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Abstract: Astrometric observations of maser sources in the Milky Way, using the Very Long Baseline
Interferometry (VLBI) technique, have been exploited to determine the spiral structure of our Galaxy.
Several major spiral arms have now been pinpointed in the first and second Galactic quadrants.
Fundamental Galactic parameters such as the distance to the Galactic Centre and the rotation curve
and speed have been determined. In this review, we discuss the latest results from the Bar and Spiral
Structure Legacy survey, the VLBI Exploration of Radio Astrometry survey and other VLBI arrays
and compare them with astrometric measurements of stars from the Gaia mission. In particular, we
present the peculiarities of the individual spiral arms and a thorough discussion of the methods to
determine different Galactic parameters as well as the obtained values.
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1. Introduction

For almost a century, galaxies have been classified depending on their shape [1].
Reference [2], for example, identified our Galaxy as a barred spiral galaxy. However, due to
the position of the Sun in the mid-plane of the Milky Way, disentangling the 3D structure
of our Galaxy has been challenging so far. On the sky, the spiral arm features, located at
different distances, are superimposed. Dust extinction increases significantly towards the
centre of our Galaxy and beyond. In addition, distances are large which requires high
astrometric precision (10 µas for a 10% accuracy at a distance of 10 kpc) to pinpoint objects
within the spiral arms.

Natural targets to locate the spiral arms in our Galaxy are early-type stars and star-
forming regions which are formed from the gas and dust reservoirs in the arms. The Gaia
astrometry satellite has now measured accurate distances to almost 1.5 billion stars [3].
However, due to the dust extinction at optical wavelengths, measurements of targets in the
Galactic plane are mostly limited to a few kpc from the Sun.

Observations at radio wavelengths, however, are not hindered by dust extinction.
The necessary astrometric precision of 10µas to locate objects even at the far side of our
Galaxy requires the Very Long Baseline Interferometry (VLBI) technique. Due to the high
angular resolution of these observations, targets need to be compact at mas levels and to
show strong emission at radio wavelengths. Ideal objects for VLBI astrometry are maser
sources in high-mass star-forming regions or around evolved stars as well as radio stars
(see, for example, the Gould’s Belt Distances Survey (GOBELINS) conducted with radio
stars [4–8]. The types of masers targeted are hydroxyl (OH) masers at 1.6 GHz, Class II
methanol (CH3OH) masers at 6.7 and 12.2 GHz, water (H2O) masers at 22 GHz, and silicon
monoxide (SiO) masers at 43 GHz. Maser emission arises in the direct surroundings of
young forming stars as well as evolved stars, pumped by either strong infrared emission
or violent collisions in disks, outflows, or winds and traces the internal kinematics of
their host stellar systems. The different excitation mechanisms lead to variability in the
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maser emission, often on timescales shorter than a year. This requires a higher cadence of
observations for certain types of masers (H2O, SiO).

In particular, maser astrometry of high-mass star-forming regions is very effective at
tracing spiral structure, because high-mass star-forming regions are located mostly in the
spiral arms. Thanks to their strong emission they are bright enough to be detected even
from the far side of the Galaxy. Several VLBI astrometry projects [9,10] over the past decade
have targeted maser-bearing high-mass star-forming regions to define the Galactic plane
and the position of the Sun relative to it. This yields the orientation of the plane as well as
the vertical distance of the Sun to it.

Together with the parallax, the proper motion of the masers is determined. To infer
the proper motion of the host system it should be taken into account that maser sources
also trace internal motions, especially for collisionally pumped maser species in winds
and outflows. These internal motions can be of the order of a few to tens of km s−1 for
methanol and water masers, respectively [11–14]. Combining the proper motions with
line-of-sight velocities, distances and positions yields the full 6D space information of
the star-forming regions. These results have been fitted with simple rotation curves to
determine the distance to the Galactic Centre as well as the 3D motion of the Sun on its
orbit around it.

In this review, we summarise the conducted observations with different VLBI arrays
in Section 2 and the applied calibration techniques in Section 3. A short summary of
the obtained Gaia results in comparison with the VLBI results is given in Section 4. We
present the spiral arm structure of the Milky Way as well as peculiarities of the individual
spiral arms in Sections 5 and 6. We proceed with a discussion of the fundamental Galactic
parameters in Section 7 before ending with a summary and an outlook to the future in
Section 8.

2. Observations and Data Calibration
2.1. BeSSeL VLBA Observations and Data Calibration

The Bar and Spiral Structure Legacy (BeSSeL) survey1 [15] is a key science project of
the Very Long Baseline Array (VLBA). The VLBA consists of ten 25-m antennas with a
maximum baseline of 8611 km. The BeSSeL observations covered the 6.7 and 12.2 GHz
methanol maser transitions as well as the 22.2 GHz water maser transition. The methanol
masers were observed for four epochs, spread over one year to optimally sample the minima
and maxima of the parallax signature in right ascension and minimize the correlation of the
parallax and proper motion signatures. Since water maser features often have life times of
less than a year, they were targeted in six epochs to ensure parallax measurements for water
maser features that were detected over at least seven months. Distant source candidates
were visited in 16 epochs to trace well the small parallax signature.

Together with each maser target, observations of two to four position reference sources
were conducted as well. Accurate positions of these extragalactic background sources were
determined in a preparatory survey with the VLBA [16]. The phase-referencing calibration
was conducted on the maser targets since they were always brighter than the background
sources. The full calibration of the data sets is described in detail in [17].

Three to four “geodetic” observing blocks were placed at the beginning, in the middle
and at the end of the phase-referencing observations. The blocks allowed the BeSSeL
team to monitor slow changes in the atmospheric delay at each telescope by observing
a number of bright extragalactic sources with well-determined positions over a large
range of azimuths and elevations [18]. Ionospheric effects were calibrated by removing
an estimate of the dispersive delay based on global models of the total electron content of
the ionosphere derived from Global Positioning System (GPS) data [19]. For the 12 GHz
methanol and 22 GHz water masers, this approach was sufficient. However, at 6.7 GHz
observing frequency, residual dispersive path-delays from this method can be a limiting
factor in determining parallaxes beyond 1 kpc. Uncompensated dispersive delays can
lead to systematic errors in the relative position between maser and quasar at each epoch,
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which in turn can lead to measured parallax gradients on the sky. Reference [20] developed
a method to mitigate these effects (see Section 3.1 for a short description and [20,21] for
more details).

The BeSSeL data were reduced using the NRAO’s Astronomical Image Processing
System (AIPS; [22]) and ParselTongue [23].

2.2. VERA Observations and Data Calibration

The VLBI Exploration of Radio Astrometry2 (VERA) array consists of four 20-m
antennas located across Japan, yielding baseline lengths between 1020 to 2270 km. VERA
maser astrometry observations are performed using the 22.2 GHz water maser transition
and, less frequently, the SiO transitions at 43.1 GHz and 42.8 GHz, respectively. The maser
targets observed for astrometry were low- and high-mass star-forming regions, red super
giants and asymptotic giant branch stars. Typically, the maser target was observed for one
year with a cadence of 1 to 2 months to track the varying maser features and sample the
parallax ellipse sufficiently. Some targets were monitored for even two or more years, and
the more variable targets had a higher cadence.

VERA antennas have a dual-beam receiver system that permits to track a maser target
and phase reference source pair simultaneously [24]. Phase reference sources were selected
from the VLBA Calibrator Catalogue [25] or from VERA calibrator observations [26,27].
Bandpass and delay calibrators were observed every 60–80 min. Amplitude calibrations
were performed through the chopper-wheel method [28]. The typical frequency setup
consisted of 16 spectral windows of 16 MHz bandwidth each. One of the spectral windows
was centred on the maser target using a high spectral resolution of 15.625 kHz or 31.25 kHz,
while the remaining spectral windows were used for recording continuum emission of the
phase reference source.

The observations were corrected for tropospheric and ionospheric delays based on GPS
measurements and meteorological data [29]. Further VERA-specific corrections included
a path length correction, to remove differences in path lengths for the maser and phase
reference targets, which were determined by inserting an artificial noise source in the
observed signal (see [24] for more details). Instrumental delays and phase offsets between
spectral windows were corrected by fringe fitting a bright calibrator source. Phase and
delay solutions were determined on the phase reference calibrator and applied to the
maser target. For weak phase reference sources, the inverse phase calibration method was
implemented, fringe fitting a bright maser channel and applying the solutions to the phase
reference source. Both methods deliver relative maser-phase reference source positions
necessary for parallax and proper motion astrometry.

VERA data calibration was performed using AIPS [22] and the VEra Data Analyzer
(VEDA) package [30].

2.3. Astrometric Observations with Other Telescopes
2.3.1. The European VLBI Network

References [31,32] measured the first 6.7 GHz methanol maser parallaxes. This tran-
sition is particularly interesting to explore for astrometry because it is brighter and more
ubiquitous than the 12.2 GHz methanol maser emission and found to be exclusively as-
sociated with high-mass star-forming regions [33]. In addition, due the lower frequency,
in particular with respect to the 22.2 GHz water maser transition, less tropospheric delay
is expected.

Both of these observations were performed with the European VLBI Network (EVN),
constituting the first maser parallaxes obtained with the EVN. The longest baselines were
about 9000 km and the largest antenna in the array was the Effelsberg 100-m antenna. While
the [31] observations targeted a set of high-mass star-forming regions at different Galactic
longitudes using five epochs, the second astrometric observations of [32] used eight epochs
and targeted a number of high-mass star-forming regions in the Cygnus X complex. This
allowed [32] to optimise the scheduling so that the observing epochs were close to the
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minima and maxima of the parallax signature in right ascension because of the common
Galactic longitude.

During an EVN observing run, the astrometric observations were interleaved with
geodetic-like observing blocks to calibrate the tropospheric zenith delays at each an-
tenna [17,18,34]. The maser targets were observed in a cycle with one or two nearby position
reference sources found from the VLBA calibrator catalog [25,35–38], from [39] or by doing
VLBI observations to check the compactness of point-like, nearby NVSS [40] sources.

The EVN observations were recorded at a rate of 512 Mbps and correlated twice at
the Joint Institute for VLBI-ERIC (JIVE), creating “continuum” and “spectral line” data
sets. The continuum data set used eight spectral windows of 8 MHz in dual polarization
with a channel spacing of 0.25 MHz. The spectral line data set consisted of only one 8 MHz
spectral window, but with a much finer channelisation of 7.81 kHz.

The calibration followed the EVN guidelines applying the parallactic angle correction,
and using the ionospheric corrections from the Jet Propulsion Laboratory (JPL) GPS–IONEX
total vertical electron content maps of the atmosphere. Earth Orientation Parameters were
already corrected at the JIVE correlator. The tropospheric delays were applied from the,
separately analysed, geodectic block observations. System temperature measurements
and gaincurves were used to perform the amplitude calibration. Spectral window phase
and delay offsets were calibrated on a bright calibrator target. The data were calibrated
via inverse phase referencing by fringe fitting a bright maser channel and applying the
solutions to the maser data and to the continuum data of the position reference sources.

The EVN data calibration was performed using AIPS [22] and ParselTongue [23]. The
best parallax uncertainty reached in the EVN observations at 6.7 GHz is 22µas [31].

The maser astrometry results from the EVN observations were included in the BeSSeL
survey [9,41].

2.3.2. The Australian Long Baseline Array

Reference [42] published the first parallax results of the Long Baseline Array (LBA)
in Australia. They targeted the 6.7 GHz methanol maser transition towards the source
G339.884−1.259. For these observations, the LBA was comprised of the Ceduna 30-m
antenna, the Hartebeesthoek 26-m antenna, the Hobart 26-m antenna, the Mopra 22-m
antenna, the Parkes 64-m antenna and the Australia Telescope Compact Array (ATCA).
Either four or five of the 22-m ATCA antennas were phased and combined.

The observations were conducted in two frequency configurations, one for the cal-
ibration of the tropospheric delay and one for the phase referenced maser observations.
Several geodetic blocks were included in the observations to determine the troposphere
path length contributions and model the clock drift rates at each telescope.

The data calibration steps were based on [17]. First, the ionospheric delay, Earth
Orientation Parameter and parallactic angle effects were calibrated and removed before
corrections for the troposphere and clock drift rate were applied. Afterwards, an amplitude
calibration was conducted based on a single autocorrelation scan from the Parkes telescope
to which all the other antennas were scaled using the nominal system equivalent flux
density values of the antennas. A single scan on the phase calibrator was used to correct
the initial residual clock and instrumental errors. Since the continuum and maser data were
not observed with the same spectral resolution, the solutions were modified accordingly
before applying them to the maser data.

The best suited maser channel for inverse phase-referencing was identified from the
cross-correlation spectra, showing the smallest relative flux density variations across all
baselines during the observations. The maser coordinates were iteratively changed until
there was no further improvement in the position of the continuum source towards the
centre of the image.

The maser astrometry results from the Australian LBA observations were included in
the BeSSeL survey [9].
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3. Determination of Parallax and Proper Motion
3.1. BeSSeL Maser Parallax and Proper Motion Determination

To obtain the positional data of the maser targets and the background quasars per
epoch, the sources were imaged and elliptical Gaussian brightness distribution models
fitted to the brightest maser spots and the continuum sources. The relative position offsets
between maser spots and background sources were modelled with a sinusoidal parallax
in combination with linear proper motion components in right ascension and declination.
The ellipticity of the Earth’s orbit was included in the model [17].

Every maser spot with compact emission and minimal blending was tested for its
astrometry quality by fitting a parallax and proper motion model and assessing the mag-
nitude of the post-fit residuals. Usable maser spots were then combined in one parallax
fit together with all usable background continuum sources. To take internal motions in
the star-forming regions into account, individual maser spots were allowed to have differ-
ent proper motions in the combined fit but they were constrained to be the same for an
individual maser spot if measured against different background continuum sources. If N
maser spots were used in the combined fit, the uncertainty of the parallax was increased by
a factor of

√
(N), making the conservative assumption that the positional uncertainties of

the maser data are 100% correlated.
Since the position uncertainties from the brightness distribution fitting were often

unrealistically small, the BeSSeL team added independent error floors in quadrature to
these position uncertainties for the right ascension and declination position data to account
for systematic errors such as unmodelled atmospheric delays. These error floors were then
adjusted until the reduced χ2 of the parallax and proper motion fit was close to unity in
each coordinate [17]. Potential internal motions of the masers with respect to the young
stellar object (YSO) were taken into account by adding, in quadrature, 5 and 10 km s−1

to the proper motion uncertainties of the 6.7 GHz methanol and 22 GHz water masers,
respectively. The best parallax uncertainty of 5µas was reached by [43] for a 22 GHz water
maser in G048.60+0.02.

As mentioned in Section 2.1, gradients in the fitted parallax value were found for
6.7 GHz methanol maser targets which were attributed to uncompensated dispersive delays
from the ionosphere. Reference [20] developed the following method to mitigate these
effects. First, the relative position data of the background quasars was used to produce
position data for an “artificial” quasar at the position of the 6.7 GHz target maser and then
the parallax and proper motion measurements were conducted between the maser and
the artificial quasar. This method is based on the MultiView approach described in [44]
and improves the parallax accuracy significantly. However, it yields poor estimates of the
parallax uncertainty. Reference [21] further developed this method by fitting the positional
data of the maser relative to the background quasars at each epoch as the sum of the
parallax and proper motion signature as well as a planar tilt of the quasar positions relative
to the maser position (due to the unmodelled ionospheric effects). This approach improved
the parallax uncertainty estimate. The best 6.7 GHz methanol maser parallax uncertainty
was 13 µas, obtained by [21].

3.2. VERA Maser Parallax and Proper Motion Determination

After imaging the maser and phase reference targets, the maser spot and phase
reference source positions were determined by 2D Gaussian fitting routines. Relative
maser–phase reference position offsets in right ascension and declination were fitted with a
sinusoidal parallax signature and linear proper motions in right ascension and declination.
The atmospheric path length errors affect the astrometric accuracy in declination stronger
than in right ascension. Therefore, when the accuracy in declination was significantly worse
than in right ascension, only the right ascension data were used for the parallax determi-
nation. Similarly to the BeSSeL programme, uncertainties of the best-fitting parameters
were estimated by adding error floors to all the astrometry data to obtain a fit with reduced
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χ2 equal to unity [17]. These additional error floors were regarded as a sum of systematic,
mostly residual atmospheric delays, and random thermal errors.

For maser targets with multiple maser features, the VERA survey used two approaches:
(1) all individual features were fitted simultaneously with one parallax value but allowing
individual proper motions for each maser feature; (2) each maser feature was fitted individ-
ually for a parallax and a proper motion after which all results were averaged to obtain the
final results. In the latter case, the standard deviation of the maser parallaxes was quoted
as the parallax uncertainty. The best parallax uncertainty of 7µas was reached by [45] for
a 22 GHz water maser in G048.61+0.02. Possible internal motions of the maser emission
with respect to the central YSO were not taken into account in the quoted proper motion
uncertainties. To calculate 3D velocities, the VERA programme used Local Standard of Rest
(LSR) velocities from ammonia or CO molecular line catalogues or the masers themselves
(using a 5 km s−1 uncertainty).

A comparison of 28 VLBA/EVN and VERA parallaxes finds that for a large majority
of maser targets (21 out of 28) the parallaxes agree within 2σ joint error ([21], where the
parallax of [10] was used for W 48). The mean and the standard deviation of the parallax
difference are −0.002 and 0.318 mas, respectively, for the sample of 28 targets.

3.3. Distance Determination from Absolute Proper Motion Measurements

This method was developed by [46]. It assumes that all stars are located in the Galactic
plane and follow circular orbits around the Galactic Centre. The proper motion of a star in
direction of longitude is a function of the distance to the star and the tangential velocity
which in turn is a function of the distance to the Galactic Centre, the distance to the star,
the longitude of the star, the rotation speed of the Sun and the rotation speed of the star.
Assuming a Galactic rotation curve and measuring the absolute proper motion of the star
thus provides a method to determine the distance to the star (see [46,47], for more details).

Reference [46] points out that the distance uncertainty for the proper-motion method is
the smallest along the line between the Sun and the Galactic Centre and the largest around
the tangent point circle.

This method was applied by [47] who measured a distance of 20 kpc for G7.47 + 0.06.
This result was later confirmed by [48] via direct parallax measurements. The consistency
between the two measurements is a great demonstration of the validity of this method (see
Section 6.6 for more details).

3.4. Distances through the Phase-Lag Method

Variable OH/IR stars are evolved stars experiencing a high mass-loss which has
resulted in an optically thick circumstellar envelope or shell with strong 1612 MHz OH
maser emission. The OH maser emission is pumped radiatively by the infrared emission of
the warm dust in the shell. The maser variability originates in the brightness pulsations
of the evolved star. The strongest maser emission arises in the front and back central
caps of the shell, where there is the largest velocity coherence along the line-of-sight thus
increasing the maser brightness. Spectra of variable OH/IR stars show typically a blue-
shifted and red-shifted maser peak, through which the emission from the front and back
cap, respectively, can be identified.

The phase-lag method is based on the determination of the time lag between the front
and back cap for obtaining the linear diameter of the shell [49] and combines this with
VLBI maser imaging to obtain an accurate angular diameter of the shell from which the
distance can then be calculated [50]. The time lag determination requires long-term (one
to six years) single dish maser monitoring to obtain a light-curve covering at least a full
period. The VLBI observations require high sensitivity as the maser emission on the edge
of the shell (as seen from our line-of-sight) will be weaker due to lesser velocity coherence
for these regions.

The phase-lag method can achieve distance uncertainties of 20% up to distances of
about 5 kpc [51]. OH maser parallax measurements of evolved stars [52] can also achieve
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such uncertainties, however all the successful measurements have been for more close
by, within 2 kpc, objects so far. Other distance methods are not viable for these objects:
Gaia parallaxes are impossible due to the optically thick circumstellar envelope, period-
luminosity relations are not valid for these stars because of their long periods [53], and
kinematic distances are not reliable due to high peculiar motions [54].

The phase-lag method is thus important to obtaining distances for the more distant
evolved stars.

4. Comparison with Gaia Astrometry

The Gaia catalogue is published in various Data Releases (DR) as more information
is being collected by the satellite and analysed. At the time of writing, DR3 [55] had just
been released3. In Gaia DR3, the best parallax uncertainty reached for O-type stars is 10µas,
comparable to the maser VLBI parallax uncertainties.

Reference [56] performed a comparison of VLBI (maser and continuum VLBI) and
Gaia DR2 [57] astrometry for a sample of 93 stars that have both VLBI and Gaia astrometric
measurements. This sample included 59 YSOs, 19 Asymptotic Giant Branch (AGB) stars,
and 15 other radio stars (for example, low-mass stars, cataclysmic binaries, high-mass X-ray
binaries and long-period variable stars). The AGB and YSO subclasses were further divided
into binaries and non-binaries. The authors calculated the slope and intercept for the VLBI
and Gaia parallaxes of each subclass and combined samples, for the sample including
binaries and without. For each stellar subclass and also for their full data set [56] found that
VLBI and Gaia DR2 parallaxes have slopes of unity within 2σ. Per subclass they measured
the following slopes: AGBs: 1.008± 0.080 and 1.069± 0.078 when removing binaries; YSOs:
0.999± 0.010 and 0.985± 0.012 when removing binaries; other radio stars: 1.004± 0.003.
Clearly, AGB stars have larger uncertainties with respect to the other classes. The intercepts
have a small, negative value implying that Gaia DR2 parallaxes are systematically smaller
than VLBI parallaxes. These results show that the VLBI and Gaia results are in good
agreement on average, but that AGB stars are more prone to discrepant astrometry and that
there is a zero-point offset for the Gaia DR2 data. In fact, [58,59] found notable differences
between VLBI and Gaia results for AGB stars. These authors suggest that the asymmetric
structure and the brightness fluctuations of those stars lead to a variation of their photo
centre positions which causes a systematic error in the Gaia parallax.

After removing the AGB stars and the binary stars (because the unmodelled orbital
motion of these objects can cause unreliable parallaxes), [56] determined the Gaia DR2
zero-point offset to be −75± 29µas. This is a bit larger than the value presented for faint
quasars of −29µas by [60] and more similar to the values presented for the (optically)
brighter stars of about −50µas (see [61–63] for references).

Reference [64] compared the local spiral structure from Gaia Early Data Release 3 ([3],
EDR3]) astrometry of O-type stars, i.e., stars with the shortest main sequence lifetimes
between 1 and 8 Myr [65] and that are expected to be located close to their birth sites, with
the BeSSeL maser parallaxes [9]. The spiral structure emerging from O-star and maser
astrometry appears similar within the ∼3 kpc region around the Sun in which reliable
(better than 10% uncertainty) Gaia distances are possible. From Figure 2 in [64], it is clear
that O-stars trace the spiral arms but not as precisely as maser-bearing SFRs as the O-star
distribution is more scattered and a number of O-stars appear to be present in the inter-arm
regions. Reference [64] interprets this finding as an indication for some high-mass star
formation occurring possibly in the inter-arm regions or potential migration of O-type stars
from their birth sites in the spiral arms. However, the latter would require unusually high
peculiar motions for these objects [66].

As there is a larger number of O-stars with Gaia astrometry than maser targets with
VLBI astrometry, in particular in the third and fourth Galactic quadrants, Gaia astrometry
is particularly important for extending the spiral arm tracing in these quadrants. Presently,
these quadrants have few targets with maser astrometry due to the low declination of these
regions requiring a Southern Hemisphere VLBI array such as the LBA.
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5. Spiral Arm Structure of the Milky Way

Maser astrometry delivers accurate positions, parallaxes and proper motions. These,
together with the radial velocity of the maser star, taken from typical high-density tracing
molecules such as NH3, CS or CO, can be used to obtain 3D positions (X, Y, Z) and 3D
motions (U; motion toward the Galactic Centre, V; motion in the direction of Galactic
rotation, W; motion toward the north Galactic pole). Figure 1 shows the orientation of these
motion components. Since maser stars in high-mass star-forming regions trace the Galactic
plane well, one can use them as markers to fit a Galactic rotation curve (see Section 7).

Figure 1. Sketch of the Solar and source parameters with a depiction of the distance to the Galactic
Centre R0, the distance d to the source, the azimuth β, the 3D motions of the Sun (U�, V�, W�) and
the source (US, VS, WS), the line-of-sight velocity of the source vLSR and the rotation speeds Θ0 and
ΘS at the positions of the Sun and the source, respectively.

5.1. Arm Assignment

Large-scale observations of HI and CO (e.g., [67–70]) show quasi-continuous emission
features in longitude-velocity (l-v) space which can be identified as spiral arms. The
density of molecular clouds in the interarm regions is much smaller than in the spiral arms.
Locating those spirals arms in a plan view of the Milky Way by transforming velocity to
(kinematic) distance can be error-prone due to near-far distance ambiguities and large
peculiar motions in some spiral arms.

Maser sources in high-mass star-forming regions can be assigned to spiral arms by
associating them with molecular clouds. This requires a good agreement of the position
and line-of-sight velocity of the maser with the (l-v) locus of the arm (see Figure 3 in [9]).
For objects with uncertain spiral arm assignment based on their line-of-sight velocities
alone, additionally their proper motion and parallax are used in the updated version of the
parallax-based distance calculator4 [9,71] for their localisation in the Milky Way.

5.2. Spiral Arm Model

After the assignment of the maser sources to spiral arms, the spiral arm structure
becomes evident when the maser sources are plotted in a plan view of the Milky Way (see
Figure 2). The figure shows that the maser sources trace continuous features with only a
few sources in the regions between the spiral arms. Combining the radial and azimuthal
locations of the masers with their measured distances, one can fit spiral arm patterns to
these features. An ideal log-periodic spiral is defined by

ln(
R

Rref
) = −(β− βref) tan ψ, (1)

where R is the Galactocentric radius at azimuth β for a spiral arm with radius Rref at
reference azimuth βref. The azimuth β is defined as 0 towards the Sun and increases with
Galactic longitude (see also Figure 1). The pitch angle ψ is the angle between the spiral arm
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and a tangent to a Galactocentric circle at the same radius [54]. A study of spiral galaxies
by [72] showed that spiral arms consist of arm segments with a typical length of 5−8 kpc,
separated by a kink (i.e., an abrupt change of the pitch angle from one side of the kink to
the other) or gaps. Allowing for one kink over the typical length of the traced spiral arms,
(Figure 2) the formula is adapted to:

ln(
R

Rkink
) = −(β− βkink) tan ψ, (2)

where Rkink is the Galactocentric radius at azimuth βkink where the abrupt change in
pitch angle occurs [9]. Plotting the logarithm of the Galactocentric radius against azimuth,
the spiral arm segment can be fitted with a straight line where the slope of the line is
proportional to the tangent of the pitch angle. The perpendicular separation of the maser
sources from the fitted line was minimized with a Bayesian fitting procedure. Deviations
from the logarithmic model are expected for spiral arm segments with an intrinsic width of
several hundred parsecs. The arm width can be estimated by including it as a noise term in
quadrature with the parallax uncertainty when fitting for the pitch angle (for more details
about the arm fitting see [9,41]). References [9,41] found that the spiral arm width increases
linearly with Galactocentric radius at a rate of 36 pc kpc−1.

The fitted pitch angles and arm widths are summarised in Table 1 for each of the spiral
arms. The kinks and pitch angles of each arm are discussed in detail in [9]. The size of
the fitted maser sample as well as the covered azimuth range can have a large effect on
the pitch angle. Within overlapping azimuth ranges, the pitch angles of the global fits for
each of the arms agree within their joint uncertainties. However, larger sample sizes and
azimuth ranges facilitate splitting the spiral arm into smaller sections or fit the arm with a
kink which can result in different pitch angles compared to the global fit. Increasing the
azimuth coverage of the maser sample for each of the arms in the future, especially into
quadrant 4, will contribute to uncovering a more detailed picture of the spiral arms.

Figure 2. A plan view of the Milky Way as seen from the north Galactic pole. High-mass star-forming
regions with maser parallax measurements from the BeSSeL survey [9,73] and VERA survey [10]
are marked; the colour of the markers denotes the spiral arm association; the size of the marker
corresponds to the mean distance uncertainty in kpc; also shown are spiral arms from [9], coloured
by spiral arm or by source grouping (Galactic Centre, spurs), and the Galactic “long” bar from [74] as
a grey filled ellipse. The Galactic Centre is located at the origin of the plot, the Sun, shown by a Sun
symbol, at (0, 8.15). Galactic quadrants are named and indicated by dashed lines.
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Table 1. Pitch angles, widths and average peculiar motions of the different spiral arms, measured for
different numbers of sources NS. The rows with entries for multiple pitch angles refer to fits which
include a kink at Galactic azimuth βkink (given in the comments column); the first pitch angle is for
azimuth β < βkink, the second pitch angle for azimuth values β > βkink; see Section 5.2 for details.
When data other than maser VLBI astrometry were used in the pitch angle fitting, it is indicated in
the comments column [75–95].

Arm
Pitch

Angle 1
(deg)

Pitch
Angle 2

(deg)
Width (kpc) US (km s−1) V S (km s−1) WS (km s−1) NS Reference Comment

Outer 14.9 ± 2.7 1.8 ± 2.9 −3.3 ± 4.4 11.7 ± 2.3 6 [76]
3.0 ± 4.4 9.4 ± 4.0 0.65 ± 0.16 11 [9] βkink = 15◦

11.5± 1.9 15 [85] + young star
clusters

Perseus 17.8 ± 1.7 8 [95]
14.8 ± 0.8 14 [85]
9.9 ± 1.5 9.4 ± 1.3 −4.4 ± 2.0 −2.1 ± 1.1 25 [81]
9.2 ± 1.5 0.39 27 [82]
10.3 ± 1.4 8.7 ± 2.7 0.35 ± 0.06 41 [9] βkink = 40◦

Inner 5 ± 4 −8.4 ± 2.5 −9.7 ± 8.3 2.6 ± 2.8 9 [80] l = 30◦−50◦
Outer 14.1 ± 1.4 −7.6 ± 1.4 −1.7 ± 1.3 16 [80] l = 90◦−140◦

3.5 ± 1.8 −3.3 ± 2.0 −1.2 ± 1.9 9 [80] l = 170◦−245◦

Local 10.1 ± 2.7 1.3 ± 1.3 −5.4 ± 1.0 2.4 ± 1.4 30 [87]
11.6 ± 1.8 38 [86]
11.4 ± 1.9 0.31 ± 0.05 28 [9]

Sagittarius 7.3 ± 1.5 0.21 2.9 ± 1.5 3.7 ± 1.5 −1.7 ± 1.4 18 [89]
9.3 ± 2.2 7 [85]
17.1 ± 1.6 1.0 ± 2.1 0.27 ± 0.04 35 [9] βkink = 24◦

Global 7.2 ± 1.9 2.6 ± 1.1 4.5 ± 1.3 −0.7 ± 1.1 30 [21]
Near 9.4 ± 3.9 2.0 ± 1.4 7.1 ± 1.5 −1.1 ± 1.5 12 [21] l = 351◦−50◦
Far 5.4 ± 3.3 4.3 ± 2.4 −0.6 ± 2.2 2.0 ± 1.4 18 [21] l = 32◦−52◦

Scutum 19.8 ± 3.1 0.17 8.2 ± 2.3 −4.2 ± 2.6 −1.5 ± 1.5 16 [92]
11.2 ± 4.0 4 [85]
14.1 ± 1.7 12.1 ± 2.4 0.23 ± 0.05 36 [9] βkink = 23◦

6. Individual Spiral Arms

In this section, we will discuss the peculiarities of each spiral arm.

6.1. Outer

The Outer spiral arm, the second spiral arm from the Sun towards the Galactic an-
ticentre, possibly connects to the Norma spiral arm at the far side of the Milky Way (see
discussion in [9], and the plan view of the Milky Way in Figure 2). The star formation
activity in the outer segments of this arm is relatively low (see Figure 3). So far, parallaxes
to 17 sources have been measured.

Figure 3. The Outer spiral arm maser parallax sources (pink dots) overplotted on the second and
third quadrant CO data from [70,75] integrated within ±20 km s−1 from the LSR velocities obtained
by [9].
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The Galaxy warps towards the north Galactic pole in quadrants 1 and 2 and towards
the south Galactic pole in quadrants 3 and 4. A signature of this warp is that the sources
assigned to the Outer arm are mostly located above the Galactic plane (Figure 3). With the
current parallax measurements, the warp can be traced between Z = 200∼600 pc over a
longitude range of 75◦ < l < 183◦ [76,77]. The structure of the Z-height is discussed in
more detail in Section 7.3.

Most sources with Galactocentric distance beyond 7 kpc have peculiar motion values
towards the north Galactic pole that are consistent with or close to zero [9,77]. This indicates
that the Outer arm sources are also mostly moving in the Galactic plane.

6.2. Perseus

The Perseus arm is thought to originate near the far end of the Galactic bar from where
it wraps through the inner Galaxy in the fourth and first quadrants and then the outer
Galaxy in the second and third quadrants (Figure 2). Reference [43] found that there is a
significant gap of 22 GHz water maser candidates between Galactic longitudes of 50◦ and
80◦ (Figure 4). Similarly, the number of massive young stellar objects in the Red MSX Source
(RMS) survey [78] is low in this longitude range and the CO emission between longitudes
of 64◦ and 76◦ is weak ([43,70], Figure 4). The density of HII regions in the catalog of [79]
in this part of the Perseus arm is also much lower than in other parts [80]. This lack of
star-forming regions suggests low levels of star formation over an extended period of time
in this part of the Perseus arm which is in support of theoretical considerations regarding
the formation of spiral arms in segments.

Figure 4. The Perseus spiral arm maser parallax sources (brown dots) overplotted on the first, second
and third quadrant CO data from [70,75] integrated within ±20 km s−1 from the LSR velocities
obtained by [9].

Measuring the peculiar motions, [81] found that the masers in the Perseus arm, on
average, move towards the Galactic Centre and slower than on circular orbits. Reference
[80] investigated the peculiar motions of masers in the inner (30◦ < l < 50◦) and outer
(l > 90◦) Perseus arm segments and found a significant difference in the average motion
towards the Galactic Centre. While the outer Perseus arm sources in quadrant 2 display
significant motions, on average, towards the Galactic Centre, the inner arm sources in
quadrant 1 show only modest motions in the U component. They conclude that the Perseus
arm is not a single coherent feature since the different segments seem to be moving away
from each other and thus might be independent.

Reference [82] separated the outer arm segment of the Perseus arm into an interior,
middle and exterior section and compared the average peculiar motion for each of these
sections. For the interior section, they found a radially inward motion while the middle
section showed a marginal detection of motion slower than Galactic rotation. The exterior
of the arm did not exhibit any statistically significant peculiar motion. They conclude that
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these findings are consistent with formation models of spiral arms that predict gas entering
an arm, being shocked and then forming stars (see for example [83,84]). They executed a
similar experiment for the Local and Sagittarius arms but could not find a clear pattern
among the arms.

6.3. Local

There has been a long debate about whether the Local arm is a secondary spiral feature
or a major spiral arm. Maser parallax observations showed that many star-forming regions
that were thought to be located in the Perseus arm based on their kinematic distance are
actually located in the Local arm.

This arm is very actively forming stars (Figure 5). It has a length of more than 5.5 kpc
and a width of 0.31 kpc, consistent with the trend seen in other spiral arms [9]. The Sun
is located close to the inner edge of the arm. At the position of the Sun, the Local arm
is located closer to the Perseus than the Sagittarius arm, at separations of 1.5 and 2 kpc,
respectively. Reference [85] showed that there is no significant difference in pitch angle for
low- and high-mass stars in the arm.

Figure 5. The Local spiral arm maser parallax sources (purple dots) overplotted on the second and
third quadrant CO data from [70,75] integrated within ±15 km s−1 from the LSR velocities obtained
by [9].

At a Galactic longitude of 50◦, a spur with a high inclination seems to bridge the Local
and Sagittarius arms, traced by six star-forming regions with maser parallax measurements
as well as large-scale molecular emission from CO [70,86].

Reference [87] provided three possible origins for the Local arm:

• a branch of the Perseus arm with a bifurcation point at a distance of 6 kpc at a Galactic
longitude of 55◦ which is supported by the vicinity of the Local to the Perseus arm
and by the fact that branches often branch off at the inner edge of an arm;

• a branch of the Carina–Sagittarius arm with a bifurcation point at a longitude of 282◦

which yet has to be confirmed with maser parallax measurements from the Southern
Hemisphere;

• an independent spiral arm segment which is contradictory to the theory of spiral
density waves [88] due to the small distances to the adjacent spiral arms.

6.4. Sagittarius

The Sagittarius arm is the first spiral arm from the Sun towards the Galactic Centre.
The closest section of the arm has a distance of 1.4± 0.2 kpc from the Sun [89]. The high-
mass star-forming regions in the far side of the arm in the first quadrant, beyond the
tangent point, are located on average 15 pc below the IAU-defined Galactic midplane [21],
Figure 6. The masers in this arm do not show any large peculiar motions (>20 km s−1),
but the sources in the near side of the arm have a small average motion in the direction of
Galactic rotation [21,89].
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Figure 6. The Sagittarius spiral arm maser parallax sources (orange dots) overplotted on the first
quadrant CO data from [70,90] integrated within ±15 km s−1 from the LSR velocities obtained by [9].

6.5. Scutum

The Scutum spiral arm is the second arm from the Sun towards the Galactic Centre.
Figure 7 shows the distribution of the star-forming regions with maser astrometry in the
Galactic plane. Many high-mass star-forming regions associated with this arm are located
close to the near end of the Galactic bar (l ∼ 30◦, Figure 2) [91–93]. Reference [92] fitted a
large pitch angle of 19.8± 3.1◦ to 16 sources in this arm. They argue that this large pitch
angle might be caused by the vicinity of the Galactic bar. Reference [94] showed for external
galaxies and in models that the bar of a spiral galaxy can bias the pitch angle at inner radii
to larger values compared to the global pitch angle of the spiral arms. However, a more
recent spiral arm fit of 36 sources in this arm from [9] yields a pitch angle of 13± 2◦, similar
to the pitch angles of other spiral arms.

Figure 7. The Scutum spiral arm maser parallax sources (green dots) overplotted on the first quadrant
CO data from [70,90] integrated within ±15 km s−1 from the LSR velocities obtained by [9].

Sixteen high-mass star-forming regions in the Scutum arm exhibit large peculiar
motions above 20 km s−1 of which 13 are oriented towards the Galactic Centre [93]. These
large motions are measured in all three maser transitions used for parallax and proper
motion measurements (6.7 and 12 GHz methanol masers, 22 GHz water masers). Although
some sources in the Perseus spiral arm also show large peculiar motions, only in the Scutum
arm such a large number of sources with large peculiar motions is found. This indicates
that a local phenomenon affecting the sources in the Scutum spiral arm is the cause for
these large peculiar motions. References [92,93] showed that the combined gravitational
potential of the spiral arm and the Galactic bar could be a likely explanation.

6.6. Far Side of the Milky Way

The far side of the Milky Way beyond the Galactic Centre is still not well understood.
Since distances to targets in this region are large, they require an even higher parallax
accuracy than in the inner Galaxy. Foreground extinction from the dust in spiral arms
makes the detection of star-forming regions at optical wavelengths difficult.
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Within the Galactic longitude range −10◦ < l < 10◦, the Galaxy rotates almost
perpendicular to the Sun’s line-of-sight. Using the kinematic distance method in this region
is thus nearly impossible since the radial velocities are all close to zero.

With recent observations of the BeSSeL and VERA surveys progress has been made
to pinpoint several high-mass star-forming regions on the far side of the Milky Way.
Reference [47] observed 11 epochs with VERA towards 22 GHz water masers in the high-
mass star-forming region G7.47+0.06. They measured a parallax of 0.170 ± 0.135 mas.
Although it proved too difficult to determine an accurate parallax, the proper motion of the
source was clearly detected. The proper motion along Galactic longitude is −5.03 ± 0.07
mas yr−1 and −0.01 ± 0.09 mas yr−1 along Galactic latitude [47]. Using the proper motion
method of [46], the authors determined a distance of 20± 2 kpc to this source which locates
it in the Scutum-Centaurus arm.

This source was also targeted with VLBA observations for six epochs. Reference [48]
determined a parallax of 0.049 ± 0.006 mas for this source which corresponds to a distance
of 20.4+2.8

−2.2 kpc, consistent with [47]. The position of G7.47+0.06 in the far segment of the
Scutum arm is inconsistent with a spiral arm fit that assumes the same pitch angle of
∼20◦ [92] as for the near segment of the arm. This indicates that a logarithmic spiral with a
single pitch angle does not describe the Scutum spiral arm well [48].

Reference [73] reported parallax measurements of four 22 GHz water masers in distant
star-forming regions. These sources were observed over 16 epochs with the VLBA. For
G019.60−0.23 and G020.08−0.13 parallaxes of 0.076 ± 0.011 mas and 0.066 ± 0.010 mas,
respectively, were measured, corresponding to distances of 13.2+2.2

−1.7 kpc and 15.2+2.7
−2.0 kpc,

respectively. Since these two sources are located close on the sky and have similar line-of-
sight velocities, the authors conclude that these sources are physically associated. They
seem to be located in the Sagittarius arm but an association with the Perseus arm cannot be
excluded due to their relatively large parallax error bars.

G020.77 − 0.05 and G026.50 + 0.28 have distances of 8.1+0.9
−0.8 kpc and 6.3+0.5

−0.4 kpc,
respectively, which place them near the end of the Galactic bar. While [73] favour an
association with the far side of the Scutum arm for the first source, they locate the second
one in the Norma arm, the inner Galaxy extension of the Outer spiral arm.

7. Fundamental Galactic Parameters from Astrometry

Knowledge of the Galactic rotation curve, the Solar motion, and the distance from
the Sun to the Galactic Centre are essential to understand the large-scale structure and
kinematics of our Galaxy. These values determine the physical properties, such as the
mass and the luminosity of our Galaxy, and the properties of the super-massive black
hole at the Galactic Centre. Furthermore, precise distance measurements to the Galactic
Centre are important for an accurate calibration of Cepheid period-luminosity relations,
which can then be used to determine distances to other galaxies. Finally, the more precisely
astronomers know the structure of the Milky Way galaxy, the better they can compare it
with other galaxies and study spiral galaxies and star formation.

To measure these quantities accurately, precise 3D space and velocity information of
objects across the Galactic disk are necessary. Currently, VLBI maser astrometry is one of
the best methods to achieve these goals.

7.1. Using Maser Astrometry to Fit Galactic Parameters

The 3D motions of the high-mass star-forming regions (and a few red super giants)
across the Galactic plane, obtained through VLBI maser astrometry, provide astronomers
with pin points of velocity field information to which models of a Galactic rotation curve can
be fitted. The motion of each of these high-mass star-forming regions will be a combination
of the Galactic rotation at the Galactocentric distance of the star-forming region, its non-
circular peculiar motion, and the Solar motion.

Both the BeSSeL and VERA surveys used a similar approach of the Bayesian Markov
Chain Monte Carlo method, described in [41,96], where they fit a Galactic rotation curve
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to the 3D motions of the high-mass star-forming regions. However, they used different
parametrizations of the rotation curve, and different priors. They also fitted different maser
astrometry data sets. Here, we discuss the latest results presented by these two surveys
and the differences in their approaches.

The BeSSeL survey [9] tested four sets of priors, in which the initial guesses for the
Solar motion and average peculiar motions of the maser stars in the plane (US and VS) and
their uncertainties were varied, and fitted the two-parameter universal rotation curve of [97]
as the Galactic rotation curve. They used parallax and proper motion data of 147 high-mass
star-forming regions, having removed sources with Galactocentric distances <4 kpc as
these might possess large non-circular motions induced by the Galactic bar, sources with
large (>20%) parallax uncertainties, and outlier sources with large peculiar motions (>3σ
from mean) in any velocity component. The fitted parameters were the distance to the
Galactic Centre (R0), the 3D Solar motion, the mean peculiar motion of the high-mass
star-forming regions in the Galactic plane (US, VS), and two parameters that describe
the universal rotation curve (the rotation curve fitting is discussed in Section 7.1.3). The
statistical uncertainties were then derived by assuming a Gaussian probability distribution
function (PDF). Their best fitting model was model A5 that uses loose priors for the Solar
motion (U� = 11.1± 1.2 km s−1, V� = 15± 10 km s−1, W� = 7.2± 1.1 km s−1) and for
the average peculiar motions of the high-mass star-forming regions (US = 3± 10 km s−1,
VS = −3± 10 km s−1). The model A5 results for the distance to the Galactic Centre (R0),
the circular velocity at the Galactocentric distance of the Sun (Θ0), and the angular rotation
speed of the Sun Ω� = (Θ0 + V�)/R0 are quoted in Table 2 and discussed in more detail
in the following Sections 7.1.1 and 7.1.2. The Galactic rotation curve results are discussed
in Section 7.1.3.

The quantities V�, VS and Θ0 are highly correlated (with Pearson coefficients of |0.74|
and higher), and show the importance to accurately know the Solar motion to break the
degeneracy. The model A5 values for the Solar motion are U� = 10.6 ± 1.2 km s−1,
V� = 10.7± 6.0 km s−1 and W� = 7.6± 0.7 km s−1, which are consistent with the values
of [98] (U� = 11.1± 1.2 km s−1, V� = 12.2± 2.1 km s−1 and W� = 7.2± 1.1 km s−1) with
a larger uncertainty in V�.

The parameters R0 and Θ0 are correlated with a Pearson coefficient of 0.45, similar to
that found in [41]. This correlation has been investigated through simulations by [99] and
found to depend mainly on the distribution of the high-mass star-forming regions in the
Galactic plane and less so on their total number. This degeneracy can only be overcome by
including new astrometry measurements of high-mass star-forming regions in the Southern
Hemisphere.

Reference [9] found no significant lag for high-mass star-forming regions: VS = −4.3±
5.6 km s−1. However, significant inward motion towards the Galactic Centre has been
found for star-forming regions: US = 6.0± 1.4 km s−1, which is consistent with the [83]
model of gas that is shocked when entering a spiral arm of low pitch angle.

The VERA survey [10] used a slightly larger set of 224 sources consisting of mostly
high-mass star-forming regions and a few red super giants. Outliers with a peculiar motion
VS > 50 km s−1 and with Galactocentric distances < 4 kpc were excluded from the model
fitting due to their large non-circular motions that make these sources not representative
of the Galactic rotation. Differently from [9,41], the VERA survey did not treat the Solar
motion as a variable as it is highly correlated with the mean rotation of star-forming regions
VS, but instead kept the Solar motion fixed to the values from [98]. Two types of rotation
curves were fitted, a power-law and a second order polynomial. In their models, [10] fit
for R0, the Solar angular velocity Ω�, a 3D average peculiar velocity of the high-mass star-
forming regions, and the rotation curve of choice. As for the BeSSeL survey, the statistical
uncertainties quoted are based on assuming a Gaussian PDF distribution. However, the
VERA survey also calculated the systematic uncertainties on R0 and Ω0 due to model and
sample dependency (see Table 2). In both cases, the sample dependency resulted as the
strongest source of systematic error.
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The averaged peculiar motions of high-mass star-forming regions (averaging the
results for the rotation curve parametrizations), US and VS, were both determined to be
significant, and were oriented inwards towards the Galactic Centre (US = 4.3± 1.0 km s−1)
and with a slight lag in direction of Galactic rotation (VS = −4.3± 1.0 km s−1). The inward
motion agrees with what is found by the BeSSeL survey. Also the value for the lag is
consistent with the number found by the BeSSeL survey, but their uncertainties for this
value are larger (rendering their measured value insignificant) because they also included
the Solar motion in their fit.

Finally, it is also interesting to compare the fitting of fundamental Galactic parameters
from maser stars with those of O-type stars with Gaia astrometry complemented with
LSR velocities from [100]. Using the same approach as [41], Reference [66] analysed Gaia
DR2 astrometry measurements of 291 O-type stars. They selected stars with parallax
uncertainties better than 15% and peculiar motions smaller than 30 km s−1 (three times
the stellar random motion). Fitting the O-star 3D motions, following the same approach
as [41], for various types of rotation curves, they found that the universal rotation curve
[97] gave the best results. The Gaia-based (DR2) results have larger uncertainties than the
maser results but they are in good agreement (see Table 2). The larger error bars are due to
worse astrometric accuracy of Gaia DR2 with respect to maser VLBI astrometry and lesser
sampling of the spiral arm azimuth because the O-star Gaia astrometry has a limited reach
in the Galactic midplane due to dust extinction.

Table 2. A summary of the measured values for the distance to the Galactic Centre R0, the circular
rotation speed at the Sun Θ0, and the Solar angular rotation speed Ω�, where Ω� = (Θ0 + V�)/R0

[101–114].

Method Result Reference

R0—Distance to Galactic Centre (kpc)
Maser astrometry 8.15± 0.15 [9]
Maser astrometry 7.92± 0.16stat ± 0.3sys [10]

Maser and stellar astrometry 8.15+0.04
−0.20 [101]

Stellar orbits 8.275± 0.009stat ± 0.033sys [109]
Stellar orbits 7.946± 0.050stat ± 0.032sys [108]

Kinematics of bar stars 8.23± 0.12 [103]
Stellar radial velocities 8.27± 0.29 [107]

Stellar astrometry 8.35± 0.18 [66]
Pop II Cepheids 7.93± 0.37stat ± 0.26sys [106]

Θ0—circular rotation speed at the Sun (km s−1)
Maser astrometry 236± 7 [9]
Maser astrometry 227± 5 [10]

Maser and stellar astrometry 236± 4.4 [101]
Stellar radial velocities 238± 9 [107]

Cepheid astrometry 233.6± 2.8 [110]
Cepheid astrometry 232.5± 0.83 [111]
Stellar astrometry 229± 0.2stat [112]
Stellar astrometry 240± 10 [66]
Stellar astrometry 240.7± 3.0 [113]

Ω�—Full Solar angular rotation speed (km s−1 kpc−1)
Maser astrometry 30.32± 0.27 [9]
Maser astrometry 30.17± 0.27stat ± 0.3sys [10]

Sgr A* apparent motion 30.39± 0.04 [114]
Maser and stellar astrometry 30.51± 0.34 [101]

Stellar astrometry 30.57± 0.43 [66]

7.1.1. Distance to the Galactic Centre

The two distances to the Galactic Centre obtained through VLBI maser parallaxes,
8.15± 0.15 kpc [9] and 7.92± 0.16stat ± 0.3sys kpc [10], are in good agreement. A further
analysis by [101] combined maser VLBI astrometry [9,10,77,102] with stellar continuum
VLBI astrometry from the GOBELINS programme [5,7,8] and obtained a distance to the
Galactic Centre of 8.15+0.04

−0.20 kpc, in full agreement with the maser astrometry results.
The VLBI maser astrometry results are also in agreement with Galactic Centre distances

obtained through various other methods as summarized in Table 2. Reference [103] found
8.23± 0.12 kpc through the combination of Gaia EDR3 [3] and Apache Point Observatory
galactic evolution experiment (APOGEE) DR17 [104] astrometry of Galactic bar stars
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augmented spectro-photometric distances from the neural network method astroNN. Gaia
DR2 [57] astrometry of O-type stars yielded 8.35± 0.18 kpc [105]. Using Pop II Cepheids,
[106] found 7.93± 0.37stat ± 0.26sys kpc. By modelling the Galactic rotation with stellar
radial velocities [107] determined 8.27± 0.29 kpc. The most precise measures of the distance
to the Galactic Centre to date are from infrared astrometry, in particular from the analysis
of the dynamics of stellar orbits around the black hole in the inner 10 arcseconds of the
Galactic Centre. These measurements and analysis have yielded distances of 7.946 ±
0.050stat ± 0.032sys kpc obtained with Adaptive Optics with the Keck telescope [108], and
8.275 ± 0.009stat ± 0.033sys kpc obtained with the Very Large Telescope Interferometer
(VLTI) [109]. While the two distances derived from stellar orbits are in slight tension with
each other, the maser-parallax derived distances, which have larger uncertainties, are in
agreement with both these values.

7.1.2. Solar Rotation Speed

The Solar angular rotation speed, Ω� = (Θ0 + V�)/R0, depends on the Galactic
circular rotation speed at the Sun’s position, Θ0, on the Solar proper motion in the direction
of Galactic rotation, V�, and the distance to the Galactic Centre R0. Table 2 summarizes
the various measured results of Θ0 and Ω� obtained from VLBI maser astrometry and
other methods.

The VLBI maser parallax results from BeSSeL and VERA for the circular rotation speed
at the Sun’s position are in agreement within their joint uncertainties: 236± 7 km s−1 [9] and
227± 5 km s−1 [10]. Also the result obtained from maser astrometry and radio star astrometry
(using, among others, BeSSeL and VERA data, see Section 7.1.1 for a data provenance list),
236.4± 3.3 km s−1 [101], is consistent. The circular rotation speed at the position of the Sun
obtained from Gaia DR2 [57] astrometry combined with distances derived from infrared period-
luminosity relations [115] of Classical Cepheids, 233.6± 2.8 km s−1[110] is in excellent agree-
ment with the maser astrometry results. Also the values obtained from Gaia DR2 astrometry of
O-type stars, 240± 10 km s−1 [66], and from stellar radial velocities, 238± 9 km s−1 [107], agree
well with the maser astrometry results. Gaia EDR3 data of OB stars find 240.7± 3.0 km s−1 [113],
notably close to the Gaia O-star result [66]. The Solar rotation speeds from maser parallaxes
also agree with the Classical Cepheid result of [111], 232.5± 0.83 km s−1, based on Cepheid
data from a wide range of surveys. The value obtained through red giant branch (RGB) star
astrometry and spectroscopy by [112] of 229± 0.2stat km s−1 is at the lower limit of the BeSSeL
value, and closer to the VERA value.

As mentioned before, the circular velocity at the Sun’s position in the Galactic plane
is strongly correlated with V�, and the sum of the two, the full circular rotation speed
Θ0 + V�, can be constrained more accurately. The maser astrometry results for Θ0 + V�
are 247± 4 km s−1 [9] and 239± 5 km s−1 [10], respectively. These numbers can be directly
compared with the very precise measure of the apparent proper motion of Sgr A* in
Galactic longitude of −6.411 ± 0.008 mas yr−1 from [114]. Under the assumption that
the supermassive black hole Sgr A* is stationary, the apparent motion of Sgr A* can be
interpreted as the reflex motion of the Solar motion in the direction of Galactic rotation.
Using the distance to the Galactic Centre one can then transform the apparent proper
motion of Sgr A* to the full Solar velocity in the direction of Galactic rotation. The Sgr A*
proper motion result of [114] combined with the distance of 8.15 kpc [9] shows that the
Sun is moving by 247.69± 0.33 km s−1 in the direction of Galactic rotation (note the sign
inversion). The BeSSeL result is in excellent agreement with this value, while the VERA
result is a bit smaller.

When dividing Θ0 + V� by the distance to the Galactic Centre, one can determine
Ω�, the full Solar angular velocity. The maser astrometry results yield 30.32± 0.27 km s−1

kpc−1 [9] and 30.17± 0.27stat ± 0.3sys km s−1 kpc−1 [10], respectively. The best constrain
for this value is the apparent motion measure of Sgr A* in Galactic longitude which yields
30.39± 0.04 km s−1 kpc−1 [114]. This result is in excellent agreement with the BeSSeL value,
and well within the uncertainty of the VERA result.
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The determination of the fundamental Galactic parameters R0 and Ω0 using the 3D
velocity data of maser-emitting star-forming regions across the Galaxy [9,10], and the
agreement of these results with the distance measure from stellar orbits around Sgr A* in
the infrared [108,109] and the measured apparent proper motion of Sgr A* [114] are strong
evidence that Sgr A* is at the dynamical centre of the Milky Way.

7.1.3. Galactic Rotation Curve

Maser-bearing high-mass star-forming regions can be used to fit the Galactic rotation
curve. Figure 8 shows the maser astrometry data for the V motion (motion in the direction
of Galactic rotation) versus Galactocentric radius from 4 kpc outwards. Up to 10 kpc, the
targets cover the range of Galactocentric radii well, but beyond that the distribution of
star-forming regions with maser astrometry is more sparse.

Figure 8. Galaxy rotation curves derived from maser VLBI astrometry surveys (BeSSeL [9],
VERA [10]), from red giant stars ([112]) and from Classical Cepheids ([110]). The rotational ve-
locities and Galactocentric distances of maser-bearing high-mass star-forming regions taken from the
BeSSeL and VERA surveys are shown as black dots. Sources with Galactocentric distances <4 kpc,
sources with >30% parallax uncertainties, sources with >50 km s−1 motion in direction of Galactic
rotation, and outlier sources (see [9]) are not plotted.

Rotation curves fitted to maser stars use objects with Galactocentric distances of 4 kpc
and larger as the motion of maser stars in the inner part of the disk is expected to be heavily
influenced by the Galactic bar.

The BeSSeL survey [9] fitted the universal rotation curve of [97] to the maser data. The
rotation curve is composed of a disk and a halo velocity component. Following the Note
added in Proof in [97], the universal rotation curve can be fitted with only two parameters,
a2 = Ropt/R0, where Ropt is the Galactocentric radius encircling 83% of the total integrated
light, and a3 = 1.5(L/L?)0.2, where L is the galaxy luminosity relative to a L? galaxy with
L? = 1010.4L�. The rotational velocity at R0 can be obtained by scaling relations of Ropt,
velocity, and luminosity. The BeSSeL A5 fit gives a2 = 0.96± 0.05 and a3 = 1.62± 0.02.

The VERA survey [10] performed two rotation curve fits, one with a power law and
one with a second order polynomial. The power law fit of the Galactic rotation is:

Θ(R) = Θ0(R/R0)
α, (3)

where R0 = 7.92± 0.16 kpc, Θ0 = 227± 5 km s−1, and α = −0.016± 0.012 [10]. The second
order polynomial equation for the Galactic rotation is:
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Θ(R) = Θ0 + a0(R− R0) + b0(R− R0)
2, (4)

where R0 = 7.97± 0.15 kpc, Θ0 = 228± 5 km s−1, and a0 = −0.5± 0.4 km s−1 kpc−1 and
b = −0.2± 0.1 km s−1 kpc−1 [10].

The maser astrometry rotation curves can be compared with rotation curves derived
based on other types of objects, such as Classical Cepheids or RGB stars. For these evolved
stars, there are more objects available at farther Galactocentric radii: up to ∼18 kpc for
Cepheids and up to ∼20 kpc for RGB stars (beyond that the uncertainties on the velocity
grow rapidly).

The RGB star rotation curve was determined by [112]. These authors used spectro-
photometric parallaxes of AGB stars, from a combination of APOGEE DR14
spectroscopy [115,116] with Gaia DR2 [57], 2MASS [117], and WISE photometry [118],
and find a smooth rotation curve between Galactocentric distances 5 . R . 25 kpc, well
described by a linear function:

Θ(R) = (229± 0.02) km s−1 − (1.7± 0.1) km s−1 kpc−1 × (R− R0). (5)

Another interesting comparison is the rotation curve derived by [110] using 773 Clas-
sical Cepheids. Their best model, a linear function, is given by:

Θ(R) = (233.6± 2.02) km s−1 − (1.34± 0.2) km s−1 kpc−1 × (R− R0). (6)

Figure 8 shows the three rotation curves based on maser parallaxes and the two
rotation curves based on RGB stars and Classical Cepheid stars. Between 5 and 12 kpc, the
rotation curves have a similar slope; they are nearly flat. The two evolved star rotation
curves are in good agreement with the maser data points.

Looking at the rotation curves in more detail, however, one can note that the universal
rotation curve by [9] has a slightly different shape than the linear curves, and that it has,
on average, higher rotational velocities in this Galactocentric distance range. Beyond
10–12 kpc, the rotation curves start to diverge more: while the universal rotation curve
of [9], the power-law fit of [10] and the Cepheid-based linear rotation curve of [110] are
around 224 km s−1 and remain flat at these large Galactocentric distances, the second
order polynomial fit of [10] and the RSG-based linear rotation curve of [112] decrease with
distance from the Galactic Centre. The maser data agree well with the rotation curves
that are close to flat at distances of 12–15 kpc. However, more maser stars with precise
astrometry, and, in particular, maser stars at large Galactocentric distances, are needed
to better constrain the type and thus the shape of the Galactic rotation curve. Finding
high-mass star-forming regions with maser emission at large Galactocentric distances is
not simple: the star-forming activity in the Outer arm is rather low and decreases further at
distances beyond the Outer arm.

7.2. The Galactic Plane

High-mass star-forming regions are expected to be located very close to the Galactic
plane and therefore may be used to refine the IAU-defined Galactic plane. Reference [119]
in their Figure 5 showed how methanol masers trace the Galactic plane better than HII

regions or giant molecular clouds. The distance perpendicular to the Galactic plane (Z) can
be obtained from the 3D position (X, Y, Z) calculated from the parallax-based distance and
Galactic coordinates (l, b).

Reference [9] examined the Z-distribution of high-mass star-forming regions within
7 kpc of the Galactic Centre, to avoid effects of disk warping. Indeed, these star-forming
regions have a tight distribution in the IAU-defined Galactic plane with, however, more
sources at negative ZIAU, thus indicating that the Sun is located above the Galactic plane.
Based on this sample of high-mass star-forming regions, [9] derived the Sun’s height above
the Galactic plane to be Z� = 5.5± 5.8 pc.
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Shifting Sgr A* by 5.5 pc brings it from its apparent Galactic latitude of b = −0.046◦

closer to the Galactic plane (b = −0.007◦) where one would dynamically expect it to be.
The result of [9] is in agreement with values for the Sun’s height above the Galactic

plane of 5.7± 0.5 pc and 7.6± 0.4 pc, derived from methanol masers and HII regions, respec-
tively, which are located in the inner Galaxy (Galactocentric distances < R0), excluding the
Local arm masers [119]. Also the results of [120], based on HII regions in the first Galactic
quadrant and the inner Galaxy, yield results between 3 and 6 pc for different rotation curves
and spatial sub-selections. Interestingly, literature values of Z� vary between 5 and 40 pc
(see [9] and references therein). Potential origins for this variation can be the extinction in
the Galactic plane and Galactic warping [9] and the Local arm which was found to affect
the Z distribution pattern [119].

7.3. Structure in the Galactic Z-Height

Using the previous determined shift in Z-position, the maser stars can be shifted to
their true Z-positions. Doing this, [9] then find that high-mass star-forming regions have
a scale height of 19± 2 pc – tracing the Galactic plane very accurately for sources within
7 kpc Galactocentric distance.

Figure 9 shows the Z-height of the high-mass star-forming regions, for which BeSSeL
and VERA measurements are available, in seven 30-degree azimuth ranges. Beyond 7 kpc,
the Z-height of high-mass star-forming regions is increasingly scattered, partially due to
the expected Galactic warp and partially due to intrinsic scatter of the sources. Notably in
the 30◦ < β < 60◦ azimuth range a clear trend of increase in Z-height with Galactocentric
distance is seen.

Reference [77] explored these sources with d > 7 kpc. In the Galactic azimuth range
of 20◦ < β < 50◦ they fitted a sinusoidal curve to the Z-height distribution and W motion
of the star-forming regions. Their results yield that the Galactic warp reaches out to
200−600 pc toward the north Galactic pole. The W motion, positive towards the north
Galactic pole, of these targets could also be well fitted with a sinusoidal curve, with
an amplitude of about 10 km s−1 reaching 0 km s−1 at the maximum of the Z-height
amplitude. The wave-like distribution is also seen in the classical Cepheid population
([115] in their Figure 2B, box 315◦ < φ < 330◦).5 Classical Cepheids are supergiant stars
with ages < 400 Myr and especially the youngest classical Cepheids are considered good
tracers of the Galactic disk (see also [120,121]). As to the origin of this wave-like structure,
Ref. [77] suggest that this can be explained well with a perturbation by the Sagittarius
dwarf galaxy when passing through the Milky Way as described in [122].

Figure 9. The Z-location of high-mass star-forming regions with maser astrometry data taken
from [9,10,73] versus Galactocentric distance shown in seven 30-degree azimuth ranges. The bottom
right plot shows a plan view of the Milky Way with the azimuth ranges indicated by colors. The Sun
is denoted as a red dot, and the Galactic Centre (located at (0,0)) by a black star symbol.
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8. Summary and Outlook

Over the last decade, VLBI maser astrometry has allowed astronomers to trace the
structure of our Galaxy. The parallax and proper motion measurements of more than
200 maser stars pinpoint several major spiral arms, in particular in the first and second
Galactic quadrants (Figure 10). The VLBI results have permitted astronomers to determine
the distance to the Galactic Centre and fit a Galactic rotation curve, determining also the
Solar angular and rotational velocities. These results are in agreement with the latest stellar
astrometry results from VLTI and Keck, and with Gaia and Cepheid based results.

In the third quadrant, the Outer and Perseus spiral arms are dying out past longitude
of 240◦. Due to the lack of star-forming regions the number of parallax measurements
is sparse. The fourth quadrant is only observable from the Southern hemisphere. The
locations of the spiral arms in this part of the Galaxy are less accurate since they are inferred
mostly from the spiral arm models fitted to the data in quadrants 1 and 2. However, the
tangent points of each arm in quadrant 4 are used to constrain the arm extrapolations.

Figure 10. Artistic impression of the Milky Way based on 200 trigonometric parallaxes of maser
sources, presenting our Galaxy as a barred spiral galaxy with four major spiral arms and additional
arm segments and spurs (Credit: Xing-Wu Zheng & Mark Reid; BeSSeL/NJU/CFA).

Ongoing and future maser astrometry projects with VLBI arrays in the Southern Hemi-
sphere, in particular with the Square Kilometre Array (SKA), will ameliorate this situation
and deliver a complete picture of the spiral arm structure of the Milky Way. Reference [123]
summarizes the upcoming opportunities for maser astrometry when including the SKA in
existing VLBI arrays.

Improvements of the astrometric accuracy, especially for methanol maser observations,
will further allow a better coverage of the full Galactic plane. A review of the technical
improvements including the multi-view technique is discussed in [124].

The AuScope (Australia Telescope) project which uses a dedicated VLBI array of four
antennas in Australia (Ceduna 30-m, Yarragadee 12-m, Katherine-12 m, Hobart 12-m) and
one in New Zealand (Warkworth 30-m) is now in its second year of parallax observations
and is planned to run for five years. Each year about ten 6.7 GHz methanol masers are
targeted with eight tracks each. The “inverse MultiView” calibration technique [125] which
allows for a parallax accuracy of 6.7 GHz methanol masers of 10 µas was specifically
developed for this project.



Universe 2022, 8, 390 22 of 26

Author Contributions: Conceptualization, K.I. and K.L.J.R.; data curation, K.L.J.R.; investigation,
K.I. and K.L.J.R.; project administration, K.I.; visualization, K.I. and K.L.J.R.; writing—original draft
preparation, K.I. and K.L.J.R.; writing—review and editing, K.I. and K.L.J.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful to Mareki Honma and Mark Reid for providing valuable
comments on a first draft of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Notes
1 The BeSSeL website is available at http://bessel.vlbi-astrometry.org/ (accessed on 18 July 2022).
2 The VERA website is available at https://www.miz.nao.ac.jp/veraserver/ (accessed on 18 July 2022).
3 The Gaia archive is available at https://gea.esac.esa.int/archive/ (accessed on 18 July 2022).
4 The updated version of the parallax-based distance calculator can be found here http://bessel.vlbi-astrometry.org/node/378

(accessed on 18 July 2022).
5 Their azimuth φ is defined counter clockwise, starting at the Solar azimuth, while in this review, azimuth β is defined as increasing

clockwise.
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