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Abstract. We have explored the consequences of ignoring non-circatgions
in galactic orbits by performing synthetic observationsgimulated disk galaxy. We
have obtained a synthetic rotation curve and estimatedtbeseén measured kinematic
distances. Theneasuredotation curve had been found to have features similar to the
one measured for the Milky Way Galaxy, andfdris from thereal rotation, i.e., the one
obtained from the background potential imposed in the satmarh. When theneasured
rotation is used to estimate distances, the error is j 0.&kpoost of the disk and larger
at the locations of the spiral arms, therefore selectivélgciing objects related to the
spiral structure. The distance errors were actually landem we used thesal rotation
curve. If we use kinematic distances under the assumpti@irailar orbits in order
to reconstruct the structure of the model galaxy from thetsstic I-v map, we obtain
a quite distorted picture of the galaxy. If we, instead, ass@a non-circular velocity
model and use it to determine distances, most of densitgtanel in the numerical
model is recovered.

1. INTRODUCTION

Since the classic work by Oort et al. (1958), there have besmyrattempts to use the
kinematic properties of the fiuse gas to determine the large scale spiral structure of
the Milky Way. Very early in the study of the Galaxy, it was el@hined that the orbits
of the disk components of the Galaxy were not verffedent from circular, with an
orbital frequency that decreases monotonically as a fonaf galactocentric radius.
These facts allow the use of the kinematic distance methedfiast approximation to
map the gaseous component of the galactic disk. Neverthdtewas soon realized
that the deviations from circular orbits, however small bs@ute value, might have
a strong impact on how we see the Galaxy. The main goal if tloidis to further
explore the fects of non-circular motions in the image one would obtaithefGalaxy
when we rely on the kinematic method for distances. An olesasr/imagined inside
the numerical model of a galaxy, which is assumed similah&Nlilky Way, and the
analysis that this observer would perform is reproduced.

2. THESIMULATION

The initial setup consisted of a gaseous disk with an exg@iatensity profile in the
radial direction. The equation of state for the gas was &otlal withT = 10* °K. This
disk was threaded by a magnetic field, with an intensity.895G atR, = 8 kpc.
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Figure 1.  Density distribution of the simulation after 1 @fevolution. The Sun
symbol shows the position chosen for the imaginary obsetvés noticeable that,
although the perturbation has only two arms, the gas respghswvs four arms.

The gas initially follows circular orbits, with a velocityivgn by the equilibrium
between the background gravitational potential (Dehnenign&y 1998, model 2),
the thermal and magnetic pressures, and the magnetic tienstee equilibrium was
then perturbed by a two-armed spiral potential (Pichardal.e2003). The perturba-
tion rotates with an angular spe€p = 20km stkpc! (Martos et al. 2004a,b). It
is worth mentioning that the perturbing potential does rmtenthe usual sinusoidal
profile, and that its parameters (total mass in the armd) pitgle, pattern speed, etc.)
were constrained so that the pattern is self-consistemteistellar orbits sense.

Figure 1 shows the simulation after 1 Gyr of evolution. It @ticeable that, al-
though the perturbation consists of two spiral arms, thefgass four arms (two pairs
with piE)ch angles of 9 and 1% each, as opposed to the perturbation with a pitch angle
of 15.57).
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Figure 2.  Line-of-sight component of the velocity field asuadtion of galactic
longitude and (real) distance to the observer, with corst@wery 50km s (the
thicker contour marks the, = Okm s level). The dotted line shows the locus of
the tangent points, while the circles show the positionshatkthe terminal velocity
is reached.

3. THE ROTATION CURVE

Local maxima in column density vs. galactic longitude plfaisthe difuse gas are
usually interpreted as the directions at which the linesigft is tangent to spiral arms.
By moving the observer around the solar circle, at 8 kpc inrlmmerical model, the
number and positions of the local maxima can be fitted to tlsemed values for the
diffuse gas. In this work, the chosen directions were those tangéhe locus of the
spiral arms proposed by Taylor & Cordes (1993).

Once a position for the observer is chosen, the next steprdoweadculating the
kinematic distances is to adopt a rotation curve for the Eted galaxy. For the inner
galaxy ¢ < R), the standard procedure consists in searching for thariatwelocity
of the gas. If one assumes that the gas orbits are circulatetminal velocity arises
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Figure 3. a) The rotation curve given by the background gak(solid line),
compared with the measured rotation curve. For the innexxgaboth the rotation
measured for positive (dotted line) and negative longisu@ashed line) are pre-
sented. The rotation curve corresponding to the outer gadaadso shown (dashed-
dotted line). b) The rotation curve given by the backgrouateptial (solid line),
compared with the average of the north and south rotatiovesuidotted line) and
the mean azimuthal velocity of the gas in the simulationlfdddine). Notice that
both the mean velocity and the mean rotation curve are alb@vbackground rota-
tion curve for most of the radial domain.

from the point at which the line-of-sight is tangent to theigrand so, the galactocentric
radius of the emitting gas is known.

Figure 2 shows the line-of-sight component of the veloc#ydii The figure also
shows the actual positions at which the terminal velocitg&ched for a given galactic
longitude, l. Although the distance between those terminal-velocitinisoand the
tangent points is typically small, the non-circular mosamnd spiral shocks generate
kpc-scale deviations and discontinuities in the termirécity locus. Since those
deviations happen at the positions of the spiral arms, thiygenerate larger errors
at the vicinity of the arms, and will stronglyffact the observer’s view of the spiral
structure of the model galaxy.

For the outer galaxyr(> R5), the usual procedure to determine the rotation curve
involves looking for sources with independently known aigte and measuring their
line-of-sight velocity (Brand & Blitz 1993, for example) his procedure was simulated
by assuming that the observer finds such a source at eachgbaie numerical grid
outside the solar circle. It is assumed that the distancesdio sources are less reliable
the farther they are from the observer. So, the circularcigidor the outer galaxy was
taken to be the weighted average of the de-projected lirsigbit velocities for all the
points in the numerical grid.

Figure 3(a) shows the so obtained rotation curves, togettibrthe rotation con-
sistent with the background gravitational potential. Thelmern rotation curve is lower
than the southern rotation at5kpc < r < 5.5kpc, while the opposite is true up to
r = Ry, in agreement with the rotation curve reported by Blitz & @jed (1991).

In order to try to recuperate the true (background) rotatiiat should more
closely trace the large scale mass distribution, the aeebagh northern and south-
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Figure 4.  Error in the measured kinematic distantd) (obtained under the as-
sumption of circular orbits following (a) the measured tiota curve, and (b) the
rotation given by the background potential. Although th@ein most of the galac-
tic disk is of the order of B kpc, it is significantly larger at the positions of the
spiral arms. The errors in measured kinematic distancetaeger when the real
(background) rotation curve is used.

ern rotation curves was taken [see fig. 3(b)]. Although tisaltés smoother and closer
to the rotation consistent with the background potentias, $till systematically higher
(in agreement with the results reported by Sinha 1978). Weradpproach is to take the
full velocity field and average the azimuthal velocity of tjes (Brand & Blitz 1993).
The result, also shown in Figure 3(b), is much closer to thoidpaund rotation, but it
is still systematically larger.

4. ERRORSIN THE KINEMATIC DISTANCE

After adopting a rotation curve, and assuming that the gi®afe circular orbits, the
errors in the measured kinematic distances can be estimatzmparing the measured
with the real distance in the simulation. Figure 4(a) showchsrror for the model. It
is noticeable that although the errors are of the order®kfc in most of the galactic
disk, they are significantly larger at the positions of theadparms. This fact has a
special impact in studies of the spiral structure of the @akhat rely on kinematic
distances, since it distorts the image the observer wouldrgte (se§4.1).

There is another significant feature in Figure 4. Although tierminal velocity
does not really arises from the tangent point, the circulbit®assumption assigns gas
observed near terminal velocity to that point. This factegates a feature in the errors
that corresponds to the locus of the tangent points. Aghimetror is significant at
the position of the spiral arms and would generate larga®inothe determination of
distances to objects that trace the spiral structure.

The assumptions of circular orbits andfdrent rotation curves for positive and
negative longitudes are, of course, inconsistent. Ondisnlis to fit a single rotation
curve to both sides of the Galaxy. In order to test this methioe average of both
rotation curves was taken and the equivalent of Figure 4ée) calculated. The result
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Figure 5. [eft)) Re-mapping of the gas distribution resulting from the kiragic
distances using the measured rotation curves in FigureaB@gassuming circular
gas orbits. Notice the regions near the tangent points ancltiotation circle, where
little or no gas is mapped toR{ght) Re-mapping of the gas distribution, but using
the full velocity field to recover the density distributioklost of the characteristics
of Figure 1 are recovered, although some spurious struapysears.

was that the magnitude of the error in the kinematic distaneas approximately the
same, but the area with errsr0.5 kpc spanned a larger fraction of the disk.

Suppose now that the imaginary observer somehow managédsaio the large
scale distribution of stellar mass in the model galaxy. Mnsld allow the determi-
nation of the real rotation curve from the background axisyatric potential. If the
observer now uses that real rotation to determine kinendétances, even larger dis-
tance errors would be obtained, specially for the innengalas shown in Figure 4(b).

Although intrinsically inconsistent, the two ftkrent measured rotation curves
were used in the remaining of this investigation since that@dure leads to smaller
distance errors.

4.1, The Galaxy Distorted

Consider now that the imaginary observer tries to studypiralsstructure of the galaxy
he/'she lives in. The procedure would consist of translatingldhgitude-velocity data
into a spatial distribution using the kinematic distandes tesult from the assumption
of circular orbits that follow the measured rotation curifde resulting map is shown
in the left panel of Figure 5. Notice that the features in Fégll all but disappear,
while new fictitious features, like the structure in the ouBalaxy, are formed as a
conseguence of the oscillations in the outer rotation curkso significant are the
regions where little or no gas is assigned by the mapping ehathe bands near the
corotation circle and the quasi-triangular regions neatamgent point locus.

The imaginary observer would likely conclude that/hé& home galaxy has 2 ill-
defined spiral arms. If a logarithmic spiral model were fdrcan~ 11° pitch angle
and a density contrast much stronger than that in the modeadwi® found.

Another possibility for determining the distance to a gagcglaconsists in com-
paring the line-of-sight velocity of the parcel with the gieted velocity obtained from
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some model for the galactic structure. For the numericaleghddscribed ir§2, given
a galactic longitude, Figure 2 is searched for the requieddocity, and the correspond-
ing distance is read out. Notice that the non-circular mm&imtroduce new distance
ambiguities for certain longitude-velocity values (up fig &lthough 3 is a more typical
number). When these ambiguities appear, they happen deseh other, making their
resolution dfficult. So, when reconstructing the map of the galaxy, the gasity was
equally split among these positions.

The result is shown in the right panel of Figure 5. The newadist ambiguities
still introduce spurious structure, like the splitting detspiral arms. Nevertheless,
the number and position of the arms, the structure arounatdhatation radius and
the lack of features in the outer galaxy are recovered. Tlaginary observer would
likely conclude that hifer home galaxy has 4 arms witR ind 125° pitch angles,
although hg¢she would also find non-existing bridges and spurs. On ther dthnd,
it should be considered that the imaginary observer doesa®thermal nor turbulent
line broadening. When these are considered, some of thimgpwtructure might blend
with the real structure and thus, iffect, dissapear.

5. DISCUSSION

The dfect of the circular orbits assumption on our idea of the lame structure of
the Galaxy was explored. Since these errors might be quie k&t the position of the
spiral arms, the study of the spiral structure of the Galaxy @bjects associated with
it is particularly dfected.

Even if the measured rotation curve includes deviationsdbanot reflect the true
large scale mass distribution, Figure 4(a) shows that ttereim the distance are, in
fact not very large for most of the galactic disk; in fact, tistance errors that arise
from using the true rotation curve are larger. In both cakesever, the errors are
quite large at the positions of the spiral arms. If we wantde this distance method for
objects associated with the spiral structure, we need tsidennon-circular motions.
In this work, a numerical model was used to obtain the nocutar velocity field.

It has been shown that it is possible to recover most of theaasstructure of the
galactic disk using kinematic distances, as long as thev/éldicity field is considered.
Nevertheless, applying these results to the Milky Way is alerimew issue, since ob-
taining the full velocity field is not trivial. For the proceck used here, how close the
numerical simulation is to the real Galaxy remains the weaRtpf this approach.
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