
A&A, 707, A279 (2026)
https://doi.org/10.1051/0004-6361/202558252
c© The Authors 2026

Astronomy
&Astrophysics

Projection effects in barred galaxies cause the wrong
interpretation of radial flows

E. Salibur1,3,?, A. Hallé1 , and F. Combes1,2

1 Observatoire de Paris, LUX, CNRS, PSL University, Sorbonne University, 75014 Paris, France
2 Collège de France, 11 Pl. Marcelin Berthelot, 75005 Paris, France
3 Centre national d’études spatiales (CNES), 2, Pl. Maurice Quentin, 75039 Paris, France

Received 25 November 2025 / Accepted 5 February 2026

ABSTRACT

Galaxy disks in rotation are sometimes the site of radial flows, especially in their gas component. It is important to estimate the
outflows, due to active galactic nucleus or supernovae feedback, or the inflows, due to bar gravity torques. However, these radial flows
may be confused with noncircular motions, which are quite frequent in the center of galaxy disks. We used a simulated giant, barred
spiral galaxy from the GalMer database to study the noncircular motions induced by the bar. Our goal is to identify the spurious
radial flows that kinematics modeling algorithms can detect, assuming circular orbits for the gas. Using mock data of a strongly
barred galaxy, we quantified the radial velocities computed by the 3D-Barolo algorithm for different disk inclinations and several bar
orientations on the plane of the sky: along the major and minor kinematic axes and at ±45◦ from them. Our results show that projection
effects cause kinematics modeling algorithms to confuse the radial component of velocity due to elliptical orbits with significant radial
flows with mean values up to 92 km s−1 within the bar region. The computed rotation curve is also wrongly estimated inside the bar
region, by as much as 150 km s−1 for the highest inclination.
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1. Introduction

More than two thirds of the local Universe spiral galaxies are
barred (de Vaucouleurs et al. 1991; Eskridge & Frogel 1999).
Barred spiral galaxies are typically classified into two categories:
SAB (moderately barred) and SB (strongly barred). The classifi-
cation depends on the bar’s strength.

Bars produce a bi-symmetric gravitational potential asso-
ciated with an m = 2 instability with two-arm spiral waves
(Buta & Combes 1996). They represent a long-lived, quasi-
stationary density wave that arises from the superposition of
leading waves, which transfer angular momentum inward, and
trailing waves, which transfer angular momentum outward. Bars
exchange angular momentum with the outer disk and dark mat-
ter halo through resonant interactions, particularly at the corota-
tion and outer Lindblad resonances (OLR), which allows them
to grow and slow down. Bars induce a spiral structure in the
gas component, which is dissipative; gas cloud collisions prevent
the gas from following crossing orbits in the same way stars do
(Sanders & Huntley 1976; Buta & Combes 1996). Bars and spi-
rals are then out of phase, and bars exert gravity torques on the
gas. Inside the corotation region (CR), these torques are negative
on gas-weighted average, and the gas loses angular momentum
to the benefit of the bar. In fact, in active galactic nuclei (AGNs),
the gas angular momentum has to be reduced by five orders of
magnitude when infalling from a typical galactocentric radius
of 3 kpc to the last stable orbit, over a timescale much shorter
than that of the known efficient mechanisms leading to gas accre-
tion onto the central supermassive black hole (SMBH) (Combes
2023).
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The formation of bars and spiral arms has been reproduced
by N-body simulations at least since Miller et al. (1970), who
obtained persistent spiral arms in addition to a long-lasting bar,
thanks to the addition of the gas component. Simulations have
shown how the bar works as an angular momentum transport
mechanism to fuel the central engine, and to increase the star for-
mation rate (Hopkins & Quataert 2010). They also demonstrate
how a secondary bar may decouple, to present morphologies such
as the “bars-within-bars” initially proposed by Shlosman et al.
(1989) that could solve the lack of efficiency of large-scale bars in
driving gas inward. Indeed, primary bars only drive the gas down
to the inner Lindblad resonance (ILR) but not inside it.

In specific regions of barred galaxies, the gas can be trapped
in rings at resonances, when there is a rational multiple between
motion frequencies of the particles and the bar wave, in the bar
rotating frame (see Contopoulos & Grosbol 1989 for a review of
stellar orbits in barred galaxies). When the orbital frequencies
satisfy the condition for the m = 2 Lindblad resonances (for a
bar wave), i.e., when Ω ± κ/2 = Ωb where Ω is the circular fre-
quency, κ the epicyclic frequency, and Ωb the bar pattern speed,
the orbits close after two radial oscillations (Buta & Combes
1996) in the bar rotating frame. Inside corotation, the ILR, asso-
ciated with a negative sign in the previous equation, plays a role
in damping waves that might prevent bar formation, or weaken
the bar. Stellar orbits orientation alternates between parallel (x1
orbits) and perpendicular (x2 orbits) to the bar at each res-
onance (Contopoulos & Papayannopoulos 1980; Athanassoula
1992). These orbits support the bar structure. At other radii than
the resonance ones, the inclination of the gas orbits varies though
they do not change drastically, hence the spirals (Combes et al.
2014).
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Combes et al. (2014) were the first to observe a trailing spi-
ral structure driving gas inward within the ILR ring of a nuclear
bar in NGC 1566, showing what kind of morphological fea-
tures allow the gas to fuel the central SMBH. In fact, negative
azimuthally averaged and gas-weighted torques have been com-
puted in the central 300 pc, removing angular momentum from
the gas under the SMBH’s influence. At a resonance, the sign of
the torque exerted by the bar on the gas changes, causing gas to
accumulate in rings. Inside the ILR, the central mass concentra-
tion can modify the potential, changing the precession rate and
reversing the torque sign again, so only trailing spirals persist,
funneling gas inward toward the nucleus (Combes 2023). This
also weakens the bar (Bournaud & Combes 2002).

As shown by Blackman & Pence (1982) and Pence &
Blackman (1984a,b), bars affect gas dynamics and particularly
induce noncircular motions because of their nonaxisymmetric
nature. Interpreting radial motions in barred galaxies is not triv-
ial. Projection effects primarily affect the gas around the bar.
The radial component of the gas velocity due to elliptical orbits
induced by the barred potential can be mistaken for radial flows.
Projection effects in barred galaxies have been addressed by
Moisseev & Mustsevoi (2000). Using 2D models, they showed
that for highly inclined galaxies, the bar could lead to a false
identification of a warped disk. The projection is due to the
intrinsic orbital asymmetry of elliptical orbits in barred poten-
tials. A wrong interpretation or estimation of radial velocities
from kinematics models assuming axisymmetry biases inflow or
outflow rate computations.

Observational programs such as NUclei of GAlaxies
(NUGA) and the Galaxy Activity, Torus, and Outflow Sur-
vey (GATOS) investigate the gas dynamics and activity in the
close environment of AGNs, at the sub-kiloparsec scale. While
NUGA focused on circumnuclear molecular gas and gravita-
tional torques, GATOS targets ionized and molecular outflows
on similar scales, and probes the interplay between inflow and
feedback. The computation of gravity torques from the bar has
revealed negative gas-weighted averaged torques inside CR,
which lead to gas inflow toward the nucleus (Casasola et al.
2011). These systems often display embedded structures, such
as “bars-within-bars” configurations (Casasola et al. 2008). In
several galaxies from the GATOS survey, ionized gas out-
flows have been observed and characterized (Davies et al. 2024;
Zhang et al. 2024; Hermosa Muñoz et al. 2024). Ionized out-
flows have a complex geometry and do not necessarily match the
molecular outflow (Davies et al. 2024). They could be triggered
by radio jets (Zhang et al. 2024) and cause positive feedback
inducing star formation in the interstellar medium of the galaxy
(Hermosa Muñoz et al. 2024). Properly quantifying these radial
flows requires distinguishing kinematic perturbations caused
by noncircular motions from genuine radial inflow or outflow.
Using simulated mock galaxies analyzed with the algorithms
ROTCUR and DiskFit, Randriamampandry et al. (2016) have
shown that the gas kinematics can be strongly biased, and a true
rotation curve difficult to obtain.

In this work, we used a simulated barred galaxy from the
GalMer database (Chilingarian et al. 2010) as this allows us
to control the true kinematics and isolate projection effects
from intrinsic motions. This provides a benchmark for inter-
preting observational modeling with the 3D-Based Analysis of
Rotating Objects from Line Observations (3D-Barolo) software
(Di Teodoro & Fraternali 2015; Di Teodoro & Peek 2021).

This paper is organized as follows. In Sect. 2 we present
the mock galaxy used in this study based on GalMer data. The
parameters we input in 3D-Barolo and our staged approach are

Table 1. Fundamental parameters for gSb.

Parameter Value

MB [109M�] 11.5
MH [109M�] 172.5
M∗ [109M�] 46
Mg [109M�] 9.2
rB [kpc] 1
rH [kpc] 12
a∗ [kpc] 5
h∗ [kpc] 0.5
ag [kpc] 6
hg [kpc] 0.2
Npart 160 000

Notes. Chilingarian et al. (2010).

detailed in Sect. 3. We modeled the gas kinematics for differ-
ent bar orientations; the models with the bar along the kinematic
axes are presented in Sect. 4 and with the bar at ±45◦ from the
kinematic axes in Sect. 5. Our results are discussed and com-
pared with previous kinematic modeling studies of barred spiral
galaxies, using different algorithms applied to observations, in
Sect. 6. The main conclusions of our study are summarized in
Sect. 7.

2. Data

We based our study on a gas-rich giant spiral barred galaxy
(gSb) from the GalMer database. This database has been built
using smoothed-particle hydrodynamics (SPH) simulations to
study the impact of intergalactic interactions on galaxy evolu-
tion, but it contains isolated galaxy runs as control samples. For
the purpose of our analysis we selected one of these isolated
galaxy runs. We chose one with 160 000 particles (run #1030).
We wanted well-defined spiral arms and a strong bar; therefore,
as in Randriamampandry et al. (2016), we analyzed the snapshot
at T = 500 Myr. From now on, the model is referred to as gSb.
The properties of gSb (mass of the different components, scale
lengths and number of gas particles) are given in Table 1.

The dark matter halo and stellar bulge of the gSb model were
represented initially by Plummer spheres (Binney & Tremaine
1987, p. 42). The corresponding density profiles are

ρH,B(r) =
3MH,B

4πr3
H,B

1 +
r2

r2
H,B

−5/2

, (1)

where MH and rH are the characteristic mass and radius of the
dark matter halo, and MB and rB those of the bulge (see Table 1).
The corresponding Plummer potentials are

ΦH,B(r) = −
GMH,B√
r2 + r2

H,B

. (2)

The stellar and gaseous disks initially follow a Miyamoto-
Nagai density profile (Binney & Tremaine 1987, p. 44):

ρd(R, z) =
h2M
4π

aR2 + (a + 3
√

z2 + h2)(a +
√

z2 + h2)2

[a2 + (a +
√

z2 + h2)2]5/2(z2 + h2)3/2
, (3)

where M is the disk mass (Mg or M∗), and a (ag or a∗) and h (hg
or h∗) are the radial and vertical scale lengths (see Table 1). The
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associated potential is

Φd(R, z) = −
GM√

R2 + [a +
√

z2 + h2]2

. (4)

From the GalMer website1, we obtained masses, positions,
and velocities of gas particles. We added the same parti-
cles at opposite positions (−x,−y,−z) and opposite velocities
(−vx,−vy,−vz) to the galaxy in order to reduce morphological
asymmetries, as the different configurations studied are created
by rotation, and we want them to differ only by the bar’s orienta-
tion. Then, spectral cubes are created only with the gas particles
with each pixel measuring 200 pc × 200 pc and using a spectral
resolution of 12 km s−1. The pixel size value represents the mini-
mum softening length used in GalMer (Chilingarian et al. 2010).
The bar is about 5 kpc long, which is equivalent to ∼25 pixels.
Initially, the galactic disk is in the x−y plane and the line-of-sight
(LoS) is in the z direction. We create one cube every 10◦ for an
inclination angle itrue ∈ [30◦, 80◦], the interval recommended by
Di Teodoro & Peek (2021). In order to study symmetrical con-
figurations with respect to the LoS, we vary the inclination ori-
entation which is equivalent to changing the nearest/farthest side.
To reproduce observations we smooth the obtained cube using a
Gaussian beam with a full width at half maximum (FWHM) of
0.3 kpc (corresponding to 1′′ = 1 kpc for a galaxy at a distance of
D = 206.3 Mpc). This FWHM corresponds to a maximum base-
line of Bmax = 724 m at ν = 350 GHz, consistent with ALMA
CO(3-2) observations in a compact configuration. As an exam-
ple, this typical emission line was used by Audibert et al. (2019)
to observe a trailing spiral inside the ILR ring of the bar in NGC
613.

3. Methods

We modeled the gas kinematics with the 3D-Barolo algorithm
(Di Teodoro & Fraternali 2015; Di Teodoro & Peek 2021). It fits
emission-line datacubes using 3D tilted-rings: it divides the
galactic disk in rings and computes geometrical and kinematic
parameters for each ring depending on the free parameters cho-
sen by the user. In particular, the algorithm has been used to
identify and characterize radial flows in barred spiral galaxies in
many studies discussed in Sect. 6.

The program models the gas LoS velocity VLoS as

VLoS(R, θ) = Vsys + (Vrot(R) cos θ + Vrad(R) sin θ) sin i(R), (5)

with the galactocentric radius R, the azimuthal angle θ, the sys-
temic velocity Vsys of the galaxy center fixed to zero during all
steps, the tangential velocity Vrot, the radial component of the
velocity Vrad and the inclination angle i. There is no ambiguity
between radial and tangential contributions to the LoS velocity
only along the kinematic axes. Along the major axis (green line
on the diagrams, right column of Fig. 3), we can only measure
the tangential velocity and along the minor axis (red line on the
diagrams, right column of Fig. 3), only the radial velocity.

We ran 3D-Barolo on the final cubes (symmetrized and
smoothed) using a three-step staged approach to reduce degen-
eracies between the geometrical parameters and the radial
velocities. When initial values are not provided by the user,
3D-Barolo estimates them automatically.

During the first step, we did not input the initial values of
the parameters to be fitted. In the first two steps, we assumed

1 http://galmer.obspm.fr

an axisymmetric disk and circular velocity, neglecting the bar as
it would typically be done for real observations. The geometri-
cal parameters: the inclination angle i and/or (depending on the
case) the position angle (PA) φ and the kinematic parameters: the
tangential velocity Vrot and velocity dispersion Vdisp were fitted
without radial motion (Vrad = 0).

The values of i and/or φ obtained in the step 1 are either
median or Bezier-interpolated values which smooths ring-to-ring
fluctuations. The code chooses a median value if the dispersion is
lower than 3◦ after the first run. The values of Vrot and Vdisp from
step 1 served as initial guesses for step 2, where the geometrical
parameters are always fixed and Vrot and Vdisp were fitted again.
Finally, in the third step, Vrot and Vdisp were fixed to the values
from step 2, and only Vrad was fitted. With this setup, any recov-
ered radial component reflects the intrinsic influence of the bar
rather than projection effects or a warped disk.

According to Di Teodoro & Peek (2021), 3D-Barolo adopts
the convention that, for clockwise (respectively counter-
clockwise) rotation, positive radial velocities correspond to out-
flow (inflow), while negative velocities correspond to inflow
(outflow). Throughout this paper, we follow the following con-
vention: positive (negative) radial velocities are interpreted as
outflow (inflow). The spiral arms are trailing, which determined
the rotation sense of the gas.

We made computations at specified radii with more numer-
ous radii closer to the center. The scale height of the mock disk
was fixed to 200 pc. The masks were created by 3D-Barolo,
using the SEARCH option, which identifies emission regions. The
normalization was made locally (pixel by pixel) and we applied
a uniform weight.

We compared the tangential velocities to the circular veloc-
ity Vcirc: the expected rotation curve for circular orbits derived
from the gravitational potential Φ(R) computed from the differ-
ent components contribution (Eqs. (1)–(4)) at the selected snap-
shot T = 500 Myr. It was derived for particles at z < 100 pc, half
of the estimated scale height, using

V2
circ = R

〈
∂Φ

∂R

〉
, (6)

where the brackets represent a weighted average over a concen-
tric ring.

4. Kinematics modeling with the bar along the
kinematic axes

We considered two extreme bar orientations by aligning the bar
with the major and the minor kinematic axes of the galactic disk
(see moment maps in Fig. 1 for a low inclination itrue = 30◦).
This allows us to evaluate how these limiting configurations
affect 3D-Barolo’s recovery of the geometrical and kinematic
parameters plotted in Fig. 2.

Two well-defined winding spiral arms connected to the bar
are visible in the moment 0 map (first row of Fig. 1) and the
highest flux is along the bar, which is gas-rich. This repre-
sents the most common morphology of barred spiral galaxies
as 70% of them have two arms starting at the end of the bar
(Elmegreen & Elmegreen 1982). On the velocity field map (sec-
ond row of Fig. 1), we recognize a rotation dominated disk with
almost perpendicular kinematic axes.

We fitted both of the geometrical parameters: the PA φ and
the inclination angle i and the kinematic parameters: the tan-
gential velocity Vrot, the velocity dispersion Vdisp and the radial
velocity Vrad, plotted in Fig. 2. The gas streams along the bar
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Fig. 1. Data moment maps of the gas in the central 20 kpc produced
with the symmetrized gSb at the selected snapshot (T = 500 Myr). The
pixel scale is 0.2 kpc. The point (0, 0) corresponds to the center of the
bar. The gas component has been inclined by itrue = 30◦ and rotated so
the bar is aligned with the kinematic axes: the galaxy minor axis (left
column) and major axis (right column). First row: Integrated intensity
maps (moment 0) in logarithmic norm. Second row: Mean velocity field
(moment 1) maps. The black curves show the isovelocity contours of
levels [−150, −100, −50, 0, 50, 100, 150] km s−1.

in elongated orbits, with a velocity higher than circular at the
pericenter, and lower than circular at apocenter. When the bar
is along the minor kinematic axis, the higher tangential veloc-
ity component is mostly orthogonal to the major axis in the bar
region so the rotation curve is higher than the circular velocity
(left column, third row, panel of Fig. 2). When the bar is aligned
with the major axis, the higher tangential velocity component
projects along the major axis and is not observed. The recov-
ered rotation curve is instead lower than the circular velocity
(right column, third row, panel of Fig. 2). In the latter case, the
bar lies along the projected axis that is least affected by inclina-
tion errors, so the rotation curve is less sensitive to inclination
changes. 3D-Barolo retrieves well those effects.

Because radial motions project onto the minor axis, the bar-
driven radial component is absent in the recovered kinemat-
ics when the bar is aligned with the major axis (right column,
last row, panel of Fig. 2), whereas a nonzero radial component
appears when the bar is along the minor axis (left column, last
row, panel of Fig. 2). These amplitudes remain lower than in the
±45◦ configurations, explaining our choice of dedicated analy-
sis of those orientations in Sect. 5. Finally, when radial contri-
bution is almost zero, that is when the bar is along the major
axis, 3D-Barolo cannot explain the bar effects by fitting radial
velocities, so it shifts the PA by up to 55◦ within the bar region
(R < 2.5 kpc).

5. Kinematics modeling with the bar at ±45◦ from
the kinematic axes

We also studied four configurations shown in the different rows
of Fig. 3. The moment 0 and moment 1 maps of the gas are
shown in the left and middle columns of Fig. 3 for an interme-
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Fig. 2. Each column corresponds to one bar orientation of Fig. 1. Left
column: Bar along the minor axis. Right column: Bar along the major
axis. Parameters fitted by 3D-Barolo with a free PA and a free incli-
nation angle. Each marker corresponds to one “true” inclination value
itrue ∈ ±[30◦, 80◦], the one we input to create the cube. The different
parameters are plotted as a function of the galactocentric radius and the
blue area highlights the bar region. First row: PA obtained at the end
of step 1. Second row: Inclination angles obtained at the end of step
1. Third row: Rotation curves obtained after step 2. The black curve
represents the expected circular velocity (Eq. (6)) computed from the
gravitational potential (Eq. (4)). Fourth row: Radial velocity with the
sign convention: negative toward the center.

diately inclined disk, itrue = 40◦ in different configurations. The
gas particles have been rotated so the bar can be oriented at ±45◦
from the major and minor kinematic axes once the disk has been
inclined. In the moment 1 maps (Fig. 3, middle column), the disk
is dominated by rotation but the kinematic major and minor axes
are not perpendicular, especially in the bar region. The isove-
locity contours (black lines on the moment 1 maps) draw the
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characteristic S-shaped pattern revealing an oval distortion of
the potential along the bar (Combes et al. 1995).

The only difference between configurations (a) and (c), and
between (b) and (d), is the orientation of the bar. This orien-
tation modifies the projection of the gas velocity vector onto
the minor axis, thereby influencing whether the radial velocity
is interpreted as inflow or outflow (see right column of Fig. 3).
Conversely, configurations (a) and (d), as well as (b) and (c), dif-
fer only by which side of the disk is closest to the observer. This
distinction affects the interpretation of the radial velocity as it
reverses the apparent sense of gas rotation.

We modeled the gas kinematics in the configurations pre-
sented in Fig. 3 at inclination angles itrue ∈ [30◦, 80◦] with the
following input parameters combinations in 3D-Barolo:

– A free PA and a free inclination angle (Sect 5.1),
– A fixed PA and a free inclination angle (Sect 5.2),
– A free PA and a fixed inclination angle (Sect 5.3),
– A fixed PA and a fixed inclination angle (Sect. 5.4).

5.1. Results with a free PA and a free inclination angle

The parameters fitted by 3D-Barolo with a free PA and a free
inclination angle in the different configurations of Fig. 3 are plot-
ted in Fig. 4. Depending on the configuration and the true incli-
nation angle, the program uses either a median value or a Bezier
interpolation for the geometrical parameters. Bezier interpola-
tion is predominant among the fits of the geometrical parame-
ters, meaning that the dispersion is usually more than 3◦ for the
PA and i.

The lower the inclination, the further the PA estimated by
3D-Barolo in the region R < 4 kpc is from the expected PA of
φ = 270◦ (first row of Fig. 4). This region corresponds to an area
larger than the bar region (R < 2.5 kpc), but errors are significant
within this area. Beyond 4 kpc, the computed PA corresponds
to the correct value we used as a fixed input in Sect. 5.2, φ =
270◦. However, inside the bar, 3D-Barolo tends to oppose the
PA to the bar orientation when it is at ±45◦. This is likely due to
the influence of the spiral structure around the bar. For a highly
inclined disk (itrue = 80◦ in all configurations and also itrue = 70◦
in configurations (c) and (d)), 3D-Barolo computes the right
PA even in the bar region. The bar is less observable in almost
edge-on disks and the algorithm seems to ignore its effect on the
geometrical parameters in this case.

When the bar is at ±45◦ from the kinematic axes (first row
of Fig. 4), the PA varies more than when the bar is along the
minor axis but less than when the bar is along the major axis
(first row of Fig. 4). With a free inclination angle, the maximum
PA variation is

– ∆φmax ' 55◦ for the bar aligned with the major axis,
– ∆φmax ' 36◦ for the bar at ±45◦,
– ∆φmax ' 17◦ for the bar aligned with the minor axis.

The more the bar affects the tangential velocity, the more
3D-Barolo attempts to compensate for this effect by modifying
the PA.

Across all four configurations and true inclination angles, the
Bezier curves computed for i (second row of Fig. 4) follow a
similar trend: the inclination angle decreases around the bar end
(from R ∼ 2 to 2.5 kpc), and then it oscillates around a value
close to itrue. When 3D-Barolo finds a median value for the
inclination, it is systematically underestimated by a few degrees
(between 1.1◦ and 4.3◦).

All the rotational curves (third row of Fig. 4) should be
identical as they represent the deprojected tangential velocity.
However, we notice large discrepancies in the bar region, espe-

cially for the lowest true inclination angles. This is caused by
the wrong estimation of the PA and i in the same region. The
bar is about 5 kpc long so we expect the rotation curve to be
wrongly estimated for R < 2.5 kpc. The geometrical parameters
have a great influence on the modeling of kinematic parame-
ters; for example, in configuration (d) at the lowest inclination
itrue = 30◦, the rotational curve is wrong even outside the bar
region because the inclination angle, found by 3D-Barolo dur-
ing a previous step, was underestimated. They are responsible
for the differences between rotation curves in a same config-
uration or at the same true inclination. The rotational velocity
computed by 3D-Barolo is similar to the circular velocity Vcirc
for R > 4 kpc (third row of Fig. 4), so outside the bar region
the gas orbits are circular. However, between 6 and 9 kpc, which
seems to be in the spiral arm region, 3D-Barolo finds a tan-
gential velocity 10–20 km s−1 higher than the expected circular
velocity in configurations (a) and (b).

The opposite signs of the recovered radial velocities (fourth
row of Fig. 4) reflect the symmetry between the configurations.
In the bar region (R < 2.5 kpc), 3D-Barolo retrieves inflow in
configurations (a) and (b), whereas their symmetric counterparts,
configurations (c) and (d), show outflow, although with smaller
absolute radial velocities. These differences arise from the vari-
ations in the tangential component induced by the incorrect esti-
mation of the geometrical parameters.

The modeled moment 1 maps by 3D-Barolo and the resid-
uals maps (model subtracted from the data) at the lowest incli-
nation (itrue = 30◦) are presented in Fig. 5, with each row corre-
sponding to a configuration of Fig. 3. The corresponding param-
eters are plotted in Fig. 4 with blue triangles. We see that the
modeled velocity fields do not match the data, especially in the
bar region where the residuals are actually bar-shaped, more
clearly in configurations (a) and (b) (first two rows of Fig. 5).
The bar-shaped residuals demonstrate that the bar is the pri-
mary source of the modeling errors, and that the radial veloci-
ties recovered by 3D-Barolo do not incorporate the bar-induced
elliptical orbits.

5.2. Results with a fixed PA and a free inclination angle

We fixed the PA at φ = 270◦ to prevent the code from misinter-
preting the bar-induced distortions as a kinematic warp, as often
occurs when PA is left free (see Moisseev & Mustsevoi 2000 and
Sect. 5.1). The parameters fitted by 3D-Barolo with a fixed PA
and a free inclination, in the configurations presented in Fig. 3,
are plotted in Fig. 6.

For the lowest inclination angles (30◦ ≤ itrue ≤ 50◦), we
observe that Vrot decreases from the galactic center to around
2.5 kpc, the end of the bar. Vrot reaches lower values in configura-
tions (a) and (b) (apparent inflow configurations) but the trend is
similar for the same inclinations in configurations (c) and (d). On
the opposite, for the highest inclinations (60◦ ≤ itrue ≤ 80◦), the
fitted values of Vrot are higher than the expected circular velocity
in the same region for all configurations. Especially at itrue = 80◦,
in the bar region, the rotational velocity is higher than 300 km s−1

in configurations (b) and (d). In configuration (d), for the lowest
inclined disk (itrue = 30◦), 3D-Barolo computes higher values
of Vrot due to its wrong estimation of the inclination angle in this
case. This error was not caused by the PA estimation as this case
is similar to the results obtained with a free PA (see third row,
last column panel of Fig. 4).

In configurations (a) and (b), 3D-Barolo finds an inflow
within R < 4 kpc for all inclination angles, consistent with the
bar location (R < 2.5 kpc) and projection of the gas velocity vec-
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Fig. 3. Each row corresponds to one configuration. Left column: Moment 0 maps. Middle column: Moment 1 maps. The gas component has been
inclined by itrue = 40◦ and rotated so the bar could form a 45◦ angle with respect to the galaxy kinematic axes. The image parameters and the
isovelocity contours are the same as in Fig. 1. Right column: Corresponding bar diagram with the radial motion interpretation according to the gas
velocity vector projected on the minor axis in red and the major axis in green.

tor along the minor axis (right column of Fig. 3). In configura-
tions (c) and (d), 3D-Barolo detects an outflow within the same
radius for all inclination angles itrue ≤ 70◦, which also matches
the expected projection effects. The unexpected sign of radial
velocities for itrue = 80◦ at R < 4 kpc are due to the wrong
estimation of the rotation curve at this inclination. The radial

velocities computed by 3D-Barolo reach values exceeding 50%
of Vrot, indicating that projection effects can strongly bias the
interpretation of radial motions. The apparent inflows and out-
flows correspond to high velocities of up to |Vrad| ∼ 150 km s−1

in the central regions. The bar also induces a great radial compo-
nent closer to its extremities. Beyond 4 kpc, the radial velocity
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Fig. 4. Same as Fig. 2 but each column corresponds to one configuration presented in the rows of Fig. 3.

is low and similar for all configurations, confirming that the bar
is responsible for the observed variations within 4 kpc. Although
there is no bar beyond 2.5 kpc, we observe that the error propa-
gates beyond the bar region.

5.3. Results with a free PA and a fixed inclination angle

In this section, we force 3D-Barolo to use the true inclina-
tion, fixed for all rings, instead of fitting it. The PA, however,
was left free and may vary with radius. This allows us to test
whether knowing the correct inclination alone is sufficient for
accurate kinematic modeling, or whether the free PA still leads
to a misinterpretation of bar-driven motions. Parameters fitted by
3D-Barolo in the configurations of Fig. 3 with a fixed inclina-
tion angle are plotted in Fig. A.1.

The computed PA values (first row of Fig. A.1) with a fixed
inclination angle are similar to the ones obtained with a free i
(first row of Fig. 4). Fixing the inclination produces a stronger
overestimation of the tangential velocity at high inclination in
configurations (c) and (d) (second row of Fig. A.1). Once the
inclination can no longer adjust, the fit compensates for the bar-
induced noncircular motions by artificially increasing Vrot. In
the other cases, the rotational curves are similar than the ones
obtained with a free i (third row of Fig. 4).

In the case with a fixed inclination angle and a free PA, the
recovered radial velocities (third row of Fig. A.1) are similar to
those obtained with a free inclination angle (fourth row of Fig. 4)
in most configurations. However, for configurations (c) and (d) at
itrue = 70◦, where 3D-Barolo previously converged to a constant
median PA of φ = 270◦ when both PA and i were left free (see
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Sect. 5.1), fixing the inclination now forces the code to fit the PA
with a Bezier curve, which constitutes an incorrect estimation.

5.4. Results with a fixed PA and a fixed inclination angle

In general, the geometric parameters (i, PA) can be determined
assuming that the outer regions of the galaxy disks are circular,
unperturbed. Therefore, it is interesting to only fit the kinematic
parameters with a fixed PA (φ = 270◦) and inclination angle
(i = itrue). The rotation curves and the radial velocities derived
by 3D-Barolo with this combination are plotted on Fig. 7.

The results are very similar to those obtained with a fixed PA
and free inclination angle (see Fig. 6), indicating that the PA is
the most critical geometrical parameter in the kinematics model-

ing. We note less discrepancy in the tangential velocities outside
the bar region with the varying inclination angle when both geo-
metrical parameters are fixed. One difference from the previous
input parameters combinations results is that in configurations
(a) and (d), whose bar’s orientation is the same, two regimes are
observed in the rotation curves (first row of Fig. 7) depending
on the inclination angle. For an inclination of 30◦ ≤ itrue ≤ 50◦,
there is a dip feature in the bar region, discussed in Sect. 6.2,
whereas for 60◦ ≤ itrue ≤ 80◦ it is either nonexistent either less
pronounced. Similar features appear in the other configurations
but with some unexpected values. Even when they are fixed to
their true values, we observe a wrong estimation of the rotation
curves, particularly within the bar region.

6. Discussion

In Sect. 6.1, we compare the results obtained with different input
parameters combinations and evaluate how the bar orientation
and projection influence the recovered velocities. We discuss our
results with other studies done on observations in Sect. 6.2.

6.1. Comparison of the kinematics modeling at ±45◦ bar
orientation: influence of input parameters

The first limitation of our study concerns the algorithm itself.
As noted by Di Teodoro & Peek (2021), 3D-Barolo assumes an
axisymmetric disk, which is not an adequate description for a
barred spiral galaxy. When used on observations, 3D-Barolo
usually fits the geometrical parameters of the galactic disk but
even in the best cases, where the PA and/or the inclination angle
are known and fixed to a constant value, one cannot escape the
bar’s effects.

The lower the disk inclination, the more 3D-Barolo changes
the PA between the galactic center and the external parts of the
disk. This phenomenon of compensation for the complexity in
the gas kinematics due to the presence of the bar is observed
whether the inclination angle is fixed (first row of Fig. A.1) or
not (first row of Fig. 4).

In most cases, when a Bezier curve fits the inclination angle,
the mean value computed by 3D-Barolo outside the bar region
is closer to the true value when the PA is fixed at φ = 270◦ (first
row of Fig. 6) than when it is left free (second row of Fig. 4).
However, there are some exceptions in configurations (c) and
(d). 3D-Barolo tends to underestimate the median inclination
more compared to the values obtained when the PA is free to
vary (between 1.9◦ and 5.1◦ versus 1.1◦ and 4.3◦).

The rotation curves are similar whether the PA is left free
(third row of Fig. 4) or fixed (the second row of Fig. 6) outside
R > 4 kpc. At itrue = 80◦, there are unexpected high values of
Vrot in configurations (b) and (d) (second row of Fig. 6) around
R ∼ 3 kpc that are not there when the PA is free (third row of
Fig. 4) as the computed inclination was a constant median value.

The apparent radial velocities obtained by 3D-Barolo in the
bar region when the PA is left free (fourth row of Fig. 4), are
lower than with a fixed PA of φ = 270◦ (third row of Fig. 6). This
shows the degeneracy between the PA and the radial component
of the gas velocity. The mean value of Vrad within the bar region
as a function of the true inclination angle for each configuration
is shown in Fig. 8.

In general, apparent radial velocities increase with inclina-
tion for itrue ≤ 60◦. At low inclination angles, the more inclined
the galactic disk is, the more overestimated radial flows are.

For highly inclined disk, the apparent radial velocities
decrease, reaching values close to 0 for itrue = 80◦ in certain

A279, page 8 of 13



Salibur, E., et al.: A&A, 707, A279 (2026)

30

40

50

60

70

80

i (
de

g)

configuration (a) configuration (b) configuration (c) configuration (d)

bar region

50

100

150

200

250

300

350

400

450

V r
o
t (

km
/s

)

Vcirc

0 2 4 6 8 10
Radius (kpc)

150

100

50

0

50

100

150

V r
ad

 (k
m

/s
)

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

itrue

30°
40°
50°
60°
70°
80°

Fig. 6. Same as Fig. 4 but parameters were fitted with a fixed PA of φ = 270◦ and a free inclination angle.

cases. The values change a lot with the configurations and the
input parameters combination. This confirms that the bar affects
the recovery of both geometrical and kinematic parameters,
introducing substantial uncertainty in the apparent radial veloc-
ities inferred by 3D-Barolo. The low radial velocities force the
model to absorb the bar-driven noncircular motions into the tan-
gential component, producing the artificially high values of Vrot
at this inclination (second rows of Fig. 6, Fig. A.1 and first row
of Fig. 7). At this high inclination, 3D-Barolo attempts to fit
circular orbits, effectively ignoring the noncircular motions pro-
duced by the bar.

We note that the highest absolute radial velocities are
retrieved when the PA is fixed and the inclination angle is left
free (gray markers in Fig. 6). In this case, the mean radial veloc-
ities are significant as they range from |〈Vrad〉| ' 29 to 84 km s−1

for itrue ≤ 70◦. Since the spurious mass flow rates scale with
velocity, this could result in substantial overestimates of the spu-
rious mass flow rates. Because the bar breaks axisymmetry, mod-
els that impose a fixed PA or assume circular motions misinter-
pret the bar-driven velocity field, often yielding spurious detec-
tions of radial flows.

6.2. Comparison with previous studies

Wong et al. (2004) already demonstrated that the nonaxisym-
metric nature of spiral galaxies can lead to false detections of
inflows in the inner disk. Using CO and HI interferometric data,
they found that elliptical streaming within the bar dominates

noncircular motions, leaving no significant inflow. Unlike 2D
Fourier decomposition that was used by Wong et al. (2004), 3D-
Barolo fits the full spectral cube. In this work, we therefore
examined how such 3D modeling responds to the nonaxisym-
metric motions generated by a bar, and how it still leads to spu-
rious inflow signatures.

In a large HI survey, Di Teodoro & Peek (2021) found that
the strongest apparent radial velocities were always associated
with bars or spiral arms, i.e., nonaxisymmetric structures. Our
results confirm that bars systematically increase the uncertainty
in Vrad and can easily mimic radial flows.

Even when the geometrical parameters are set to their true
values, the rotation curve estimations are incorrect due to the bar.
Similar results are obtained by Liu et al. (2025) using a tilted-
ring method without a radial velocity while fixing the inclina-
tion at i = 45◦ and the PA at φ = 0◦. They find that the rotation
curves were strictly dependent on the bar’s orientation in the sky
plane. Their simulations at ∆φ = ±45◦ (see their Fig. 1) respec-
tively match our configurations (c) and (a) of Fig. 3 because
the gas rotates clockwise, with ∆φ the difference between the
galaxy’s PA and the bar’s. In these cases, they identify a “dip”
feature in the rotation curves within the bar region: a central
value higher than the circular velocity followed by a local mini-
mum still within the bar region. We observe the same feature on
the rotation curves derived for 30◦ ≤ itrue ≤ 50◦ (Fig. 7) in all
configurations, unlike Liu et al. (2025) who found a peak when
∆φ is negative that we do not retrieve. They also studied the rota-
tion curves of 45 galaxies from the PHANGS-ALMA survey,
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including 29 barred galaxies. The dip feature is observed in
9 of the 11 galaxies with |∆φ ≤ 40◦|. According to Liu et al.
(2025), the strength of the bar is related to the strength of the
dip. Although the feature is not dominant in the sample of barred
galaxies, its absence in the sample of nonbarred galaxies shows
that it is indeed bar-induced. They suppose this is due to bar
orientation. Additionally, identifying such features is compli-
cated by other sources of changes in rotation curves, such as
spiral arms or massive bulges within the bar region. Besides
that, they propose a misaligned ellipses model showing how pro-

jection creates velocity artifacts that can be misinterpreted as
radial flows, as we demonstrate. Because this geometric model
alone cannot fully recover the intrinsic circular velocity, they
further introduce an empirical, first-order correction to the rota-
tion curve. This correction is based on calibrating the systematic
deviations induced by the bar as a function of bar-disk position
angle offset and radius.

In this work, we used a simulated galaxy but several
observed galaxies that have been modeled with 3D-Barolo
show the pattern we highlight in this study: apparent inflows or
outflows in barred regions are often projection artifacts. Below,
we compare our results with some of these studies.

NGC 1808, a strongly barred late-type spiral galaxy
(de Vaucouleurs et al. 1991), is known for having large-scale
outflows perpendicular to the disk, due to star formation
(Salak et al. 2016). Audibert et al. (2021) derived CO kinemat-
ics with 3D-Barolo and found large radial velocities in the cen-
tral 500 pc, where a nuclear spiral is present. From 3D-Barolo’s
interpretation, there was an apparent inflow. An inflow was con-
firmed by gravitational torque analysis, which showed negative
azimuthally averaged and gas-weighted torques consistent with
true inflow, but with lower amplitude. At smaller scales, they
identify the variations of the PA as perturbations caused by the
decoupling of the torus. In our case, the scale is too large to be
affected by nuclear structures like this, but this result shows that
a changing PA could be attributed to many physical phenomena
as a warped disk, a bar that has not been identified or a torus at
smaller scales. A similar case is the barred galaxy NGC 613, in
which Audibert et al. (2019) observed and characterized both a
radial inflow through gravity torques, and an outflow perpendic-
ular to the disk.

In contrast, in NGC 7172, Alonso Herrero et al. (2023)
reported an apparent radial molecular outflow in the bar region,
whereas gravitational torque analysis revealed an inflow instead.
Using ALMA CO(3-2) data, they found significant noncircu-
lar motions within the molecular ring, associated with an S-
shaped velocity pattern consistent with an inner Lindblad res-
onance, as well as an ionized gas outflow, perpendicular to the
disk. When radial motion was not included in the 3D-Barolo
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2 maps. Top row: gSb model with an inclination of itrue = 30◦. Bot-
tom row: Same model with an inclination of itrue = 60◦, both shown for
configuration (a) (see Fig. 3).

model, nonaxisymmetric residuals appeared precisely where the
molecular ring is observed, while the modeled rotation curve
deviated from the data both in the inner disk and at the edges
of the ring (R ∼ 3−6 kpc). Adding a radial component improved
the fit though spurious velocities (Vrad ∼ 50 km s−1) persisted
well beyond the ring. The authors argued that a central bar
could explain these kinematic signatures: it produces an appar-
ent molecular outflow that is in fact a projection artifact, while
the true motion confirmed by simulations and torque analysis
is a molecular inflow driven by the bar’s gravitational forces.
Thus, as in our results, the bar-induced radial velocities propa-
gate beyond the bar region.

Esposito et al. (2024) found similar effects: adding a radial
component improved the fit near the nucleus, yet 3D-Barolo
still misinterpreted velocities in the bar region. Because of the
high disk inclination, the presence of a bar remains uncertain,
and the authors considered the measured radial velocities as
upper limits.

Finally, García-Burillo et al. (2014, 2019) used ALMA data
to model the CO kinematics in the circumnuclear disk of the
barred galaxy NGC 1068. Fourier decomposition revealed inflow
along the stellar bar. They also detected a molecular outflow,
consistent with AGN feeding and feedback. However, the appar-
ent inflow outside the bar was attributed to projection effects
combining bar and spiral arms.

Across these different systems, a consistent picture emerges:
radial velocities derived from axisymmetric models in barred
regions should be considered upper limits rather than direct
measurements of gas inflow or outflow. Combining kinematics
with gravitational torque analysis or multitracer observations is
essential to distinguish true radial flows from projection-induced
artifacts.

Dall’Agnol de Oliveira et al. (2026) modeled the CO kine-
matics in three Seyfert galaxies: NGC 6860 (an (R’)SB(r)b
galaxy), Mrk 915 (Sa), and MCG-01-24-012 (SAB(rs)c), using
ALMA data. They identified regions with double-peak (DP)
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Fig. 10. Position-velocity diagrams along the major axis at φ = 270◦
(top panel) and minor axis at φ = 0◦ (bottom panel) for gSb inclined at
itrue = 40◦ in configuration (a) of Fig. 3. The red contours are the best fit
from 3D-Barolo obtained with a free PA and a free inclination angle
(see Sect. 5.1).

spectra, which arise when the LoS intersects multiple gas
components with distinct kinematics. Maschmann et al. (2023)
found that bars alone can generate a DP signature for certain
viewing angles, without inflows, outflows, or mergers. Their
study also shows that DP signatures can simply result from the
central shape of the rotation curve or the presence of multiple gas
components. Thus, residuals from a rotating-disk model alone
do not provide sufficient information to distinguish whether DP
profiles originate from separate gas components along the LoS
or from velocity gradients induced by nonaxisymmetric motions
such as those from the bar. In the gSb model, we also find double
and triple-peak profiles within the bar, despite the absence of any
imposed inflow or outflow (Fig. 9). Their occurrence is strongly
inclination-dependent and arises purely from the projection of
elliptical bar orbits. This demonstrates that multiple spectral
components cannot be uniquely attributed to radial flows with-
out additional constraints. Dall’Agnol de Oliveira et al. (2026)
additionally report noncircular motions in position-velocity (PV)
diagrams along the minor axis (see their Fig. 6), which they
attribute to disturbed CO kinematics. In our simulated barred
galaxy, similar features arise naturally from the projection of
bar-driven elliptical orbits (Fig. 10), without any actual radial
inflow or outflow. This suggests that some of the observed sig-
natures may also be consistent with nonaxisymmetric streaming
motions. Consequently, part of the radial flows reported in the
three Seyfert galaxies, could arise from this degeneracy between
true radial motions and the LoS projection of elliptical bar orbits.

We showed that projection effects can induce a misinter-
pretation of radial motions in barred spiral galaxies. Identify-
ing nonaxisymmetric structures is therefore a prerequisite before
interpreting apparent radial motions as genuine inflows or out-
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flows. In particular, true radial inflows of gas are expected to be
weak on average. They can be reliably measured through gravi-
tational torque computations or by comparing them with numer-
ical simulations that match observations. The latter approach
can in principle provide detailed constraints, but in practice it
requires constructing dynamical models that closely reproduce
the observed morphology and kinematics, which is challenging.
In addition, kinematic methods based on gas flows along bar
dust lanes, calibrated using numerical simulations, offer another
way to estimate inflow rates (e.g., Sormani & Barnes 2019;
Sormani et al. 2023). These methods assume that, in the frame
co-rotating with the bar, the gas velocity vectors are approxi-
mately aligned with the dust lanes. They further rely on simula-
tions to calibrate the fraction of gas that overshoots the nuclear
ring and join the other bar lane. As a result, the dust lanes
approach provides valuable constraints on noncircular motions
and on the gas angular-momentum loss. However, translating the
kinematics measured along dust lanes into net inflow rates still
depends on the extent to which the adopted simulations capture
the true gas dynamics of individual galaxies.

7. Conclusions

We used a simulated giant barred spiral galaxy from the GalMer
database, symmetrized and convolved with a Gaussian beam, to
produce a mock data cube. Modeling its gas kinematics with
the tilted-ring algorithm 3D-Barolo demonstrates that the bar
induces significant errors in the recovered rotational velocity,
which in turn lead to spurious radial velocities and potential mis-
interpretations of radial flows.

We explored different configurations by varying the bar ori-
entation on the plane of the sky, aligned with the kinematic axes
and at ±45◦ from them, and by changing the near side of the
disk through inclinations itrue ∈ [30◦, 80◦] in 10◦ steps. When
the bar is not aligned with the major axis, 3D-Barolo com-
putes nonzero radial velocities that correspond to the projection
of gas motions along elliptical orbits. Apparent inflows or out-
flows arise depending on the specific configuration due to the
projection of the radial component along the minor axis.

We fitted the PA, inclination angle, tangential velocities, and
radial velocities with 3D-Barolo. The algorithm often adjusts
the PA in the bar region to compensate for noncircular motions,
while the fitted inclination angles generally follow Bezier curves
with mean values close to the true input. The rotation curves are
accurately recovered outside the bar, but within the bar region
3D-Barolo systematically fails to recover the rotational velocity.

To compensate for this, the algorithm computes significant
radial velocities, up to |Vrad| ∼ 150 km s−1 at some radii within
the bar region, independently of the bar orientation and the near
side, especially when the PA is not fitted. The mean radial veloc-
ity within the bar (R < 2.5 kpc) can reach 84 km s−1 when the
PA is fixed to its correct value (φ = 270◦). These projection-
induced artifacts may lead to spurious mass flow rates and even
inversions of the inferred flow direction, which highlights the
risk of misinterpreting inflows and outflows when the underly-
ing motions are dominated by elliptical bar orbits. Because our
study is based on a single barred galaxy model and a specific
kinematic fitting algorithm, the bias amplitudes are only approx-
imate.

Overall, our results demonstrate that bar orientation and pro-
jection alone can produce apparent radial motions that mimic
inflows or outflows, even in the absence of any true radial gas

transport. This highlights the risk of overestimating mass flow
rates or misinterpreting the nature of radial flows when relying
solely on axisymmetric kinematic models such as 3D-Barolo.
Accurate assessments of gas dynamics in barred galaxies there-
fore require complementary morphological and dynamical anal-
yses, such as gravitational torque calculations, to distinguish
genuine radial motions from projection-induced artifacts.
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Appendix A: Plot of the fitted parameters for a free
PA and a fixed inclination angle
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Fig. A.1. Same as Fig. 4 but parameters were fitted with a free PA and a fixed inclination angle (i = itrue).
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