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Context. The Perseus arm, the nearest main arm from the Sun, has been studied by multi-
wavelength observations and numerical simulations. It has been revealed that the Perseus arm
has an effect on gas kinematics known as the streaming motion (i.e., systematic peculiar motion),
while direct comparisons between the observations and the simulations have been limited due to
insufficient spatial/velocity resolutions.

Aims. We aim to model the peculiar motion, and to derive physical parameters of the Perseus
arm. Using the parameters, we discuss the role of the main arm in the Milky Way.

Methods. We directly compare VLBI astrometry results for the Perseus arm, including accurate
3D position and velocity information, with the analytic gas dynamics model proposedibly Pi
Ferrer et al. (2012).

Results We succeeded to explain the VLBI astrometry results with seven model parameters. The
model showed an offset between a dense gas region and the bottom of the spiral potential model.
Conclusion Astrometry results can be used to judge previous theoretical works explaining the
nature of the spiral arm (e.g., the density-wave theory, the recurrent transient spiral, etc.). The
offset predicted from our model can be confirmed by stellar astrometry (e.g., Gaia astrometry). A
combination of gas and stellar astrometry results will drastically change our understanding of the

spiral arm in the near future.
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1. Introduction

In 1964, the density-wave theory was proposed by& iShu (1964) to overcome the winding
dilemma, in which a spiral arm in a disk galaxy is destroyed within a time scale of several galactic
rotations due to the differential rotation. After that, the density-wave theory has been used to
discuss the evolution and dynamics of a spiral arm in a disk galaxy. For instance, Fujimoto (1968)
and Roberts (1969) examined non-linear gas motion perturbed by the density wave (the spiral arm)
numerically, and found the “Galactic shock” where velocity jump (non-circular motion) occurred
and the gas accumulated behind the bottom of the spiral potential (see fig. 5 in Roberts 1969).

Ever since 1960s, the density-wave theory has been supported by simulations and observa-
tions. However, the previous observations were mainly based on line-of-sight velocities (1D infor-
mation) and 2D positions on the celestial sphere, which were not enough to conduct quantitative
comparisons between the observations and the simulations in terms of both velocity and spatial
resolutions.

Since 2000s Very Long Baseline Interferometry (VLBI) technique has allowed us to conduct
Galactic-scale astrometry and to obtain accurate information about 3D positions and velocities of
Galactic masers in the Milky Way (e.g., RédHonma 2014a; Reid et al. 2014b). At the moment,
we can conduct the direct (quantitative) comparisons between the astrometry results and Galactic
dynamical models for understanding the dynamics and evolution of the spiral arm, as well as those
of the Milky Way.

For the first step we compare between VLBI astrometry results and a gas dynamics model
based on the density-wave theory in this paper.

2. Method:The least-squares fits

Table 1: Summary of the spiral potential parameters used in this paper

Parameter Dimension Notes
V@, (kms1) Amplitude of the spiral potential

Rref (kpc) Reference position of the spiral potential
i (deg) Pitch angle of the spiral potential

Qp (km s tkpcl) Pattern speed of the spiral potential

m Mode of the spiral potential

A (km stkpc™!) Damping term for gas motion

£ (km s kpcl) Co-rotation softening parameter

For comparisons between the analytic gas dynamics modebl{Pémrer et al. 2012) and
previous VLBI astrometry results (e.g., Reid et al. 2014b), we searched the minimum value of the
reduced chi-squarexf) in the analytic model parameters which were varied within appropriate
ranges. The chi-squarg?) can be simply written as
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whereg; is a measurement with an uncertaiaty andAa; is the residual between the measurement
and an expected value. We used peculiar motighar{dV) with uncertainties referred from Reid
et al. (2014b) for the measurements, and the residuals were calculated using the measurements and
the analytic model.

Table 1 displays the analytic model parameters used for a spiral potential, while we assumed
a flat rotation model (i.e.®(R) = ©g) and Galactic constants oR{, ©g) = (8.33 kpc, 240 km
s™1) to describe a Galactic axisymmetric potential. Note tBéR) shows the rotation speed at a
Galactocentric distand®. There are seven parameters of which three parameters, the amplitude,
pitch angle, and mode of the spiral potential, were fixed based on previous researches.

For the amplitude of the spiral potential, we referred to Grosbgl et al. (2004) who showed
relation between the pitch angle and the amplitude for disk (spiral) galaxies (see fig. 8 in Grosbgl
et al. 2004). Spiral amplitudes ranged betweel and~ 50 % relative to disk amplitudes in
Grosbgl et al. (2004), and therefore we fixed the amplitude between 10 dhdr&ative to the
local amplitude with an increment of 20. Note that the amplitude can be calculated by eq. (6.30)
in Binney & Tremaine (2008). Surface densiyis related to the amplitude and a local surface
densityZ, of 63.9 M., pc 2 was assumed based on Mcmillan (2011).

For the pitch angle and mode of the spiral arm, we cited Vallée (2014) who listed recent results
of spiral arms in the Milky Way. Pitch angles between 2.3 (or 5.4) and 16.5 deg were listed with
a mode of 2 or 4 in tables 1 and 2 of Vallée (2014). Note that the pitch angle of 2.3 deg was
determined based on only two sources associated the Outer arm in Reid et al. (2009), and recently
the value was modified to 138 3.3 deg based on six sources associated with the Outer arm in
Reid et al. (2014b). Thus, we fixed the pitch angle between 5 and 20 deg with an increment of 5
deg. Also, we fixed the mode to be 2 or 4.

Aside from the fixed values, we may not have to fix the reference position of the spiral poten-
tial (Ref) based on VLBI astrometry results, since the VLBI astrometry results may not trace the
bottom of the spiral potential. Therefore, we searched it with an increment of 0.1 kpc in a range
corresponding to phase betweent and +1 radian of the spiral potential frorRes = 10.4 kpc
determined by VLBI astrometry. Note that the search range&fdepends on not only the pitch
angle, but also the mode of the spiral potential. For instance, in the case of’i aelon = 4, we
searchedR¢s between 9.6 and 11.0 kpc, while we searcReg between 5.9 and 18.4 kpc in the
case ofi=20.0and m = 2.

For the pattern speed of the spiral potentfa)), we searched it between 10 and 30 km s
kpc~! with an increment of 1 kms kpc~! based on previous researches (eQp,= 11.5+ 1.5
km s ! kpctin Gordon 1978Q,, = 30 km st kpc™! in Fernandez et al. 2001).

The other two parametera @nde) are not basically observables, and therefore we searched
them in a relatively wide range. ande were searched in the same range between 1 and 30km s
kpc~! with an increment of 1 km kpc.

After the grid (discrete) search, we determined final values with errors using the formula pro-
vided by Bevingtor& Robinson (2002) as

+C, (2.2)
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wherea; is a single parameter in the vicinity of the minimum 5}) of the x? distribution, sz
is a dispersion of the single parameter, and the con€tasmt function of the uncertainties (as
explained in eq. 2.1) and the other parame#gif®r k # j.

However, we note that the error obtained from eq. 2.2 might be as a guide, since systematic

error could be dominant in the spiral potential model.

3. Results& Discussion

Table 2: Results of the least-squares fits for the spiral potential pararheters

Model #of /®,T Reef i Qp m A £ x2/d.of Memd

ID  sources

1 27 15.3 9.46+0.01 5.0 24.1+0.1 2 27.0£2.5 0.99:0.03 549/50 3% of 2,
2 27 28.1 9.39+£0.02 10.0 17.8£0.8 2 24.4t1.9 3.2£0.2 339/50 5@00f2,
3 27 34.7 9.10+£0.04 15.0 17.9+04 2 18.9%+1.7 4.2+0.1 321/50 5@0of2,
4 27 36.2 9.16£0.05 20.0 10.14+0.2 2 6.14+0.3 13.2:0.3 319/50 4@0of>,
5 27 125 9.74t0.01 5.0 241401 4 7.740.6 0.980.03 684/50 4% of>;
6 27 19.8 9.22+0.01 10.0 10.1+0.3 4 1.7+0.2 8.8£0.3 446/50 506 of 2,
7 27 246 9.0140.02 15.0 11.5:0.3 4 5.5+0.3 9.3:0.3 349/50 5000f2,

8 27 25.6 9.48t0.03 20.0 16.0:0.1 4 7.0+0.3 7.0£0.2 306/50 4@ of 2

« Bold values,/®, i, andm, were fixed in the least-squares fits (see text). The other paranitgr€)p, A,
ande, were searched within realistic values in the least-squares fits (see also text).

T\/@4 is proportional to surface densify(see eq. 6.30 in Binne§ Tremaine 2008),/®, was converted into
the local surface densify, and the value is listed in the last column (see text).

Through the least-squares fits described in the previous chapter, we determined the reduced
X2 values §?2) in various combinations of the model parameters as listed in table 2. From model
ID-1 to ID-4, the modem = 2 was fixed. The models ID-3 and ID-4 (in the cases of i = 1aid
20.0°) showed lowerx? values compared to ID-1 and ID-2. From ID-5 to ID-8, the maode 4
was fixed, and ID-8 (in the case of i = 20)&howed the minimuny?2 value in the four models.

Based on the aly? values, we regard the model ID-8 as a good model in this paper. We note
that this result is the first step result, since we have to sophisticate both the fitting procedure (i.e.,
the least-squares fit) and the analytic model. For instance, we assumed constant pitch angle and
amplitude for the spiral potential, which may not represent the real Galaxy (e.g., bifurcation and
spur of the spiral arm). However, the sophistication of the model is beyond the scope of this paper.

Figure 1 displays gas orbits model generated from ID-8. Observed and modeled peculiar mo-
tions for the Perseus arm are superimposed on the gas orbits model (see fig. 1), and also amplitude
of the spiral potential (ID-8) is represented in the figure. Interestingly, the gas orbits of ID-8 con-
centrate around the sources located in the Perseus arm, meaning that our model (ID-8) based on
the observed peculiar motions can predict the dense gas region precisely. The dense gas region is
located at outer edge of the spiral potential (see fig. 1), which is consistent wiihHeirrer et
al. (2012), but not consistent with the galactic shock proposed by Fujimoto (1968) and Roberts
(1969). The difference of the gas distribution may originate in difference between numerical (Fu-
jimoto 1968; Roberts 1969) and analytic (Bliferrer et al. 2012) solutions.
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4. Conclusion

We succeeded to conduct direct (quantitative) comparison between VLBI astrometry results
and an analytic gas dynamics model for testing the density-wave theory, while the direct compari-
son has suffered from observational limitations such as insufficient spatial and velocity resolutions
since 1964, in which the density-wave theory was proposed bwlL#hu (1964). We obtained
some indications from the direct comparison, although sophistication of the model should be con-
ducted (e.qg., bifurcation of spiral arm).

For instance, our model suggested different pitch angles of gas and (probably) stellar spiral
arms. Pitch angle of the Perseus arm was obtained to he 9.9 deg by VLBI astrometry results
in Choi et al. (2014), while that of the spiral potential model was obtained to B8 deg. The
difference of the pitch angles will be able to be judged by stellar astrometry (e.g., Gaia astrometry).
In addition, dense gas regions were deviated from bottom of the spiral potential model (see fig. 1),
which will be also judged by stellar astrometry.

In the Gaia era, a combination of gas and stellar astrometry would be a powerful tool to
discriminate several dynamics models such as the density-wave theory and the recurrent transient
spiral proposed by mainly numerical simulations (e.g., Miller et al. 1970). The model selection
will allow us to understand the origin and evolution of the spiral arm, as well as those of the Milky
Way.
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Figure 1: The gas orbits model generated from the model ID-8 listed in table 1 (Sakai et al.
2015 in submitted). Circles show previous VLBI astrometry results, and different
colors mean different regions (e.g., Red = Perseus arm; Black = Local arm; Blue
= W49N and G48.60+0.02; Green = others). Black and red arrows show observed
and modeled peculiar (non-circular) motions, respectively. Note that we assumed
a flat rotation model (i.e @(R) = ©p) and Galactic constants oR{, ©p) = (8.33
kpc, 240.0 km s?) to derive the peculiar motions. He@R) shows the rotation
speed at a Galactocentric distariRe Color bar represents the amplitude of the
spiral potential model (ID-8). Inner and outer dotted green curves show the Inner
Lindblad Resonance (ILR) and the Corotation Resonance (CR), respectively.



