Fig. 3. [Top] URC2026 (same as figure 2) in semilogarithmic and [bottom] logarithmic scalings. We recognize five major components, which can be
attributed to the SMBH (component 1), core (component 2), bulge (3), disk (4) and dark halo (5). The big dot marks the Sun at (8.2 kpc, 235 kms~!).
Alt text: Unified rotation curve from the GC to halo.




243
244
245

246

247
248
249
250

251

252

253

254

255

256
257
258

260
261

262
263
264
265

266

267
268

269

270

272
273
274
275
276
277
278
279
280

281
282
283
284
285
286
287
288

289

291
292
293
294
295

3.2.6 Exponential disk
The galactic disk is represented by an exponential disk (Freeman
1970), where the surface mass density (SMD) is expressed as

%4(R) = Soexp(—R/ay). (12)

Here, Xy is the central value, a4 is the scale radius, and R is the
radius inside the Galactic plane. The total mass of the exponential
disk is given by My = 27X 0a3. The rotation velocity is expressed
by

Va(R) = Vo /2 [l () Ko(y) — L) K1 ()], (13)
where
Vo = VArG¥oa4 = \/2G Maiei /aa (14)
. 1 asV§
_ 1a4Vo
My = 2 a (15)

with y = R/(2a4), I;, and K, as the modified Bessel functions.
By fitting, we obtain the disk radius and mass of a4 ~ 3.8 kpc and
My ~ 1.6 x 10" Mg. The enclosed mass and local density are
calculated using equation (12) assuming that the disk thickness is
equal to the radius; hence, the calculated density is an approximate
value.

3.2.7 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 (Navaro-Frenk-
White) density profile (Navarro et al. 1997),

po
=— 1
p5(IB) .Z‘(l +£IZ’)27 (16)
where = R/h and h = a5 are the scale radii. The rotation velocity
is given by

‘/;ot5(R) =V GMs (R)/R7 (17)

and the mass inside R is given by
Ms(R) = 4mpoh®[In(1 4+ ) —x/(1 +z)). (18)

By fitting, we obtain A ~ 13.6 kpc and pp = 8.8 x 1073 My
pc3. Combining these values with those obtained for the bulge
and disk and referring to URC26, as shown in figure 5, we obtain
the critical radius and mass of the Galaxy to be R200 ~ 80 kpc at
which the mass density becomes equal to the cosmological criti-
cal density, p2o0 = 200 x (3HZ)/(87G) =1.9x 107 gcm ™ =
2.8x107° Mepc 3 with Hy=71km s~ *Mpc ™! being the Hubble
constant. The critical mass is obtained as Maoo = M (Ra200) ~
4 x 101 M.

3.2.8 Mass and density distributions
The least x? fitting results using these functions are summarized
in table 1. The rotation velocity was calculated using the fitted
parameters and plotted in Figure 4. The calculated RC reproduces
URC26 from the center to R ~ 30 kpc well, and the outer halo
(up to 300 kpc) also shows a reasonable fit within the margin of
error. URC26 demonstrates the existence of a massive halo in the
outermost region up to R ~ 300 kpc, which can be reasonably
represented by the NFW mass model. However, URC26 does not
support the Keplerian decrease in rotation velocity at R 2 25 kpc.
Using dynamically fitted parameters, the density distribution
and cumulative mass were calculated as a function of R and plot-
ted in Figure 5. This diagram shows that mass is concentrated at
a high density over a range of more than 10 orders of magnitude,
from the dark halo to the nucleus.
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Table 1. Fitting parameters of the URC26 for n = 1/v/2.

i-th component Parameter

1. SMBH M ~4.0x 10°Mg ¥
2. Core a2 ~2.4440.03 pc
M> ~ (3.3340.06) x 10" M
3. Bulge a3 ~162+1.3 pc
M3 ~ (1.1240.01) x 10*° My
4. Disk as ~ 3.82£0.06 kpc
My ~ (1.66 +0.04) x 10™ My
5. Dark halo | 4mpoh® ~ (2.78 £ 0.08) x 10™ My

po = (8.8240.25) x 107> Megpc™?
as =h~13.6+0.5 pc
Ra00 ~ 81 kpc
M200 ~ 4.2 X 1011M@

1 Ghez et al. (2008)
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Fig. 4. Decomposition of the URC by five mass components for the pa-
rameters given in table 1. [Top] Logarithmic URC from the nucleus to outer
halo. [Bottom] Same, but in linear scaling. Alt text: Dynamical decomposi-
tion of URC.
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3.2.9 Local DM density

The local density of DM is a key parameter for the direct detection
experiments of DM. Using figure 5 (equation 16) we obtain the
local density of DM at the Sun due to the dark halo alone to be
oM ~ 6.2 x 1073 Mgpc™ ~ 0.24 GeV cm™* . Note that this
value represents only the dark halo contribution, not including the
DM in the disk and bulge. So, this is a lower limit of the DM
density near the Sun.

3.3 Scaling relation

Deconvolution of the URC into multiple components enables us to
examine the scaling relation between the scale radius, a;, and total
mass, M;, among the SMBH, core, bulge, disk, and dark halo. For
the BH, we define the scale radius as the radius at which the grav-
ity of the BH dominates that of the core component, i.e., agu ~ 0.5
pc. Figure 6 shows the total masses thus derived against the scale
radii of the five components. We find a linear proportionality be-
tween the radius and the total mass, which varies by more than six
orders of magnitude and is expressed by M ~ 10" Me(R/1 pc)'-,
as shown by the straight line in the figure. The diagram may pro-
vide a scaling relation within an individual galaxy about the co-
evolution of the BH, bulge, disk, and dark halo. This provides a
complementary relation to the scaling law between the masses of
the BHs and bulges among different galaxies (Kormendy & Ho
2013).
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4 Discussion

4.1 Consistency with mass determinations by
photometric observations

Extensive photometric observations in infrared wavelengths at ~
2 to ~ 4um have been obtained of the central stellar component
(Schodel et al. 2014), the bulge, and the inner disk (Robin et al.
2012; Robin et al. 2014; Wegg et al. 2015; Portail et al. 2015; Ness
& Lang 2016; Valenti et al. 2016; Simion et al. 2017; Marasco et
al. 2025). Our results for the scale radii and masses of the core,
bulge, and disk are consistent with these results within a factor of
1.5 to 2, as described below.

However, the 3D structure of the bar inferred from the photo-
metric study for the bulge cannot be directly compared with our
rotation curve study because our rotation curve provides the aver-
aged circular speed as a function of R alone. See the next subsec-
tion about the implications of the RC for the bar study.

4.1.1 Core

The photometric scale radius and mass of the central stellar cluster,
a2~ 4.1 pc and My ~ 4.2 x 107 Mg, from the infrared photometry
(Schodel et al. 2014) are close to the dynamical values in table 1,
and the resulting rotation velocity is consistent with one another.

4.1.2 Bulge

The scale radius of the central bulge or a bar inferred from in-
frared photometry of a3 ~ 2as ~ 0.4 — 2 kpc (Simion et al. 2017)
is larger than the dynamical fitting value of 2as = a3 ~ 0.3 kpc.
The photometric mass ~ 1.8 — 2.4 x 10'° Mg is also about twice
the dynamical mass of M3 ~ 1.1 x 10*° M. However, the photom-
etry lacks observations of the brightest region in the galactic plane
at [b| < 1°.5 ~ 200 pc due to heavy dust extinction (Simion et al.
2017), hence the major body of the bar is not observed. So, the
assumed sech?(R/a3}) density profile, along with parameter val-
ues, needs to be confirmed by future observations near the galactic
plane.

4.1.3 Disk

The photometric scale radius of the disk of a4 ~ 2.4 kpc (Robin
et al. 2014) is within an allowable range of agreement with the
present dynamical fitting value of 3.8 kpc. However, the total disk
mass is not given by photometry because it cannot detect the disk
edge far beyond the solar circle.

4.1.4 Dark halo

There seems to be no way to measure dark halo mass without em-
ploying the Virial theorem using rotation curves and/or the velocity
dispersion of the halo objects. Therefore, the present fitting using
the rotation curve up to ~ 300 kpc may be a powerful means to
measure the dark halo currently.

4.2 Implications of URC on the Galactic dynamics

4.2.1 Limitation of RC usage

The rotation curve is defined as the mean circular velocity of gas
and stars in the galactic plane as a one dimensional function of the
radius R, where non-circular or non-axisymmetric properties, such
as the east-west asymmetry of the terminal velocities with respect
to the Galactic Center, have been averaged out. On this basis, we
have obtained the approximate mass distribution in the Galaxy by
deconvolving the curve into the five dynamical components, from
the SMBC to the dark halo. Since it is a one variable function
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of R, a rotation curve cannot be used to directly calculate higher-
order mass distributions, such as those due to a bar and spiral arms.
Considering the effects of bar and spiral structures, there is a lim-
itation on the use of the rotation curve, whereas it may assist in
modeling the inner bar structure.

4.2.2 Bar-induced non-axisymmetric flows

Evidence has accumulated that Galactic rotation contains non-
axisymmetric components, with the amplitude depending on the
galacto-centric distance. GAIA trigonometry revealed systematic
non-circular motions of OB stars at V, — Vp ~ +5 km s7! in the
Solar vicinity within ~ 2 kpc (6.5 < R < 10 kpc) due to the spi-
ral arms (Gaia Collaboration et al. 2023). Since these motions
of the arms are smaller than the errors of the present URC of
~ +10 kms~! (table 4) and are considered to be periodic (si-
nusoidal) from arm to arm, the URC made from azimuthally aver-
aged motions may be regarded as representing the circular motion
within the errors attached in the table.

Eastern and western (positive and negative longitudes) asymme-
try of the inner rotation curve at R < 5 kpc has long been known
and is considered evidence of non-circular motion caused by a bar
and/or spiral arms (Manabe & Miyamoto 1975; Liszt & Burton
1980; Sofue & Kohno 2025). Our high-accuracy measurement of
the terminal velocities of the CO and HI gas disks has revealed
an east-to-west asymmetry at R < 6 kms~! with the ampli-
tude of ~ 20 kms™' sinusoidally oscillating against R (Sofue
& Kohno 2025). A bar-induced eccentric flow has been more di-
rectly observed through the VLBI trigonometry of high-mass star
masers, which has shown significant systematic non-circular mo-
tions of ~ 30 —50 km s~! near the Galactic bar end at R ~ 5 kpc
(3 < R <5kpc) (Reid et al. 2019).

Given such a bar structure, the RC inside the central few kpc
needs to be interpreted more carefully to see whether it explicitly
reflects the dynamical mass or is affected by the eccentric motions,
so that the RC derived value of the mass is under- or over-estimated
compared to the true mass. Further discussion of a bar is beyond
the scope of this paper, but a simulation-based study could be a
possible tool to obtain the truth.

4.2.3 Constraints on theoretical models

From the theoretical side, it is known that the bar-induced eccentric
motion results in either an over- or under-estimation of the mass
depending on the bar’s position angle and pattern speed (Sorensen
et al. 1976; Binney et al. 1991; Sormani et al. 2015a; Sormani et
al. 2015b). Namely, bars with the same mass but different orien-
tations yield different amplitudes and radii of the RC peak (Liu et
al. 2025). In our Galaxy, this effect is typically observed as the
high-velocity peak of the RC at R ~ 0.4 kpc.

Numerical simulations have shown that this RC peak can be
explained by the streaming motion of gas in a nearly head-on bar
(Chemin et al. 2015; Hunter et al. 2024; Sormani et al. 2015a;
Sormani et al. 2015b). Therefore, the currently fitted bulge may
not accurately reflect the actual mass structure. Conversely, the
most accurate URC presented in this paper, along with the well
quantified E/W sinusoidal variation of the terminal velocity (Sofue
& Kohno 2025), can be used to validate the simulation results and
constrain the parameters for the underlying mass model, including
the bar’s shape and mass distribution.
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5 Summary

We derived the most completely sampled unified rotation curve of
the Milky Way (URC26), covering the widest radius from the cen-
tral supermassive black hole to the outer halo of radius ~ 300 kpc,
which has the highest resolution and accuracy ever achieved for
a galaxy. The URC was decomposed into five dynamical compo-
nents: the central black hole with a mass of M; = 4 x 106M@,
the core with M> ~ 3.3 x 107 Mg (core), the bulge with M3z ~
1.1 x 10'° Mg (bulge), the disk with My ~ 1.6 x 10'* Mg (disk),
and the dark halo with a critical mass of Moo ~ 4.2 X lOllM@
in the critical radius R2go ~ 81 kpc. The local dark matter den-
sity near the Sun, due to the dark halo alone, is estimated to be
ng ~0.24 GeV cm™® . We found a linear proportionality be-
tween the scale radius and the mass of the individual components.
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Appendix 1 Table of the URC26

In this appendix, we present the URC26 in the form of ASCII ta-
bles in tables 2 — 5.
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Table 2. URG26 Table 3. URC26: continued

R Vioy OVror (P;) (kr‘r? :31) (kfnvrs(fl)
(po) (kms ) (kms ) 0 342E+01 0.111E+03 0.431E+01
0.200E-01 0.926E+03 0.000E+00 : : :
0.378E+01 0.116E+03 0.423E+01
0.220E-01 0.883E+03 0.000E+00
0.416E+01 0.121E+03 0.344E+01
0.242E-01 0.842E+03 0.000E+00
0.458E+01 0.125E+03 0.277E+01
0.266E-01 0.803E+03 0.000E+00
0.503E+01 0.128E+03 0.211E+01
0.293E-01 0.766E+03 0.000E+00 0254B101 0 1305403 0. 120B401
0.322E-01 0.730E+03 0.000E+00 : : :

0.609E+01 0.130E+03 0.780E+00
0.670E+01 0.129E+03 0.103E+01
0.737E+01 0.127E+03 0.210E+01

0.354E-01 0.696E+03 0.000E+00
0.390E-01 0.664E+03 0.000E+00

0.429E-01 0.633E+03 0.000E+00

0.811E+01 0.123E+03 0.456E+01
0.472E-01 0.603E+03 0.000E+00

0.892E+01 0.116E+03 0.607E+01
0.519E-01 0.575E+03 0.000E+00

0.981E+01 0.108E+03 0.551E+01
0.571E-01 0.548E+03 0.000E+00

0.108E+02 0.101E+03 0.492E+01
0.628E-01 0.523E+03 0.000E+00

0.119E+02 0.958E+02 0.384E+01
0.690E-01 0.499E+03 0.000E+00

0.131E+02 0.938E+02 0.176E+01
0.759E-01 0.475E+03 0.000E+00

0.144E+02 0.944E+02 0.100E+01
0.835E-01 0.453E+03 0.000E+00 0.158E+02 0.952F+02 0.153E401
0.919E-01 0.432E+03 0.000E+00

0.174E+02 0.979E+02 0.342E+01
0.191E+02 0.992E+02 0.434E+01
0.210E+02 0.975E+02 0.475E+01
0.231E+02 0.921E+02 0.541E+01
0.254E+02 0.866E+02 0.352E+01
0.280E+02 0.857E+02 0.211E+01
0.308E+02 0.882E+02 0.231E+01
0.339E+02 0.901E+02 0.232E+01
0.372E+02 0.941E+02 0.581E+01
0.410E+02 0.964E+02 0.583E+01
0.451E+02 0.939E+02 0.409E+01
0.496E+02 0.915E+02 0.265E+01
0.545E+02 0.947E+02 0.956E+01
0.600E+02 0.102E+03 0.115E+02
0.660E+02 0.104E+03 0.784E+01
0.726E+02 0.110E+03 0.786E+01
0.798E+02 0.114E+03 0.961E+01
0.878E+02 0.108E+03 0.107E+02
0.966E+02 0.105E+03 0.124E+02
0.106E+03 0.103E+03 0.127E+02
0.117E+03 0.107E+03 0.139E+02
0.129E+03 0.117E+03 0.123E+02
0.141E+03 0.126E+03 0.593E+01
0.156E+03 0.134E+03 0.588E+01
0.171E+03 0.141E+03 0.537E+01
0.188E+03 0.148E+03 0.729E+01
0.207E+03 0.164E+03 0.197E+02
0.228E+03 0.195E+03 0.255E+02
0.251E+03 0.219E+03 0.150E+02
0.276E+03 0.221E+03 0.790E+01
0.303E+03 0.215E+03 0.765E+01
0.333E+03 0.224E+03 0.136E+02
0.367E+03 0.242E+03 0.126E+02
0.404E+03 0.251E+03 0.560E+01
0.444E+03 0.253E+03 0.193E+01
0.488E+03 0.254E+03 0.169E+01
0.537E+03 0.255E+03 0.140E+01
0.591E+03 0.253E+03 0.432E+01

0.101E+00 0.412E+03 0.000E+00
0.111E+00 0.393E+03 0.000E+00
0.122E+00 0.375E+03 0.000E+00
0.135E+00 0.357E+03 0.000E+00
0.148E+00 0.341E+03 0.000E+00
0.163E+00 0.325E+03 0.000E+00
0.179E+00 0.310E+03 0.000E+00
0.197E+00 0.295E+03 0.000E+00
0.217E+00 0.284E+03 0.100E+01
0.238E+00 0.284E+03 0.544E+01
0.262E+00 0.273E+03 0.187E+02
0.288E+00 0.249E+03 0.143E+02
0.317E+00 0.244E+03 0.521E+01
0.349E+00 0.242E+03 0.107E+02
0.384E+00 0.220E+03 0.389E+02
0.422E+00 0.168E+03 0.314E+02
0.465E+00 0.157E+03 0.114E+02
0.511E+00 0.155E+03 0.398E+01
0.562E+00 0.156E+03 0.100E+01
0.618E+00 0.156E+03 0.920E+00
0.680E+00 0.158E+03 0.235E+01
0.748E+00 0.160E+03 0.291E+01
0.823E+00 0.155E+03 0.912E+01
0.905E+00 0.144E+03 0.793E+01
0.996E+00 0.139E+03 0.413E+01
0.110E+01 0.135E+03 0.246E+01
0.120E+01 0.134E+03 0.119E+01
0.133E+01 0.133E+03 0.129E+01
0.146E+01 0.131E+03 0.206E+01
0.160E+01 0.128E+03 0.199E+01
0.176E+01 0.126E+03 0.245E+01
0.194E+01 0.122E+03 0.382E+01
0.213E+01 0.116E+03 0.573E+01
0.235E+01 0.110E+03 0.498E+01
0.258E+01 0.105E+03 0.291E+01
0.284E+01 0.104E+03 0.145E+01
0.312E+01 0.106E+03 0.288E+01
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Table 4. URC26: continued

R ‘/rot 5‘/;ot
(Po) (kms™) (kms™")
0.650E+03 0.246E+03 0.527E+01
0.715E+03 0.240E+03 0.633E+01
0.786E+03 0.229E+03 0.908E+01
0.865E+03 0.218E+03 0.803E+01
0.951E+03 0.211E+03 0.502E+01
0.105E+04 0.211E+03 0.836E+01
0.115E+04 0.218E+03 0.994E+01
0.127E+04 0.215E+03 0.769E+01
0.139E+04 0.212E+03 0.418E+01
0.153E+04 0.212E+03 0.303E+01
0.169E+04 0.211E+03 0.468E+01
0.185E+04 0.207E+03 0.856E+01
0.204E+04 0.198E+03 0.857E+01
0.224E+04 0.197E+03 0.623E+01
0.247E+04 0.201E+03 0.565E+01
0.271E+04 0.204E+03 0.327E+01
0.299E+04 0.208E+03 0.479E+01
0.328E+04 0.211E+03 0.586E+01
0.361E+04 0.213E+03 0.570E+01
0.397E+04 0.219E+03 0.706E+01
0.437E+04 0.225E+03 0.890E+01
0.481E+04 0.227E+03 0.894E+01
0.529E+04 0.229E+03 0.779E+01
0.582E+04 0.234E+03 0.848E+01
0.640E+04 0.238E+03 0.884E+01
0.704E+04 0.239E+03 0.912E+01
0.775E+04 0.235E+03 0.948E+01
0.852E+04 0.233E+03 0.108E+02
0.937E+04 0.228E+03 0.118E+02
0.103E+05 0.226E+03 0.112E+02
0.113E+05 0.227E+03 0.101E+02
0.125E+05 0.228E+03 0.104E+02
0.137E+05 0.228E+03 0.926E+01
0.151E+05 0.224E+03 0.624E+01
0.166E+05 0.221E+03 0.418E+01
0.183E+05 0.216E+03 0.521E+01
0.201E+05 0.209E+03 0.766E+01
0.221E+05 0.202E+03 0.102E+02
0.243E+05 0.196E+03 0.103E+02
0.267E+05 0.189E+03 0.970E+01
0.294E+05 0.184E+03 0.700E+01
0.324E+05 0.153E+03 0.303E+02
0.356E+05 0.178E+03 0.397E+02
0.392E+05 0.209E+03 0.242E+02
0.431E+05 0.189E+03 0.241E+02
0.474E+05 0.174E+03 0.113E+02
0.521E+05 0.174E+03 0.108E+02
0.573E+05 0.160E+03 0.290E+02
0.630E+05 0.143E+03 0.437E+02
0.694E+05 0.155E+03 0.415E+02
0.763E+05 0.154E+03 0.338E+02
0.839E+05 0.144E+03 0.338E+02
0.923E+05 0.141E+03 0.280E+02
0.102E+06 0.138E+03 0.269E+02
0.112E+06 0.126E+03 0.295E+02

Table 5. URC26: continued

R Vot 0Vzot
(po) kms ) (kms )
0.123E+06 0.114E+03 0.319E+02
0.135E+06 0.127E+03 0.581E+02
0.149E+06 0.130E+03 0.637E+02
0.164E+06 0.134E+03 0.564E+02
0.180E+06 0.140E+03 0.334E+02
0.198E+06 0.120E+03 0.298E+02
0.218E+06 0.832E+02 0.255E+02
0.239E+06 0.776E+02 0.276E+02
0.263E+06 0.107E+03 0.333E+02
0.290E+06 0.123E+03 0.227E+02
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