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ABSTRACT

Context. Obtaining reliable distance estimates to gas clouds within the Milky Way is challenging in the absence of certain tracers. The
kinematic distance approach has been used as an alternative, and it is derived from the assumption of circular trajectories around the
Galactic centre. Consequently, significant errors are expected in regions where gas flow deviates from purely circular motions.
Aims. We aim to quantify the systematic errors that arise from the kinematic distance method in the presence of a Galactic potential
that is non-axisymmetric. We investigated how these errors differ in certain regions of the Galaxy and how they relate to the underlying
dynamics.
Methods. We performed 2D isothermal hydrodynamical simulation of the gas disk with the moving-mesh code AREPO, adding the
capability of using an external potential provided by the AGAMA library for galactic dynamics. We introduced a new analytic potential
of the Milky Way, taking elements from existing models and adjusting parameters to match recent observational constraints.
Results. In line with results of previous studies, we report significant errors in the kinematic distance estimate for gas close to the
Sun along sight lines towards the Galactic centre and anti-centre and associated with the Galactic bar. Kinematic distance errors are
low within the spiral arms, as gas resides close to local potential minima and the resulting line-of-sight velocity is similar to what is
expected for an axisymmetric potential. Interarm regions exhibit large deviations at any given Galactic radius, and this is caused by the
gas being sped up or slowed down as it travels into or out of spiral arms. In addition, we identify ‘zones of avoidance’ in the lv-diagram,
where the kinematic distance method is particularly unreliable and should only be used with caution, and we find a power-law relation
between the kinematic distance error and the deviation of the projected line-of-sight velocity from circular motion.

Key words. ISM: general – ISM: kinematics and dynamics – ISM: structure – Galaxy: kinematics and dynamics – Galaxy: structure

1. Introduction

Accurate distance measurements are essential for many fields
of astronomy and astrophysics (e.g. Carroll & Ostlie 2017).
⋆ Corresponding author; klessen@uni-heidelberg.de
⋆⋆ Elizabeth S. and Richard M. Cashin Fellow, the Radcliffe Insti-

tute for Advanced Studies at Harvard University, 10 Garden Street,
Cambridge, MA 02138, USA

Whereas high-precision astrometric data are readily available
within the Milky Way for the stellar component (see, e.g.,
Gaia data release DR3, Gaia Collaboration 2023), obtaining
reliable distance estimates for the gaseous component (i.e. for
the various phases of interstellar medium (ISM, see e.g., Tielens
2005; Draine 2011) is much more challenging. Estimating
distances to molecular clouds is important for understanding
their properties, formation, and evolution (Molinari et al. 2014)
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and their ability to form stars (Klessen & Glover 2016). The
same is true for the atomic and ionised components of the
interstellar medium (ISM).

Detailed 3D maps of the gas distribution in the solar
neighbourhood have been constructed by combining precise
parallax measurements of stars from Gaia and photometric mea-
surements of reddening to the same stars (Lallement et al.
2019; Leike et al. 2020; Zucker et al. 2021). However, this
approach is currently feasible only for a limited volume of a
few kiloparsecs around the Sun. Reliable distances to clouds
further away can be obtained from parallax measurements of
molecular maser emission from high mass star-forming regions
(Reid et al. 2014, 2019), but this approach is time-consuming
and cannot be applied to large surveys containing thousands
of clouds.

A widely used method to estimate distances to the ISM out
to tens of kiloparsecs from the Sun is the kinematic distance
(KD) method. This method allows one to derive the distance
to a molecular cloud from its line-of-sight (LOS) velocity. His-
torically, it was developed by van de Hulst et al. (1954) and
Oort et al. (1958), who used it to derive the first face-on maps
of atomic hydrogen in the Milky Way from 21-cm spectral line
observations. The same approach has since been applied several
times to produce face-on maps of the neutral and molecular gas
in the Milky Way (e.g. Nakanishi & Sofue 2003, 2006; Levine
et al. 2006; Soler et al. 2022) and the associated star-formation
rate surface density (Elia et al. 2022).

A key assumption of the KD approach is that the gas is in
purely circular motion around the Galactic centre. Significant
errors in the KD estimations arise if there are deviations from cir-
cular motions. Wenger et al. (2018) recently compared kinematic
and parallax distances for a sample of 75 Galactic high mass star-
forming regions, most of which are at distances d < 10 kpc, and
found that for their sample kinematic distances were overesti-
mated by ∼20% on average, with a standard deviation of ∼50%,
when using the KD standard approach with the Brand & Blitz
(1993) rotation model for the Milky Way (their Model A). This
overestimation drops below 20% when using the updated rota-
tion model of Reid et al. (2014) (see Table 4 of Wenger et al.
2018 for a complete summary).

Errors arising from deviations from circular motions can
be broadly divided into two categories: (i) random fluctua-
tions around the average streaming motions that do not change
the average velocity (e.g. a turbulent velocity dispersion) and
(ii) systematic changes in the streaming velocity due to non-
axisymmetric features such as spiral arms and the Galactic bar.
Reid (2022) studied the effects of random motions in 3D on the
KD estimates and found that a velocity dispersion of ∼7 km s−1,
which is representative of turbulent motions in giant molecular
clouds, can lead to significant (>10%) errors in the KD estimates
for true distances d ≲ 5 kpc and can also lead to systematic biases
of ∼20% despite the random motions having zero mean around
the underlying circular motions. A particularly extreme exam-
ple of deviations from circular velocity leading to errors in the
kinematic distance estimate is reported for the Perseus Arm at
Galactic longitudes ℓ ∼ 130◦ (see Xu et al. 2006). As pointed
out by Sofue (2011) in a detailed study of the physical origins of
kinematic distance uncertainties, it is expected that these devia-
tions are more pronounced at small Galactic radii and longitudes
(see also the discussion by Sofue 2023 for the very inner regions
of the Milky Way).

A number of authors have investigated the effects of stream-
ing motions due to spiral arms using simplified models of the

Milky Way. For example, Gómez (2006) used 2D hydrodynam-
ical simulations with a simple externally imposed two-armed
spiral pattern to compare KD with true distances and found that
errors can be large at the position of the spiral arms. Baba et al.
(2009) employed self-consistent N-body plus hydrodynamical
simulations with a live stellar potential and found that transient
and recurring spiral arms can drive strong non-circular motions,
meaning that KD estimates, whilst highly correlated with the
true distance, can produce errors of 2–3 kpc. Also using hydro-
dynamical simulations, Ramón-Fox & Bonnell (2018) found that
streaming motions can produce systematic offsets of ∼1 kpc and
errors of ∼2 kpc and that the results are sensitive to the assumed
spiral arm perturbations. Some works have tried to correct the
KD method to account for the systematic non-circular motions
due to spiral arms and bar, but the results are affected by large
uncertainties in the gas streaming motions arising from these
components (Foster & MacWilliams 2006; Pohl et al. 2008). For
a summary of the key geometric and physical concepts behind
these various sources of KD uncertainties, we refer to Sofue
(2011) and Wenger et al. (2018).

The goal of this paper is to further characterise the KD uncer-
tainties caused by streaming motions due to spiral arms and the
bar as a function of position in the Galaxy using a much more
accurate Milky Way model than previous work and therefore
construct maps of the expected systematic uncertainties that can
provide useful guidance as to when the KD method should be
considered reliable and when it should be avoided. To do this,
we constructed a realistic model of the Galactic gravitational
potential that includes state-of-the-art constraints on the Galac-
tic bar, Galactic disk, dark matter halo, and spiral arms, and we
ran 2D hydrodynamical simulations using this potential. We then
compared actual and kinematic distances in the model, paying
particular attention to the inner regions of the Galaxy dominated
by the bar and to the regions around the spiral arms.

After a brief discussion of the context of this study, in
Sect. 1 we introduce our new analytic description of the Milky
Way potential and its various components in Sect. 2. We briefly
describe our numerical approach and the implementation of the
new potential in the AGAMA frameworks combined with AREPO
in Sect. 3. Our main findings are presented in Sect. 4, and their
implications and limitations are discussed in Sect. 5. Finally, we
summarise and conclude in Sect. 6.

2. Galactic potential

We introduce a new gravitational potential for our Milky Way-
like simulation in order to investigate how non-axisymmetric
perturbations affect kinematic distance estimates. The potential
comprises of many components, each providing structure in dif-
ferent parts of the Galaxy, as detailed in the following sections.
The corresponding circular-velocity curves are shown in Fig. 1,
and the total midplane density profile of our potential, ρgal, is
shown in Fig. 2.

2.1. Components of the potential

2.1.1. Supermassive black hole Sgr A⋆

The potential of the central supermassive black hole, Sgr A⋆, is
represented by a Plummer (1911) model:

ΦSgrA⋆ = −
GMSgrA⋆
√

r2 + b2
, (1)
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Fig. 1. Circular-velocity curve produced by our model (black line).
The contribution of each component of the potential represented by the
coloured lines as detailed in the legend. Observation points from Eilers
et al. (2019) and Mróz et al. (2019) are also included (colored markers).
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Fig. 2. Underlying density distribution within the midplane (z = 0 kpc)
of the gravitational potential of the Galaxy.

where G is the gravitational constant, the mass MSgrA⋆ = 4.154×
106 M⊙ is taken from the GRAVITY Collaboration (2019), r is
the spherical Galactic radius and the scale radius b is set to 0.1 pc
to avoid a singularity in the potential.

2.1.2. Nuclear star cluster

The cluster of stars around Sgr A⋆ also contributes to the
potential within the core of the Galaxy, dominating in the inner-
most few parsecs. In our model, the nuclear star cluster (NSC)
follows a flattened Dehnen (1993) density profile as given in
(Chatzopoulos et al. 2015, see their Eq. (17)):

ρNSC =
(3 − γ)MNSC

4πq
a0

aγ(a + a0)4−γ , (2)

where

a(R, z) =

√
R2 +

z2

q2 . (3)

The parameters γ = 0.71, q = 0.73, a0 = 5.9 pc and MNSC =
6.1 × 107M⊙ are taken from their best-fitting model. Here R
refers to the Galactic radius in cylindrical coordinates. We note
from our circular-velocity curve (Fig. 1) we see little contribu-
tion to the overall potential from Sgr A⋆ and the NSC. This is
due to these components being most dominant in the inner most
100 pc of the galaxy making it difficult to compare against obser-
vational rotation curves and terminal velocities. However, we do
include these components for the sake of completeness.

2.1.3. Nuclear stellar disk

For the nuclear stellar disk (NSD) surrounding the nuclear
region, we adopt the parameterisation from the Jeans mod-
elling analysis of Sormani et al. (2020) based on data from the
APOGEE survey (Majewski et al. 2017; Ahumada et al. 2020)
and the 86 GHz SiO maser survey of Messineo et al. (2002,
2004, 2005). The density of this component can be written as

ρNSD = ρ1 exp
[
−

(
a

R1

)n1
]
+ ρ2 exp

[
−

(
a

R2

)n2
]
, (4)

where a is as defined in Eq. (3) but with q = 0.37, and where
n1 = 0.72, n2 = 0.79, R1 = 5.06 pc, R2 = 24.6 pc, ρ1/ρ2 = 1.311
and ρ2 = 153 × 1010 M⊙ kpc−3, which follows model 3 of
Sormani et al. (2020). As shown in Fig. 1, this component dom-
inates between the inner ∼20 pc and ∼300 pc of the Galaxy.
We opt this model over the more recent model of Sormani et al.
(2022b) as the density profile of Sormani et al. (2020) is avail-
able in a closed, analytical form. This difference only affects the
inner most ∼300 pc of the simulation, which is only a minor
impact in comparison to the larger scale of the whole Galaxy.

2.1.4. Galactic bar

The Galactic bar dominates much of the potential within the
inner ∼5 kpc of the Galaxy. The most realistic model for this
component is the made-to-measure (m2m) model from Portail
et al. (2017). It is constrained using red giant stellar density mea-
surements and kinematics from multiple surveys across the entire
bar region. Here we make use of the analytical approximation
of this model presented by Sormani et al. (2022a), who provide
density functions to describe the X-shaped box peanut bar and
the long bar. We reiterate the functions used and their parame-
ters here to have a complete description of our potential in this
paper:

ρbar = ρbar,1 + ρbar,2︸         ︷︷         ︸
bar

+ ρbar,3︸︷︷︸
long bar

. (5)

The first component of Eq. (5) corresponds to the X-shaped com-
ponent of the observed boxy-peanut shape of the bar (Wegg &
Gerhard 2013). To describe this, we used modified versions of
Eqs. (9) and (10) of Coleman et al. (2020) and Freudenreich
(1998), respectively:

ρbar,1(x, y, z) = ρ1sech (am)

×
[
1 + α

(
e−an

+ + e−an
−

)]
e−

(
r

rcut

)2

, (6)
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Table 1. Parameters for components 2 and 3 of the bar.

Parameter Value

Component 2 Component 3

ρi (M⊙ kpc−3) 0.5 × 109 1.743 × 1013

xi (kpc) 5.364 0.478
yi (kpc) 0.959 0.297
zi (kpc) 0.611 0.252
Ri,in (kpc) 0.558 7.607
Ri,out (kpc) 3.19 2.204
c⊥,i 0.97 1.879
ni,in 3.196 1.63
ni,out 16.731 −27.291

Notes. Parameter definitions are found in the main text.

where

a =


[(
|x|
x1

)c⊥

+

(
|y|

y1

)c⊥] c∥
c⊥

+

(
|z|
z1

)c∥


1
c∥

, (7)

a± =

( x ± cz
xc

)2

+

(
y

yc

)2
1
2

, (8)

r =
(
x2 + y2 + z2

) 1
2 . (9)

Here, α = 0.626 defines the strength of the X-shape whilst
c = 1.342 defines the slope of the X-shape in the x − z plane.
The scale lengths x1 = 0.49 kpc, y1 = 0.392 kpc, z1 = 0.229
kpc, xc = 0.751 kpc and yc = 0.469 kpc, shape the bar along
with the shaping parameters c⊥ = 2.232 and c∥ = 1.991. The X-
shape of the bar trails off with power-law exponents with powers
m = 0.873 and n = 1.94 with an additonal cutoff radius at rcut =
4.37 kpc. The density profile is normalised to ρ1 = 3.16 × 109

M⊙ kpc−3.
The second and third component of ρbar describe the ellip-

soid shape of the bar, which we split into short (ρ2) and long (ρ3)
bar components. Both components follow a modified version of
Eq. (9) of Wegg et al. (2015) with fit parameters determined by
Sormani et al. (2022a) based on N-body simulations of (Portail
et al. 2017):

ρbar,i(x, y, z) = ρi e−ani
i sech2

(
z
zi

)
× e
−

(
R

Ri,out

)ni,out

e
−

(
Ri,in

R

)ni,in

, (10)

where i = {2, 3} and

ai =

[(
|x|
xi

)c⊥,i

+

(
|y|

yi

)c⊥,i] 1
c⊥,i

, (11)

R =
(
x2 + yz

) 1
2 . (12)

We summarise the parameters used for the components 2 and
3 of the bar in Table 1. The total mass contained within the bar
is Mbar = 1.83 × 1010 M⊙.

2.1.5. Galactic disk – axisymmetric components

The disk potential of our model takes the form of two expo-
nential disk components with a hole in the centre, introduced

to make room for the bar. We adopted a modified version of
Eq. (3) of McMillan (2017) using an exponential vertical profile.
We obtained

ρdisk(R, z) =
Σ1

2h1
exp

(
−

R
Rd,1
−

Rcut

R
−
|z|
h1

)
+
Σ2

2h2
exp

(
−

R
Rd,2
−

Rcut

R
−
|z|
h2

)
, (13)

where Σ1 = 1.3719 × 103 M⊙ pc−2, Rd,1 = 2 kpc, z1 = 300 pc,
Σ2 = 9.2391 × 102 M⊙ pc−2, Rd,2 = 2.8 kpc, z2 = 900 pc, and
Rcut = 2.4 kpc. The inner cutoff radius Rcut, scale lengths Rd
and surface density normalisations Σ are obtained by fitting our
model to the circular-velocity curves of Eilers et al. (2019) and
Mróz et al. (2019) as shown in Fig. 1, whereas the scale heights
h are fixed to the values from McMillan (2017), which are, in
turn, obtained from SDSS star counts by Jurić et al. (2008). The
parameterisation of the disk keeps the scale height fixed across
all Galactic radii for simplicity, despite observations indicating
the scale height decreases towards the Galactic centre. For exam-
ple, h(R = 4 kpc) ∼ 180 pc for the thick stellar disk (Wegg et al.
2015).

In order to better represent the vertical acceleration towards
the midplane of the Galaxy (for z < 400 pc), we also included
two gas disks in the potential, which we took from McMillan
(2017) without any further adjustments:

ρgas(R, z) =
Σ1

4z1
exp

(
−

Rm,1

R
−

R
Rd,1

)
sech2(z/2z1)

+
Σ2

4z2
exp

(
−

Rm,2

R
−

R
Rd,2

)
sech2(z/2z2), (14)

where Σ1 = 53.1 M⊙ pc−2, Rd,1 = 7 kpc, z1 = 85 pc, and
Rm,1 = 4 kpc represents the thick H I disk, whilst Σ2 = 2.18 ×
103 M⊙ pc−2, Rd,2 = 1.5 kpc, z2 = 45 pc, and Rm,2 = 12 kpc
represents the thinner H2 disk. We note that the gas disk in the
hydrodynamical simulations in this paper is not self-gravitating
and does not contribute to the potential; instead, these two gas
disks are included as static components of the potential. It should
also be noted that the gas disk potential does not contain a spi-
ral perturbation, as we are interested in how the stellar potential
affects the gas distribution in the simulations.

2.1.6. Galactic disk – spiral arms

To generate the spiral arms of the Galaxy, we introduced a
perturbation to the stellar disk in the following manner:

ρspiral(R, z, ϕ) = ρdisk(R, z) · α
R2

R2
0

S (R, ϕ). (15)

Here the perturbation strength increases quadratically with
radius in order for the spiral arms to be strong enough in the
outer regions of the Galaxy. For our fiducial model, we adopt
an amplitude of α = 0.36 leading to a spiral arm strength of
∼17% of the disk density at the solar radius of R0 = 8.179 kpc
(GRAVITY Collaboration 2019)1. This is somewhat larger than
the 10% value suggested by Eilers et al. (2020); however, we
1 We adopt the value suggested by the GRAVITY Collaboration (2019)
for comparison with other work in the literature, but we note that there
is still some discussion about the exact value with a more recent esti-
mate being R0 = 8.277 ± 0.028 kpc (see Appendix C in GRAVITY
Collaboration 2021).
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note that we measure the dynamic response in the gas rather
than the field star population, which is expected to be stronger
due to the more dissipative nature of the ISM. We also note that
we expect the impact of the choice of α to sensitively depend on
the actual implementation of the thermal physics and chemistry
in the code (see also Appendix A). As outlined in Sect. 3, we
here adopt a simple isothermal equation of state for the galactic
gas. Consequently, we suggest to explore different values of α
when accounting for the true multi-phase nature of the Galactic
ISM and its multitude of heating and cooling processes (see e.g.
Tielens 2005 or Draine 2011).

For the shaping function, S , we make use of a logarithmic
spiral arm potential with the width of the arm having a Gaussian
profile. We took a modified form of Eq. (8) of Junqueira et al.
(2013):

S (R, ϕ) =
2∑

k=1

exp
− R2

σ2
sp

[
1 − fmk ,γk (R, ϕ)

]
− exp

− R2

σ2
sp

I0

− R2

σ2
sp

 ,
(16)

where

fm,γ(R, ϕ) = cos
(
m(ϕ + γ) −

m
tan(i)

ln
(

R
Ra

))
, (17)

and i = 12.5◦ and Ra = 9.64 kpc, m1 = m2 = 2, γ1 = 139.5◦
and γ2 = 69.75◦. σsp = 5 kpc is the width parameter of the spiral
arm, which corresponds to a physical width of 1.082 kpc perpen-
dicular to the spiral arm. The second term in Eq. (16) is used to
normalise the spiral arm potential such that the monopole com-
ponent is zero. Here, I0 is the modified Bessel function of the first
kind and of zeroth order. This resulting potential is a superposi-
tion of two pairs of m = 2 spiral arms with equal amplitude (Li
et al. 2022). We note that the spiral arm potential does not have
an m = 4 pattern due to the unequal angular separation between
spiral arms. We opted for this kind of pattern, as it allows for
the angular separation to be adjusted as needed since the spiral
arms of the Milky Way are not fixed to 90◦ in angular separation
(Reid et al. 2019). The shape and intensity of the spiral arms at
R = 8.179 kpc is shown in Fig. 3.

2.1.7. Dark matter halo

The dark matter halo component follows a spherical Einasto
(1969) profile:

ρdm(r) = ρ0 exp
[
−

( r
a

)1/n]
. (18)

The density normalisation, ρ0, is determined by using the total
mass of an Einasto potential:

M = 4π ρ0 a3 nΓ(3n), (19)

where the total mass is M = 1.1 × 1012 M⊙, the Einasto index
is n = 4.5 and Γ is the gamma function. The scale radius a is
related to the half mass radius rs by a ≈ rs (3n − 1/3)−n. In this
case, the half mass radius is rs = 96 kpc giving a scale radius of
a = 0.88 pc These parameters are optimised to simultaneously
fit the circular velocity in the inner region of the Galaxy and its
mass distribution at larger distances determined from dynamical
modelling of satellite galaxies and stellar streams (see our Fig. 4;
Cautun et al. 2020; Correa Magnus & Vasiliev 2022; Vasiliev
et al. 2021; Koposov et al. 2023).

Fig. 3. Strength of the spiral arms at solar circle, R = 8.179 kpc, as a
function of azimuth. Shown is the strength of the spiral arms in black as
well as the fm1 ,γ1 and fm2 ,γ2 components in blue and red, respectively.
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Fig. 4. Enclosed mass profile of our fiducial potential (black) com-
pared to the constraints from dynamical modelling of satellite galaxies
(magenta: Correa Magnus & Vasiliev 2022, green: Cautun et al. 2020)
and streams (blue: Vasiliev et al. 2021, red: Koposov et al. 2023).

2.2. Comparison with observations

The parameters of the fiducial potential were optimised to satisfy
a variety of recent observational constraints, as described below.

2.2.1. Axisymmetric components

We begin with the Galactic circular-velocity curve, as illustrated
in Fig. 1 for different radial bins. The black line represents our
total circular-velocity curve from the axisymmetrised potential,
vc = (R ∂Φ0/∂R)1/2, with the colored lines indicating the con-
tributions from individual components based on the choice of
parameters outlined above. Here the axisymmetrised potential is
obtained from the monopole, m = 0, component of the poten-
tial in which has been approximated by a Fourier or multipole
expansion (see Sect. 3.2). The resulting circular-velocity curve
does not contain perturbations from the spiral arms nor contains
the higher order terms needed to describe the full potential of the
bar.
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Fig. 5. Vertical acceleration at |z| = 1.1 kpc (solid red) and 0.4 kpc
(dashed blue line). The observational constraints from Bovy & Rix
(2013) in the inner Galaxy at |z| = 1.1 kpc and from Widmark et al.
(2022a) in the outer Galaxy at |z| = 0.4 kpc are plotted by red and blue
points.

We make use of recent measurements of circular veloc-
ity data from Eilers et al. (2019), obtained from red giant star
observed with APOGEE, WISE and Gaia, and from Mróz et al.
(2019), obtained from Cepheid variable stars with Gaia. Both
are in a reasonable agreement with each other and provide a
coverage of galactocentric radius of 4 ≲ R ≲ 25 kpc. For cov-
erage within the solar circle, R < R0, we make of use of the
terminal velocities measurements from H I and CO observations
(Clemens 1985; Fich et al. 1989; Burton & Liszt 1993; McClure-
Griffiths & Dickey 2007). We compare the peaks of the resulting
longitude-velocity (lv) diagrams from our hydrodynamical sim-
ulations with the corresponding terminal velocity measurements
of the Milky Way, as discussed in detail in Sect. 4. Here, we
opt to compare terminal velocities in the lv diagram instead of
the circular-velocity curves within the inner most R < 4 kpc, as
rotation curves obtained from observations in this region will
include deviations due to the non-axisymmetric nature of the bar
(Chemin et al. 2015). These deviations are not present in our
axisymmetrised circular-velocity curve.

We also ensured that our potential satisfies observational
constraints on the vertical acceleration at |z| = 1.1 kpc derived
in Bovy & Rix (2013) from SEGUE kinematics of G-type dwarf
stars, as well as the vertical acceleration at |z| = 0.4 kpc obtained
in Widmark et al. (2022a) from modelling the phase spiral in
Gaia EDR3 (see Fig. 5).

2.2.2. Non-axisymmetric components

Our potential has two rotating non-axisymmetric components,
the bar and the spiral arms. We chose the pattern speeds of
the bar and the spiral arms as Ωbar = −37.5 km s−1 kpc−1 (e.g.
Sormani et al. 2015b; Sanders et al. 2019; Li et al. 2022; Clarke
& Gerhard 2022) and Ωspiral = −22.5 km s−1 kpc−1 (Li et al.
2022), respectively. We checked the consistency of these values
by running a small parameter study with our potential to generate
longitude-velocity lv diagrams and comparing them to the spi-
ral arm tracks presented in McClure-Griffiths et al. (2004), Reid
et al. (2016) and Reid et al. (2019). For the sake of simplicity,
we consider both non-axisymmetric components to experience
solid body rotation. See Appendix B for the full details of the
parameter study. The resonances for the potential can be found
in Table 2 and are illustrated in the frequency curves of Fig. 6.

Table 2. Location of resonances of the non-axisymmetric components
of the potential.

Resonance ILR In 4:1 CR Out 4:1 OLR
(kpc) (kpc) (kpc) (kpc) (kpc)

Bar 1.02 3.45 6.08 8.24 10.14
Spiral arms 2.36 6.50 10.07 13.06 15.89

Notes. Notation of resonances: ILR = Inner Lindblad, In 4:1 = inner 4:1,
CR = corrotation, Out 4:1 = outer 4:1, OLR = outer Lindblad.

Fig. 6. Frequency curve as a function of Galactic radius. The solid
black line is the rotational frequency curve of the potential, whereas the
dashed and dot-dashed lines are rotional frequency plus or minus 0.25
and 0.5 times the epicyclic frequency, κ0(R) =

√
(2Ω/R)d(R2Ω)/dR.

The horizontal blue and red lines are the pattern speed of the bar and
the spiral arms, respectively. The vertical dashed and dot-dashed lines
are the corresponding resonances for bar and spiral arms.

We find that for the pattern speeds we use, the outer Lindblad
resonance of the bar coincides with corotation of the spiral arms
at ∼10.1 kpc. The outer 4:1 resonance of the bar lies close to
solar circle at ∼8.2 kpc.

3. Numerical simulations

Here we briefly describe the numerical methods used to simulate
the dynamical evolution of the ISM in our Milky Way analog.

3.1. Numerical hydrodynamics

We solved the equations of hydrodynamics with the moving-
mesh code AREPO (Springel 2010). For isothermal gas in two
dimensions, these are

∂Σ

∂t
+ ∇ · (Σv) = 0 , (20)

∂Σv
∂t
+ ∇ · (Σv ⊗ v) = −∇P − Σ∇Φ, (21)

where Σ, v, and P are gas surface density, velocity and pressure,
respectively. The simulations are two-dimensional. The pres-
sure is related to the density via the equation of state, P = c2

sΣ,
with the sound speed adopted as cs = 10 km s−1. The external
potential Φ is given by our model for the Galactic potential, as

A216, page 6 of 22



Hunter, G. H., et al.: A&A, 692, A216 (2024)

101 102 103

cell size [pc]

10 3

10 2

10 1

100

101

102

 [M
 p

c
2 ]

10 1

100

101

102

103

104

co
un

ts
Fig. 7. Relation between cell size and density within our simulation.
The cell size in this case is the size of a square with the same area as the
cell.

explained in the next section; for ease of interpretation, we do not
include the gas self-gravity, star formation or stellar feedback in
our models. We note that by choosing a relatively large value for
cs, we are implicitly accounting for some of the turbulent sup-
port of the gas disk, something that in reality would be provided
by stellar feedback (Mac Low & Klessen 2004; Krumholz &
McKee 2005; McKee & Ostriker 2007; Klessen & Glover 2016).
This assumption is justified in this case as our focus is on how the
large scale dynamics impact kinematic distance estimates and
not on the impact by turbulent motions.

AREPO constructs a Voronoi tesselation, in which the mesh
generating points are able to flow with the gas in the simulation,
resulting in a quasi-Lagrangian approach to modelling the flow
properties. We make use of an exact Riemann solver for isother-
mal flows, and the mesh can refine and derefine with the addition
and removal of mesh generating points. This occurs when the
mass of a given cell is a factor ∼2 larger or smaller than the cell
target mass for the simulation (Mtarget = 2500 M⊙). The cell will
either split or merge with another with addition or removal of a
mesh generating point. For further details of the code base we
use, see e.g. Tress et al. (2020a,b). We achieve a minimum value
of ∼40 pc. Figure 7 illustrates how our cell size varies with den-
sity. The vertical spread seen at small cell sizes is a result of the
minimum surface area of the cell being reached, which is set to
6 pc2. This creates a limit on how small our cells can become by
not allowing cells smaller than two times the minimum surface
area to refine further.

3.2. External Galactic potential

AREPO allows one to include an external gravitational potential
in the simulation, but the Galactic potential described in Sect. 2
is significantly more complex than the few built-in analytic mod-
els. We calculated the potential using the AGAMA library for
stellar dynamics (Vasiliev 2019), which, among other features,
contains a powerful framework for constructing and evaluating
arbitrarily complex potentials (including time-dependent fea-
tures such as a rotating bar with a varying amplitude or pattern
speed). We created an interface between the two codes that make
it possible to use any potential implemented in AGAMA as an
external potential in AREPO (in addition to self-gravity of the
simulated system, if the latter is turned on). Moreover, a very

Table 3. Expansion used for each component of the potential.

Component Expansion type

Sgr A* Multipole
NSC Multipole
NSD Multipole
Bar CylSpline (1)
Stellar disk CylSpline (1)
Gas disk CylSpline (1)
Spiral arms CylSpline (2)
DM halo Multipole

Notes. When present, spiral arms are represented by a separate
CylSpline potential since they rotate with a different pattern speed
than the bar.

similar interface is provided for the GADGET-4 code (Springel
et al. 2021), which shares a common ancestry with AREPO;
both interfaces, as well as the script for generating the Galac-
tic potential from this study, are available in the latest version of
AGAMA.

The Galactic potential consists of two general-purpose
expansions: Multipole for spheroidal density components, and
cylindrical Fourier series (CylSpline) for disk-like compo-
nents. Each of the two expansions is constructed from the sum
of several density components, as detailed in Table 3; the mathe-
matical details of these potential expansions can be found in the
appendix of the AGAMA documentation (Vasiliev 2018).

3.3. Initial conditions

The initial conditions of our simulations are simple. We set up
the surface density of the gas following an exponential profile
similar to Eq. (14):

Σ(R) = Σ1 exp
(
−

Rm,1

R
−

R
Rd,1

)
+ Σ2 exp

(
−

Rm,2

R
−

R
Rd,2

)
, (22)

where the parameters for this gas disk are the same as those
used for the gas disk potential (see Sect. 2.1.5). We extended this
gas disk to R ∼ 30 kpc, at which point we reduced the density
significantly to prevent artefacts caused by periodic boundary
conditions compromising the Galaxy itself. For simplicity, we
initialise the simulation with 250 000 mesh generating points
distributed uniformly across a (75 kpc)2 box. The mesh is then
relaxed with the meshrelax method within Arepo to reach our
target mass of 2500 M⊙ in which cells are refined or derefined
according to the criterion mentioned previously. There is no
hydrodynamics present in the meshrelax process and as such the
gas is fixed until the process is complete.

The velocity of the gas is initialised to be the circular velocity
of the axisymmetric terms of the potential, vc = (R ∂Φ0/∂R)1/2,
which follows the same circular-velocity curve as Fig. 1. The
non-axisymmetric components of the bar and spiral arms are
introduced linearly and gradually over the course of 150 Myr to
avoid transients, as is customary in this type of simulations (e.g.
Li et al. 2022), making use of the time-dependent Evolving
potential in AGAMA.
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4. Results

4.1. The gas response

In order to test kinematic estimates properly, the simulation box
needs to be rotated such that the bar is in a similar position with
respect to the Sun’s position as it is for the Milky Way. For each
simulation output, we rotate the system so that the angle between
the bar major axis and the Sun-Galactic centre line is 28◦
(Bland-Hawthorn & Gerhard 2016). The Sun-Galactic cen-
tre distance is assumed to be R0 = 8.179 kpc (GRAVITY
Collaboration 2019). For each simulation we generate an lv dia-
gram assuming the Sun moves with a velocity equal to its circular
velocity in the x direction, vx = vc(R0) = 229 km s−1, and has
no other velocity components. This value is obtained from the
circular-velocity curve produced from the axisymmetric poten-
tial as detailed in Sect. 2. It should be noted that the GRAVITY
Collaboration (2022) has given a more recent value of R0 =
8.277 kpc; however we adopted the 2019 value for the calcula-
tions in this paper. Additionally, proper motion measurements of
Sgr A∗ give vc(R0) ∼ 250 km s−1 (e.g. Reid & Brunthaler 2020),
∼20 km s−1 greater than the value we have derived from our
circular-velocity curve. This difference can be attributed to both
the peculiar velocity of the Sun relative to the local standard of
rest (LSR), and the spiral perturbations, which make the LSR
velocity deviate from the axisymmetric circular speed.

We compare the structures in the resulting lv diagrams with
the spiral arm tracks of Reid et al. (2016, 2019) and McClure-
Griffiths et al. (2004), as illustrated in Fig. 8. For the analysis
presented in this section, we select the system at 441 Myr. It is
very similar to the observations in the lv diagram, and the sim-
ulation at this point has been advanced for long enough that the
non-axisymmetric components of the potential have had enough
time to interact with the gas. The resulting density maps can be
found in Fig. 9.

From Fig. 8 we find clear peaks in lv diagram that are
associated with the spiral arms generated from the underlying
potential. The spiral arms generally trace the spiral arm tracks
of McClure-Griffiths et al. (2004), Reid et al. (2016) and Reid
et al. (2019) in the regions outwith the Galactic centre (|l| > 50◦).
Towards the Galactic centre, comparing the spiral arms becomes
difficult due to the perturbations generated by the bar. Some fea-
tures match; however, there are features present in the lv diagram
that do not match with any track and vice versa.

Comparing the terminal velocities we find our simulation
mostly fall within what is expected for the Milky Way, with the
exception of two zones; one at 10◦ < l < 30◦ and the other at
−20◦ < l < −10◦. The LOS velocities are higher than that of the
terminal velocities at these angles. This is a result of the circular-
velocity curve at sim3 kpc being relatively steep in comparison
to similar potentials (See Li et al. 2022). This is a result of an
overlap between the bar and stellar disk potentials, which causes
a slight overdensity at this location.

As expected, the potential of the bar strongly influences gas
dynamics in the central region of the Galaxy. The gas here fol-
lows the typical x1 orbits, a family of orbits elongated parallel to
the major axis of the bar (Contopoulos & Grosbol 1989), until it
is shocked at the end of the bar, after which it flows inwards
on nearly radial orbits. Eventually, the gas stabilises onto x2
orbits, forming a ring of material at 220 pc from the centre of
the Galaxy. This ring is the equivalent of the Central Molecular
Zone (CMZ) and is consistent with the larger end of estimates
for the Milky Way’s CMZ (e.g. Henshaw et al. 2023).

Outside of the bar region (R > 5 kpc), the gas forms a clear
spiral pattern. It is rather complex and has two main compo-
nents: a two-arm spiral caused by the rotation of the bar, and
the four-arm structure created by the spiral component of the
potential described in Sect. 2. These two pattern rotate at dif-
ferent angular speeds, Ωbar = −37.5 km s−1 kpc−1 and Ωspiral =

−22.5 km s−1 kpc−1 respectively, so they periodically interfere
with each other. We plot the polar decomposition of the density
map in the bottom plot of Fig. 9 to better illustrate the spiral pat-
terns. Here, a straight line would be consistent with a logarithmic
spiral. We observe two gradients of spiral structure: the underly-
ing spiral arm structure from the potential (blue dotted), and an
m = 2 spiral being generated by the bar (green dashed) with an
estimated pitch angle of 6.5◦ near the outer Lindblad resonance
of the bar. We note that the pitch angle value of the bar-generated
pattern depends on the sound speed of the gas, as can be under-
stood from the dispersion relation of spiral density waves in the
tight-winding limit (e.g. Binney & Tremaine 2008). Whilst there
are linear trends in the plot, there are deviations from the under-
lying spiral arm structure. These occur at the point where the
two components intercept at R ∼ 11 kpc and at around the spi-
ral arm crossing point, Rcross = 9.64 kpc, where the deviation is
a bridging feature between the spiral arm and the bar induced
spiral arm.

We extract the exact structure with the filament finding
package FILFINDER (Koch & Rosolowsky 2015). This package
identifies structures from a 2D image using morphological tech-
niques. Not only does the package provide the spines of the
extracted structure, it also provides the masks of the extracted
regions. We overlay the extracted spines in light blue in the bot-
tom plot of Fig. 9 and we use the masks to contrast the density
of the simulation in the x − y projection (Fig. 9, top).

4.2. Kinematic distance estimates

The kinematic distance is calculated based on the assumption
of purely circular orbits within the Milky Way. First, a rotation
curve vc(R) is assumed. Then the galactocentric radius of a given
object is calculated by

R = R0 sin(l)
vc(R)

v0 sin(l) + vlos
, (23)

where l is the Galactic longitude of the object, vlos is its LOS
velocity, and R0 and v0 are the Galactic radius and circular
velocity of the Sun, respectively. For consistency, we used the
circular-velocity curve generated by our potential as our rotation
curve, as shown in Fig. 1. Because R appears on both sides of
Eq. (23), it is estimated through an iterative process.

The kinematic distance to the object is then obtained by

dk = R0 cos l ±
√

R2 − (R0 sin l)2, (24)

It is possible for the kinematic distance estimate to return an
undefined answer as a result of the argument inside the square
root being less than zero. This occurs when

v2los > v
2
term − 2v0(vlos − vterm) sin l , (25)

where vterm is the terminal velocity along a given Galactic
longitude and is given by (Burton & Gordon 1978)

|vterm| = vc(R) − v0| sin(l)|. (26)
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Fig. 8. Longitude–velocity maps of the simulation observed from the Sun’s position (placed at the origin of the overlayed coordinate system in
Fig. 9). The bar major axis is rotated by 28 degrees from the LOS passing through the Galactic centre. Overlayed blue dashed lines are the spiral arm
tracks of Reid et al. (2016, 2019) and McClure-Griffiths et al. (2004). The green points are the terminal velocities from H I and CO observations.
Top: full diagram. Bottom: zoom-in between l = −60◦ & +60◦. The left plot only takes into account gas that lies at R < 6 kpc from the centre, and
the right one only considers gas at R > 6 kpc.

In other words, the kinematic distance is indefinite when the
observed vlos is not possible (e.g. too high) under the assumed
rotation curve vc(R). In this case, the argument of the square root
of Eq. (24) is set to zero, which is equivalent to placing the object
at the tangent point for a given l, where R = R0 sin(l). This is
also equivalent to setting the velocity to the terminal velocity for
a given l.

Equation (24) can give two answers when observing inside
the solar circle, resulting in the well-known kinematic distance
ambiguity. For the sake of simplicity, we resolve the ambiguity
by selecting the kinematic distance closest to the true distance
value, but we note that this may be difficult to decide in real
observations. In Fig. 10 we present a face-on view of the disk
and compare the data in our fiducial model with the ideal case of
purely rotational motions. At the left we focus on the velocities
and at the right we depict the corresponding distance estimates.
In the top row of Fig. 10, we plot the LOS velocity measured

by an observer at the solar radius (left) and the KD estimates
based on Eq. (24). The kinematic distance map is not a smooth
distribution with increasing radius from the Sun. We find devi-
ations from the true values (as illustrated in the middle row of
Fig. 10) close to the perturbations caused by the spiral arms and
the bar. We also observe quite large deviations close to l = 0◦
and l = 180◦. This arises due to trigonometric effects: as l tends
towards 0◦ or 180◦, the value for the Galactic radius, R, obtained
from Eq. (23) becomes ill-defined as both sin(l) and vlos tend to
0. These deviations are highlighted in the bottom row of Fig. 10,
where we map the difference in LOS velicity and the relative
error between the kinematic distance and the true distance. What
stands out is the large relative error in the solar neighbourhood.
For objects within 500 pc of the Sun, the kinematic distance esti-
mate is highly unreliable and exhibits a broad error distribution.
Large systematic errors also occur close to the spiral arm pertur-
bations and at the end of the bar, where the gas flows on x1 orbits.
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Fig. 9. Spiral arm structure. The top plot is the x − y density projection
of our simulation at t = 441 Myr. Spiral arms have been enhanced in this
image using the mask generated by FILFINDER to brighten overdensities
and darken other regions. The bottom panel is the polar decomposi-
tion of the density map of the top panel, focusing on the region with
galactocentric radius 6 < R < 20 kpc. The blue dotted lines are the
positions of the spiral arms according to the second half of Eq. (17).
The green dashed lines are the spiral arms generated by the rotation
of the bar, with a pitch angle of 6.5◦ around the outer Lindblad reso-
nance, R = 10.14 kpc. The light blue lines indicate the spiral arm pattern
extracted with FILFINDER.

When computing kinematic distances, observers typically
avoid LOSs within ±15◦ of the direction towards the Galactic
centre and ±20◦ of the anti-centre due to high errors in these
LOSs. (e.g. Anderson et al. 2012; Balser et al. 2015; Wenger et al.
2018). As l tends towards 0◦ or 180◦, the value for the Galactic
radius, R, from Eq. (23) becomes more difficult to estimate as
both sin(l) and vlos tend to 0. On top of this, the Galactic bar
also impacts estimates towards the centre due to the high level of
asymmetry in the potential.

To give a more conclusive idea about which LOSs to avoid,
we computed the absolute kinematic distance error and plot the
median and absolute median deviation (MAD) as a function of
Galactic longitude in Fig. 11. The results are split into separate
annuli around the Sun’s position, showing that the error in the
kinematic distance remains high at distances closer to the Sun
with some variation with Galactic longitude. We define an LOS
of avoidance for an annulus as the LOS where more than 20% of

cells have an absolute kinematic distance error greater than 27%.
Our choice of this value is motivated by the study of Wenger
et al. (2018), who quantify the uncertainty in the kinematic dis-
tance inferred using the Brand & Blitz (1993) rotation curve
(their method A) or the Reid et al. (2014) rotation curve (their
method B) due to uncertainties in e.g. the solar galactocentric
radius and orbital velocity, the measured rotation curve, etc. The
average absolute kinematic distance error they find when con-
sidering both models is 27%. For LOSs and locations where the
systematic error for most points is less than this value, the kine-
matic distance method should be reliable. On the other hand,
if a large fraction of points have systematic errors that exceed
this value, this is a good indication that the kinematic distance
method will not provide reliable results. The LOSs that should
be avoided are shown in red in Fig. 11. For objects within 500 pc
of the Sun, 99.5% of the full range of Galactic longitude should
be avoided. This fraction remains above 56% out to 5 kpc, but
drops to 14% and 16% for the 5–10 kpc annulus and the 10–
20 kpc annulus, respectively. This suggests that the kinematic
distance estimate is accurate for distances beyond 5 kpc from the
Sun under our criterion for LOS avoidance, but that for closer
distances it should be used with great care.

4.3. Location of kinematic distance errors

So far we can see that velocity perturbations generated by
the non-axisymmetric components of the potential can produce
highly inaccurate kinematic distance estimates along most LOSs
for objects close to the Sun. This now poses the question: where
can one reliably use kinematic distances?

In Fig. 10, we show the map of kinematic distance errors of
our simulation with the density peaks extracted with FILFINDER
overlayed onto the maps. The peaks lie close to the regions of
low value for the kinematic distance error. However, based on
inspection, this only applies to the spiral arm features (i.e. peaks
outside of the bar region). To further analyse this, we split the
Galaxy into two regions: the bar region (R < 6 kpc) and the disk
region (R ≥ 6 kpc).

4.3.1. Bar region

For the bar region, we employ the mask generated by FILFINDER
to identify the overdensities from our simulations and applying
them to the kinematic distance error map (Fig. 10), splitting the
data into overdense regions and underdense regions. We plot the
PDF of each region, respectively, and compare their distributions
(Fig. 12).

From visual inspection, we see that both distributions peak
at around 0, with the underdense regions’ distribution slightly
wider than the overdense regions. Since the distribution is non-
Gaussian, we look at the difference between quantiles to under-
stand the width of the distributions. The difference between the
upper and lower 20% quantiles is 0.14 for overdense region,
whilst it is wider with a value of 0.22 for the underdense region.
Similarly, the values are 0.29 and 0.39 for the upper and lower
10% quantiles, and 0.50 and 0.61 for the 5% quantiles respec-
tively. This suggests that outside of the overdense regions there
is a higher probability of a large error and, by consequence, an
increased probability of obtaining an incorrect distance via the
kinematic distance method. Going from our analysis of the error
as function Galactic longitude (Fig. 11), this result is not too
much of a surprise given that much of the bar’s influence is lies
within l = ±30◦, which is typically a LOS of avoidance for all
distances away from the Sun.
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Fig. 10. Kinematic distance uncertainties at different positions in the disk. The left column presents the LOS velocity map of the simulation and
the comparison to the equivalent if the gas follows circular orbits. The top plot illustrates LOS velocity map of the simulation. Similarly, the middle
plot shows the map of the LOS velocity derived from the base axisymmetric potential. The last plot shows the difference between simulation and
axisymmetric LOS velocities; top plot minus the middle plot. The right column shows the estimated and real distance maps in the simulation. The
black lines indicate the spiral arm pattern extracted with FILFINDER. The top plot shows the kinematic distance maps as estimated with Eq. (24).
The middle plot is the map of the true distances to the gas cells. The relative error between the kinematic and true distance is shown in the bottom
plot.
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Fig. 11. Kinematic distance error at different distances from the Sun. The black line represents the median absolute relative kinematic distance
error along the LOS of a given Galactic longitude. Each plot represents a sampling annulus centred on the Sun. The blue shaded region is the
median absolute deviation (MAD) of the error. The red shaded regions represent the Galactic longitudes where more than 20% of the cells along
the LOS have a relative kinematic distance error of 27% or more.

4.3.2. Disk region

As we have done previously, we split the kinematic distance
maps of the disk region into spiral arm regions and interarm
regions and plot the corresponding distributions of each. In this
case we apply this to everything outside of R = 6 kpc.

From Fig. 13, we find similarly shaped distributions in the
errors for the Galactic disk as we did for the bar region. Once
again we have the distribution peaking at 0 for both spiral and
interarm regions, with a a wider distribution in the interarm
regions. Looking at the ranges between quantiles, the ranges
are more similar between the spiral arm and interarm region.
The difference between the upper and lower 20% quantiles is
0.1 for both regions. For the difference in the 10% quantiles the
ranges are 0.17 and 0.2 for the spiral arm and interarm regions
respectively. Similarly it is 0.26 and 0.39 for the 5% qunatile
difference. Although the difference in the quantiles are similar
between the regions, the interarm regions has a wider distribu-
tion. This indicates that the interarm regions of the Galaxy have
a higher probability of an incorrect kinematic distance, simi-
lar to that for the underdense regions of the bar though with
a lower probability of a larger associated error. The narrower
distribution of errors of the spiral arm region is a rather reassur-
ing fact, because it implies that the kinematic distance method
is more reliable in the regions of the Galaxy where most of
the dense gas and subsequent star-forming regions are found.
We look into the dynamics causing this result in the subsequent
subsection.

Table 4. Median and quantile differences of the distributions presented
in Figs. 12 and 13.

Region Median Quantile difference

20% 10% 5%

Overdense bar 0.001 0.14 0.3 0.5
Underdense bar –0.018 0.22 0.39 0.61

Spiral arms 0.001 0.1 0.17 0.26
Interarm 0.004 0.1 0.2 0.39

Notes. The quantile difference indicates the difference between upper
and lower percent quantile, for example 20% means the difference
between the upper and lower 20% quantile.

It should be noted that in both overdense regions there is
not much skewness in the distribution and, as such, there is no
clear way to indicate whether if the kinematic distance would
be under- or overestimated. We summarise the statistics gener-
ated from the systematic kinematic distance error distributions
in Table 4.

4.4. Relation to the velocity deviation

The key parameters that are needed for kinematic distance meth-
ods are the LOS velocity of the object and a rotation curve for
the Milky Way. As mentioned previously, the Milky Way is not
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Fig. 12. Probability distributions of the systematic kinematic distance
errors within the overdensities in the bar region (blue) and the under-
densities in the bar region (red).

axisymmetric and as such there are deviations away from the
rotation curve velocities. Quantifying the correlation between
these deviations and the systematic kinematic distance errors
can give an insight into how the velocity impacts the kinematic
distance estimates.

The deviations from rotation curve can be seen in the radial
profile of the azimuthal velocity of the gas. We illustrate this in
Fig. 14 where in the inner most 3 kpc we observed deviations up
to 70 km s−1. Between 3 kpc and 10 kpc there are small devia-
tions from the rotation curve, on the order of a few kilometers
per second, due to perturbations of the spiral arms in our sys-
tem. We include the rotation curve from Brand & Blitz (1993)
and the universal rotation curve in physical units of Persic et al.
(1996) with the updated parameters from Reid et al. (2019) as
comparison to other rotation curves used in kinematic distance
estimates.

We compute the LOS velocity of our simulations and map it
to the face down Milky Way view at the top of the left column
of Fig. 10. The non-axisymmetric perturbations of the potential
are apparent here. Towards the bar region, we observe a sharp
transition across the Galactic centre (as expected from the lv dia-
gram of Fig. 8), with perturbations of the spiral arms appearing
as displacements in the contours in comparison to the middle-
left plot of Fig. 10; the LOS velocity maps for an axisymmetric
potential. When we look at what we expect from an axisymmet-
ric potential, the transition towards the Galactic centre is not as
strong and the contours of the LOS velocity towards the outer
Galaxy are smoother. When we subtract the two maps, we find
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Fig. 13. Probability distributions of the systematic kinematic distance
errors within the spiral arm region (blue) and the interarm regions (red).

Fig. 14. Comparison of rotation curve against the average azimuthal
velocity (black solid and dashed line respectively). The red and blue
lines are the rotation curve from Brand & Blitz (1993) and Reid et al.
(2019).

that the largest deviations occur at the bar region with differ-
ences on the order of 100 km s−1. Outside the bar region we find
the LOS velocity difference to be close to zero along the spiral
arms of the Galaxy. Gas experiences an acceleration or decelera-
tion as it flows into or out of the spiral arm, respectively as shown
in Fig. 15. This can cause shocks causing the gas to get denser as
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Fig. 15. Deviations from circular velocity and relation to column density
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density profile. The vertical dashed lines are the potential minima of the
underlying spiral arm potential. Rotation of the system is from left to
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it leaves the potential minima, as in the case for two of our spi-
ral arms. Additionally, the perturbations caused by the bar can
also shock the gas and causes further perturbations. In our case,
at around R0, both the bar generated spiral and two of the spi-
ral arms overlap creating large peaks in density. However, unlike
the other two spiral arms, the peak in density for these occur just
before passing the potential minima of the spiral arm potential.
Other more local sources of velocity perturbations come from
expanding HII regions and supernova driven bubbles (see e.g.
Barnes et al. 2023 or Watkins et al. 2023 for nearby galaxies,
or Zucker et al. 2022 for the solar neighbourhood in the Milky
Way).

All of this results in the largest deviations from the rota-
tion curve to occur in the interarm regions, which in turn causes
shifts in the estimated kinematic distances, increasing their sys-
tematic error within these regions (see the right-hand side of
Fig. 10). To be more quantitative, peculiar motions associated
with the Galactic spiral arm structure of ∼6 km s−1 in radial
and ∼4 km s−1 in tangential direction are reported by Reid et al.
(2019). We note that this is very much in line with the streaming
motions of up to 6–8 km s−1 illustrated in Fig. 15.

Given how large deviations of the LOS velocity occur in
the same regions where the systematic kinematic distance errors
are highest, we look at the correlation between the galactocen-
tric radial velocity vr and the distance error. Any deviation from
circular motion is likely to occur due to motions in the radial
direction. In Fig. 16 we provide the distribution and correla-
tions between absolute values of the peculiar motion |vp|, the
deviations from circular velocity |vlos − vc,los|, and the difference
between the true and kinematic distance |dk − dtrue|, split between
arm and interarm regions. There is a slight offset between the
distributions for each region, with spiral arms having lower devi-
ations and peculiar motions. As expected, we find a clear positive
correlation between the local deviations from circular velocity
and the resulting distance error. It can be described by a power
law with slope α = 0.94. However, we note that there are several
orthogonal spurs in the 2D distribution that do not follow this
trend. Additionally, we observe a power-law correlation between
the peculiar velocities and the difference in LOS velocity. Here,
the slope is α = 1.1. Despite the positive correlations with the
LOS velocity deviations, there is no clear correlation between
the distance deviation and the peculiar motions.

5. Discussion

5.1. Implications

From our analysis, we find that kinematic distance estimates
are most unreliable close to the Sun and along Galactic longi-
tudes towards the Galactic (anti-)centre. Additionally, there is a
higher deviation within interarm regions than within spiral arms.
This implies that clouds within underdense regions of the galaxy
are more likely to have an incorrect distance estimate from the
kinematic distance method.

An observational study carried out by Wenger et al. (2018)
compared the distance estimates obtained by the parallax method
to those obtained with the kinematic distance method. By treat-
ing the parallax distance as the true distance, they found distance
deviations of ±40% for their entire sample (see their Table 4).
This is in line with the findings reported by Sofue (2011) and
our analysis here. As a cautionary note, we reiterate that our
simulations do not contain any additional velocity perturbations,
such as those that could be driven by stellar feedback (see also
Sect. 5.2), so our numbers are likely to be lower bounds. How-
ever, to quantify this effect requires more detailed simulations
that include all relevant physical processes self-consistently (for
a preliminary discussion see e.g. Tress et al. 2024).

To help give an idea as to what implications this has for the
observations, we generated a longitude-distance map of our kine-
matic distance errors in Fig. 17. We overplot some of the sources
listed by Wenger et al. (2018) to indicate where real objects
would lie on the map, taking the values derived from maser par-
allax measurements as true distances. We provide a quantitative
comparison in Table 5 and find that in some instances the errors
are similar, within a factor of two or less. However, in others
they are quite different. For example, the error associated with
AFGL 2789 has an error on the order of −8% in our system but
is around ∼50% from observations. We note that our hydrody-
namic model for the response of the gas to the Galactic potential
is chosen to be highly idealised, and for example include nei-
ther star formation nor stellar feedback (see the discussion in
Sect. 5.2). The local gas flow in spiral arms is therefore approx-
imate and we expect more stochastic behaviour in more realistic
simulations (see e.g. Tress et al. 2020a, 2021). As AFGL 2789 is
located within the Perseus spiral arm (Oh et al. 2010) this could
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of known sources for which we compute the true distance d w

true from the parallax measurements of Wenger et al. (2018).

explain the deviation between our estimate and that of Wenger
et al. (2018).

5.2. Caveats

There are a few limitations to bear in mind when considering the
maps of kinematic distance errors derived from our simulations.
First, as mentioned in Sect. 3, the simulations performed here are

2D dimensional. This corresponds to the assumption that the gas
in our simulation is integrated vertically, along the z-axis. The
acceleration of the gas due to the potential is computed as if the
gas lies in the midplane of the Galaxy (z = 0). This completely
neglects the 3D structure of the Galaxy and vertical motions
present within the gas. This additional component will impose
changes to Eqs. (23) and (24) with the introduction of additional
cos (b) terms. With the perturbations induced by the potential,
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Table 5. Kinematic distances and errors of five well-studied sources in the Galactic disk.

Source l d w
true d w

k dk (d w
k − d w

true) (dk − d w
true)

(degrees) (kpc) (kpc) (kpc) /d w
true /d w

true

M17 15.03 1.97 2.33 1.10 0.18 –0.44
W49N 44.20 10.93 11.52 11.15 0.05 0.02
NML Cyg 80.80 1.6 1.33 1.32 –0.17 –0.18
AFGL 2789 94.60 3.49 5.48 3.21 0.57 –0.08
G240.31+00.07 –163.84 7.11 5.75 9.17 –0.19 0.29

Notes. For five Galactic sources (Col. 1), we list the longitude ℓ (Col. 2) and the true distance d w
true (Col. 3) derived from the maser parallax

measurements reported by Wenger et al. (2018) as well as their KD estimate d w
k (Col. 4) for comparison with the value dk from our model. We also

provide the corresponding relative KD errors in columns 6 and 7. Despite the simplicity of the physical processes included in our simulation, we
find that our approach reproduces the observational data reasonably well.

the gas can also experience changes in the z-component of the
velocity as it travels in and out of a spiral arm. This will impact
the LOS velocity of the gas and the resulting kinematic distance.
However, quantifying the size of this effect is beyond the scope
of this paper.

Second, the simulations presented here are idealised with
only isothermal hydrodynamics and an external galactic poten-
tial. We note that the adopted value of cs = 10 km s−1 implies
that we use an effective sound speed, which includes a strong
turbulent component providing additional support of the gas
disk (Mac Low & Klessen 2004; Krumholz & McKee 2005;
McKee & Ostriker 2007; Klessen & Glover 2016). Besides
a self-consistent treatment of stellar feedback, more realistic
models should include time-dependent chemistry (e.g. Glover
et al. 2010). Altogether, we would expect the sound speed to
vary across the Galaxy, causing the structure of the Galaxy to
alter. Indeed, parameter studies with different sound speeds have
shown that spiral arms tend to get wider with increasing cs (Li
et al. 2022), whereas the size of the CMZ becomes smaller
(Sormani et al. 2015a, 2024).

The spiral arm potential we present in this paper is not an
exact match to the spiral arm pattern of the Milky Way. It is well
noted that the spiral arm shape of the Milky Way is not reg-
ular, with differences in phase angles between spiral arms and
pitch angle changes along the spiral arm (see Reid et al. 2016,
2019). These irregularities are hard to model when constructing
the potential so approximations are required. Here, we keep the
pitch angle of the spiral arms the same and try to account for
the change in phase angle with the two pairs of Gaussian shaped
spiral arms (see Sect. 2.1.6). Additionally, perturbations gener-
ated by the interaction with orbiting satellite galaxies can impact
the velocity space of the Galaxy, creating wave-like oscillations
throughout the Galaxy (Khanna et al. 2019). These differences
in structure will make some of the kinematic distance estimates
in our simulation very different from what they would be for the
Milky Way, as illustrated in Sect. 5.1.

Turbulent motions induced by physics such as self-gravity,
stellar and supernova feedback would contribute to the veloc-
ity dispersion of the system. The effects of self-gravity can
add an additional ∼2–5 km s−1 to the velocity dispersion for
axisymmetric systems but can be as high as ∼10 km s−1 for non-
axisymmetric systems such as the one presented in this paper
(Wada et al. 2002). Despite this, supernova feedback is believed
to give the largest contributions to the velocity dispersion on
large scales, potentially producing a velocity dispersion of as
much as ∼10 km s−1 across hundreds of parsecs (Lu et al. 2020).
This can result in the LOS velocity deviating from the values

derived here by a similar amount, causing kinematic distance
estimates to deviate further from the true value.

Kinematics distance are normally computed with one of two
Galaxy rotation models, the rotation curve of Brand & Blitz
(1993) and the universal rotation curve of Persic et al. (1996)
with updated parameters from Reid et al. (2014). Both of these
rotation curves have been obtained from the gas within the Milky
Way; the former making use of HII regions and HI tangent point
data, whilst the latter makes use of maser parallaxes. We do see
differences between the rotation curves presented in these papers
and our values, since our potential is modelled based on the rota-
tion curves from stellar data, as shown in Fig. 14 (Mróz et al.
2019; Eilers et al. 2019). There is a difference on the order of up
to ∼10 km s−1 between the rotation curve within the disk of the
Galaxy, and larger deviations within the inner most 3 kpc. An
investigation into how these differences in the standard rotation
curves can impact kinematic distance is beyond the scope of this
paper, but does warrant future investigation.

In addition, we note that the simple assumption of the Milky
Way being close to dynamical equilibrium requires revisions.
Besides the local velocity fluctuations due to stellar feedback, as
discussed above, there is increasing evidence that our Galaxy is
significantly perturbed on global scales. One of the main results
of the Gaia satellite has been to reveal that the Milky Way’s disk
is much farther from equilibrium than previously expected. It is
subject to strong perturbations from satellite galaxies, such as
the Magellanic Clouds and the Sagittarius dSph, that cause it
to depart significantly from axisymmetry (see e.g. Antoja et al.
2018, 2022; Widmark et al. 2022b), and generate warps in the
outer disk or even lead to a displacement of the baryonic com-
ponent with respect to the global dark matter distribution (e.g.
Laporte et al. 2018b,a; Yaaqib et al. 2024; Chandra et al. 2024).
Future estimates of local distance estimates, especially for the
outer disk, need to take this into consideration.

6. Conclusions

In this paper, we have presented a realistic analytic potential for
the Milky Way, and it contains density profiles for all major
mass components of the Galaxy. These include the supermas-
sive black hole in the very centre; the nuclear stellar cluster and
nuclear stellar disk; the Galactic bar; the Galactic disk, which
we split into axisymmetric components for field stars and gas
and a spiral arm component for the field stars only; and finally
an extended dark matter halo that dominates the potential at large
distances. We introduced these components and fitted them to the
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observational constraints, such as the rotation curve and the
terminal velocities, in Sect. 2.

We also described how the new analytic potential is imple-
mented in the moving-mesh code AREPO using the AGAMA
framework, outlined in detail in Sect. 3. We made use of
2D hydrodynamic simulations to investigate how robustly the
axisymmetric assumption holds for kinematic distance estimates.
For this, we placed an observer at R0 = 8.179 kpc with the bar
angled at 28◦, generated kinematic distance estimates to each
of the gas cells present within our simulations, and computed
the systematic errors for each, (dk − dtrue)/dtrue. As discussed in
Sect. 4, we find that the errors are high close to the Sun, with
values reaching greater than 50% on average for any sources
with 1 kpc. Along with proximity, we found that errors also
reach these values when viewing towards the Galactic centre and
anti-centre, l = 0◦ and l = 180◦, respectively. We report peculiar
motions associated with the Galactic spiral arm structure of up to
6–8 km s−1, which is in line with the values inferred from maser
observations in the Milky Way.

When considering both Galactic longitude and distance,
there are certain LOSs that result in higher errors in addition
to those previously mentioned for specific distance ranges. We
identified these regions as zones of avoidance for the appli-
cation of the kinematic distance method. We also compared
our results with the distance estimates of some well-studied
molecular clouds and found generally good agreement (Sect. 5).

In summary, the extraction of the velocity perturbations in
our simulation allowed us to determine what impact the poten-
tial has on systematic errors in the kinematic distance estimate.
We find that within the spiral arms of the Galaxy, the kinematic
distance errors are low, as the gas lies within the local poten-
tial minima. Consequently, the LOS velocity of the gas is close
to what is expected for the axisymmetric version of our poten-
tial. We expect clouds within the spiral arms of the Milky Way
to have low systematic kinematic distance errors. Conversely,
the interarm regions present the largest deviation in both the
kinematic distance and the LOS velocity for a given Galactic
radius. This is caused by the gas being sped up or slowed down
as it travels into or out of the spiral arm. Additionally, we dis-
covered a power-law relation between the systematic kinematic
distance error and the difference between the LOS velocity and
the projected circular velocity.

We conclude that the assumption of axisymmetry for the
kinematic distance method can result in large systematic devi-
ations depending on where a source is situated within the Milky
Way. These deviations can alter derived values that depend on
distance and, as such, the corresponding systematic errors should
be accounted for in these derived values. The interface between
AGAMA and AREPO orGADGET-4, along with the scripts for
constructing the potential from Sect. 2 and for running N-
body simulations with these codes in the external potential, are
included in the AGAMA repository2.
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Appendix A: Spiral arm strength

We perform additional simulations to determine the impact of
our choice of the spiral arm strength factor α in Eq. (15). Specif-
ically, we investigate three different values, α = 0.204, 0.408 and
0.612, and find that they lead to a peak density contrast of 10%,
20% and 30% at the solar circle at R0 = 8.179 kpc, respectively.
We caution that Eilers et al. (2020) suggest a density contrast of
∼10% for the vicinity of the Sun, and we note that the fiducial
case of α = 0.36 introduced in Sect. 2.1.6 gives a density contrast
of 17%. However, we also point out that it leads to peculiar gas
motions consistent with the maser data (as discussed in Sect. 4.4,
see also Reid et al. 2019 or Baba et al. 2009). This is the main
reason for our choice.

We also note that the dynamic response ISM to spiral
potential perturbations strongly depends on the thermodynamic
properties of the medium. Our fiducial value of α = 0.36 gives
good results for our highly simplified description of the Galactic
ISM, where we adopted an isothermal equation of state, ignored
self-gravity in the gas (and consequently neither treated star for-
mation nor stellar feedback), and neglected the potential impact
magnetic fields or cosmic ray physics (for details of the numer-
ical set-up, see Sect. 3.1). This put us in the position to study
the gas response to the external potential without the need to
correct for additional physical processes. We note that the inclu-
sion of appropriate heating and cooling processes as well as star
formation and stellar feedback is expected to increase the local
deviations from circular velocity and hence the overall velocity
dispersion. We speculate that simulations that remain close to
the observed level of peculiar gas motions (e.g. Baba et al. 2009;
Reid et al. 2019) are likely to require a smaller α and reach spiral
arm density contrasts more in line with the values proposed by
Eilers et al. (2020). A detailed analysis of these effects will be
subject to a follow-up investigation.

Appendix B: Parameter study

We perform a simple parameter study with the potential to under-
stand how varying certain parameters impacts the lv diagram.
This involves multiple simulations with the changed parameters.
The parameters we consider are number of spiral arms (n), pitch
angle of the spiral arms (i), spiral arm pattern speed (Ωspiral)
and bar pattern speed (Ωbar). The values considered are indi-
cated in Table B.1. We consider two sets of parameter studies,
one for each spiral arm number, in which we vary one of the
other parameters and keep all other fixed to the fiducial values.
Our fiducial parameters are based on the same parameters in Li
et al. (2022). This allowed us to investigate how each individual
parameter alters the lv diagram and later to vary the parameters to
obtain an appropriate approximate match between the observed
spiral arms and those in our simulations in lv space.

We present the lv diagrams of our parameter study in
Figs. B.1 and B.2. The first thing that stands out between the
figures is the number of filamentary structures in the lv diagram
away from the centre of the galaxy, most notably the feature that
goes between two spiral arms in the region of ∼−50◦ to ∼−130◦
that is present in the n = 4 set but not in the n = 2 set. At positive
galactic longitudes, we find the expected additional spiral arms
with the n = 4 set. We find that two of the arms in this region of
the lv diagram lie very close to each other for the n = 4, appear-
ing to have split from a spiral arm in the same region in lv space
in the n = 2 set.

From the first column of both figures we see that pitch angle
has little impact on the shape of the spiral arms in lv space
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Fig. A.1. Density maps of simulations of differing spiral arm strength
at t = 441 Myr. The strength of the spiral arm pertibation increase from
10% to 30% stellar disk density at R = 8.179 kpc from top to bottom.

outside the central region. However, within the central 60◦, dif-
ferences can be seen between lv diagrams. Here some features
move towards the Galactic centre in lv space with increasing
pitch angle though not all features, with those associated with
the bar’s rotation remaining fixed in position.

The spiral arm pattern speed has a larger impact as the cor-
responding resonances for the spiral arms end up changing with
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Table B.1. Parameter values considered.

Parameter Values Unit
n 2, 4
i 10, 12.5∗, 15, 17.5 [◦]
Ωspiral −17.5, −20, −22.5∗, −25 [km s−1 kpc−1]
Ωbar −36.25, −37.5∗, −38.75, −40 [km s−1 kpc−1]

Notes. Parameters as defined in the main text, with ∗ indicating fiducial
values.

pattern speed. This in turn causes the spiral arms to become more
apparent with increasing pattern speed beyond the central region
of the lv diagram. Additionally, the features associated with the
spiral arms tend towards 0 km s−1 in lv space. Within the inner
most 60◦ of the Galaxy, the structure here also moves similarly
to how it does with the pitch angle, moving towards the Galac-
tic centre with increasing pattern speed; however, the features
here that move are different to those with increasing pitch angle
suggesting these are resonance features from the spiral arms.

Similar to the spiral arm pattern speed, changes to bar pattern
speed gives arise to different positions for the resonances of the
bar, with them moving inward with increasing pattern speed (see
Fig. 6). In the lv diagram we see an effect similar to that of the
spiral arm pattern speed. Here we see the spiral arms generated
by the bar moving towards 0 km s−1 in lv space; however, the
broadening of the features does not happen in this case.

It should be noted for all lv diagrams presented in this sec-
tion have been selected to have approximately the same phase
angle between the bar and spiral arms. This means that whilst
each snapshot will has similar phase angle between bar and spi-
ral arms, they will be at different stages in evolution. We selected
snapshots as close as possible in time late into the systems’ evo-
lution (t > 381 Myr). However, there is a range of 147 Myr
within the snapshots selected.

In all cases, the resulting lv diagrams are similar enough that
altering one parameter within the constraints of our parameter
range does not induce large deviations. However, an exact match
to the spiral arm models of McClure-Griffiths et al. (2004), Reid
et al. (2014) and Reid et al. (2019) requires more sophisticated
modelling that is beyond the scope of this paper.
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Fig. B.1. Longitude velocity diagrams of our parameter study with n = 2 spiral arms with similar phase angle between the spiral arm potential and
the bar. Left column is where we vary the pitch angle. The middle and right columns are the variation in spiral arm pattern speed and bar pattern
speed respectively.
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Fig. B.2. Same as Fig. B.1 but with the n = 4 spiral arms subset.
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