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Abstract

We develop a framework for a new definition of the Galactic midplane, allowing for tilt (6; rotation about Galactic
azimuth 90°) and roll (f,.y;; rotation about Galactic azimuth 0°) of the midplane with respect to the current definition.
Derivation of the tilt and roll angles also determines the solar height above the midplane. Here we use nebulae from the
Wide-field Infrared Survey Explorer (WISE) Catalog of Galactic HII Regions to define the Galactic high-mass star
formation (HMSF) midplane. We analyze various subsamples of the WISE catalog and find that all have Galactic
latitude scale heights near 0730 and z-distribution scale heights near 30 pc. The vertical distribution for small
(presumably young) H 1I regions is narrower than that of larger (presumably old) H Il regions (~25 pc versus ~40 pc),
implying that the larger regions have migrated further from their birth sites. For all HII region subsamples and for a
variety of fitting methodologies, we find that the HMSF midplane is not significantly tilted or rolled with respect to the
currently defined midplane, and, therefore, the Sun is near to the HMSF midplane. These results are consistent with
other studies of HMSF, but are inconsistent with many stellar studies, perhaps because of asymmetries in the stellar
distribution near the Sun. Our results are sensitive to latitude restrictions and also to the completeness of the sample,
indicating that similar analyses cannot be done accurately with less complete samples. The midplane framework we

develop can be used for any future sample of Galactic objects to redefine the midplane.
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1. Introduction

The midplane, the plane at Galactic latitude b = 0°, was
defined in 1958 by the IAU subcommission 33b, which set the
Galactic coordinate system (Blaauw et al. 1960). The IAU
midplane definition comes from the Galactic Center location in
B1950 coordinates of (17:42:26.6, —28:55:00) and the north
Galactic pole location in B1950 coordinates of (12:49:00,
+27:24:00). Ideally, the midplane definition would contain the
minimum of the Galactic potential and there would be equal
amounts of material above and below the midplane. The vertical
distribution of objects with respect to the Galactic midplane tells
us fundamental parameters of Galactic structure, such as the
scale height of the objects studied, the Sun’s height above or
below the midplane, z., and even the orientation of the midplane
itself. Nearly all previous studies of the vertical distribution of
objects in the Galaxy have found an asymmetry in the
distribution of sources above and below the plane, with more
sources found below the IAU plane than above it. This
asymmetry is generally assumed to be the result of the Sun’s
location above the IAU Galactic midplane.

Previous studies of the vertical distribution of objects and solar
height above the plane can be categorized as using either stellar or
gas samples. Solar height studies are summarized in Humphreys
& Larsen (1995) and Karim & Mamajek (2017). Studies of stellar
samples have a long history; perhaps the first such study was done
by van Tulder (1942), who found an asymmetry in the stellar
distribution that implied that the Sun is 14 4+ 2pc above the
plane. Typical stellar studies examine discrepancies in the number
of sources toward the north and south Galactic poles to determine
the solar height (e.g., Humphreys & Larsen 1995). A typical value

for the solar height from stellar studies is 20 pc; for example,
Maiz-Apelldniz (2001) used OB-stars from Hipparchos to derive
2o = 242 £ 1.7 pc, Chen et al. (2001) used stars from an early
release of the Sloan Digital Sky Survey (SDSS) to derive
Ze = 27 £ 4 pc, and Juri¢ et al. (2008) found using SDSS data
release 3 (with some data release 4) that the z-distributions for
stars of a range of colors and brightnesses are all consistent with
7o = 25 pc.

We summarize the studies of Galactic latitude and z-
distributions that use gas tracers in Table 1, focusing on works
that use tracers sensitive to high-mass star formation (HMSF).
This table contains the peak and scale height of the distributions.
If the fits were exponential, we list the stated scale height. If the
fits were Gaussians, we list the scale height & as

_ FWHM
2(21n2)05’

where FWHM is the full width at half maximum of the
distribution. For a given sample, we do not expect significant
discrepancies between the exponential and Gaussian scale
heights (Bobylev & Bajkova 2016). There are larger dis-
crepancies between values derived using gas tracers compared
to those derived using stellar tracers. There is, nevertheless,
good agreement that the various distributions peak below the
Galactic midplane. The tracers that are most sensitive to HMSF
have narrow distributions with scale heights ~40 pc, whereas
the distributions of H I, CO, far-infrared emitting dust, and C II
are broader.

The solar height above the plane derived using gas tracers is
generally lower than that found from stellar tracers (see
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Table 1
Previous Results Analyzing the b and z-Distributions of Galactic Objects
Tracer Galactic Latitude b Height z
Scale Height" Peak Scale Height" Peak Zone Reference”
(deg.) (deg.) (pc) (pc)

ATLASGAL 870 pum cont. 0.3 —0.076 £ 0.008 —60° < <60%|b|<1°5 1
ATLASGAL 870 pum cont. 28 +2 —6.7 £ 1.1 —60° < ¢ <60%|b] <195 2
ATLASGAL 870 pm cont. 31+3 —4.1+1.7 —60° < ¢ <0%|b|<1%5 2
ATLASGAL 870 pm cont. 24 + 1 —-10.3 £ 0.5 0°<¢<60%|b|<1%5 2
BGPS 1.1 mm cont. —0.095 £ 0.001 —10° < ¢ < 90%5; | b | < 0°5 3
BGPS 1.1 mm cont. 27 £ 1 —-9.7 £ 0.6 15° < ¢ <75%|b| <0°5 4¢
IR-identified star clusters 0.66 + 0.07 Entire Galaxy 5
Ultracompact H 11 regions Entire Galaxy 6
Ultracompact H 1I regions 31 —10° < £ < 40°% |b| <0%5 7
Ultracompact H II regions 0.6 30 Entire Galaxy 8
H I regions 42 —11 179 < £ <55%4; |b| < 1° 9
H 11 regions 39.3 -73 Entire Galaxy, Rga < Ro 10¢
H 1I regions 33.0 + 0.06 —7.6 Entire Galaxy, Rga < Ro 11¢
High-mass star-forming regions 294+ 0.5 —20to 0 179 < 0 <55%4; |b| < 1° 12
CH;0H masers 04 + 0.1 —174° < £ < 33° 13
H1 cold neutral medium ~150 Entire Galaxy 14
cO 0.45 Entire Galaxy 15
Far-IR dust 0.50 Entire Galaxy 16
Far-IR dust 0.32 —0.06 —70° < £ <68%|b|<1°0 17
158 pm [C1I] 0.56 73 —28 Entire Galaxy at b = 0° 18

Notes.

? As listed in the paper, regardless of whether value corresponds to the exponential or Gaussian scale height (see Equation (1)).

® 1: Beuther et al. (2012), 2: Wienen et al. (2015), 3: Rosolowsky et al. (2010), 4: Ellsworth-Bowers et al. (2015), 5: Mercer et al. (2005), 6: Bronfman et al. (2000),
7: Becker et al. (1994), 8: Wood & Churchwell (1989), 9: Anderson & Bania (2009), 10: Paladini et al. (2004), 11: Bobylev & Bajkova (2016), 12: Urquhart et al.
(2011), 13: Walsh et al. (1997), 14: Kalberla (2003), 15: Dame et al. (1987), 16: Beichman et al. (1988), 17: Molinari et al. (2015), 18: Langer et al. (2014).

¢ These authors correct for the solar offset above the Galactic midplane. Quoted values are our computations from their database, using z = d.,, sin () and the Brand

(1986) rotation curve.
4 Values are only for the sample with the most accurate distances.
¢ Listed scale height is from the authors’ Gaussian model fit.

compilation in Karim & Mamajek 2017). Typical values are
near 10 pc. For example, Bobylev & Bajkova (2016) found
Zo = 8 £ 2 pc from a sample of HII regions, masers, and
molecular clouds, and Paladini et al. (2003) found
Zo = 9.3 £ 2 pc using a sample of HII regions.

Because it was defined using low-resolution data and our
measurements have since improved significantly, the IAU-
defined Galactic midplane may need to be revised (Goodman
et al. 2014). We now know that SgrA* lies at b = —0°046165
(Reid & Brunthaler 2004), which places it below the IAU-
defined location of the Galactic Center (although by the IAU’s
definition, SgrA is at the Galactic Center Blaauw et al. 1960).
Goodman et al. (2014) investigated the implications of this
offset and of the Sun lying above the midplane using the
extremely long Nessie infrared dark cloud. Although Nessie
lies below the midplane as it is currently defined, because of the
Sun’s offset and the offset of SgrA™ from b = 0°, they found
that Nessie may actually lie in what they call the “true”
midplane, which is tilted by angle 6, with respect to the IAU
midplane definition.® Although their study is suggestive, it
needs to be expanded to a larger sample of objects in order to
make stronger claims about the midplane definition.

Tracers of HMSF formation should define the Galactic
midplane, although it is difficult to create a large, unbiased

We call this rotation the “tilt” angle to be consistent with previous authors,
although by convention it would be called the “pitch” angle.

sample of HMSF regions. Most of the gas tracers are related to
massive stars, which are born in the most massive molecular
clouds in the Galaxy. The high-mass stars themselves have
lifetimes short enough that they are unable to travel far from
their birthplaces. For example, an O-star with a space velocity
of 10 kms~! can only travel 100 pc out of the midplane in
10 Myr, and only then if its velocity is entirely in the Z
direction. Other tracers of high-mass stars should be similarly
restricted to the midplane.

In Section 2, we first develop the methodology needed to
redefine the Galactic midplane. We apply this methodology to
the Wide-field Infrared Survey Explorer (WISE) Catalog of
Galactic H 1T Regions (Anderson et al. 2014) in Section 4, after
first characterizing the vertical structure of the Galaxy’s HII
region population in Section 3. We therefore define the HMSF
midplane, determine the tilt and roll angles of the HMSF
midplane with respect to the current IAU definition, and
determine the Sun’s displacement from the HMSF midplane.
The WISE catalog does not suffer from the same incomplete-
ness and biases of other studies and so may be better suited to
determining the HMSF midplane than tracers used previously.

2. Defining the Galactic Midplane

Here, we develop the methodology required to define the
midplane using a sample of discrete Galactic objects. Although
the derived equations are general, we assume in later sections
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Figure 1. Face-on geometry of the two coordinate systems used here, as
viewed from the Galactic north pole (along Z’). Angles are exaggerated for
clarity. Unprimed coordinates are centered on the Sun, whereas primed
coordinates are centered at SgrA*. Angles are indicated with green lines and
font. Although £ is not exactly out of the plane because of the midplane tilt, we
ignore this complication when showing the coordinates.

that the midplane passes through SgrA*. Future analyses with
more data points may be able to relax this assumption.

2.1. Coordinate Systems

To define the Galactic midplane, we need to use two
coordinate systems: the current IAU Galactic coordinate system
centered on the Sun (x, y, and z) and a new one centered on
SgrA* (¥, ¥/, 7') using the “modified” midplane definition. A
Galactic azimuth (az) of 0° connects the Sun and the Galactic
Center, and azimuth increases clockwise in the plane as viewed
from the north Galactic pole.” In the Sun-centered coordinates, £
points from the Sun to the (currently defined) Galactic Center,
¥ points in the direction of Galactic azimuth az = 90°, and 2
points toward the Galactic north pole. In the SgrA*-centered
coordinate system, £’ points from SgrA™ in the approximate
direction of the Sun, y’ points in the direction of Galactic
azimuth az ~ 90°, and %’ points approximately toward the
Galactic north pole.

We show the geometries of the two coordinate systems in
Figures 1-3. The modified midplane can be tilted by angle 0y,
(rotated about X’; Figure 2) and rolled by angle 6, (rotated
about ¥'; Figure 3). The modified midplane takes the form

ZI = 6till(-x - ngrA*) + eroll(y - ySgrA*) + (Z - ZSgrA*)' (2)

SgrA™ is located at ((sgea*, bsgrst) = (3592944249, —0°046165)
(Reid & Brunthaler 2004), which gives nonzero values for yg,
and Zggx*. As can be seen in Figure 2,

ISgrA = Rosin ngrA*~ (3)

o Technically, az is different between the two coordinate systems. We use
here the azimuth defined in the current coordinate system, but only to orient the
reader.
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We can use the geometries in Figures 1 and 3 to determine

R() sin ZSgrA*

“

Vsgra® =
¢ cos Oron1

We derive conversions between these coordinate systems in
Appendix, with the main result being the derivation of z’:

7= (Ro — x)sin Oy cos Oron
- (ySgrA* - y)Sin 91—01]

+ (2 — Zsgra) €08 By €OS Oront 5)

where

X d,costcosb
[)’) =|d,sinlcosbh | (6)
. d,sinb

We can therefore compute 7’ for each Galactic object, given its
(x, y, z) values, the rotation angles, and the location of SgrA*.
We give the z-heights for locations along az = 0° in Table 2.

2.1.1. Midplane Tilt, Midplane Roll, and the Sun’s Height

The tilt angle, which is apparent in Figure 2, does not have a
compact analytical form unless we make some simplifying
assumptions. Its complete form can be found by solving (see
Appendix):

/ . .
2o = Ro $in Oyt €08 Oron — Yggrar SN bron

+ Zggra* €08 Oyite €OS Oro. 7N

To simplify the equation for 6y, we assume that 6y, ~ O
(Goodman et al. (2014), find g =~ 0°1), so cos by ~ 1. We
can further assume that 6,5 ~ 0 so that cosf,.; ~ 1 and
Ysars® SN Oron is small compared to the other terms. The tilt
angle is then:

(®)

!
.| 26 T Zsgrar
By = sin '(—g .

Ry

This differs from the angle used in Ellsworth-Bowers et al.
(2013) by the additional term zgg 4.

The roll angle is apparent in Figure 3. There is no compact
solution for 6, under reasonable assumptions. Its full form can
be found by solving Equation (14).

3. The WISE Catalog of Galactic HII Regions

We wish to investigate the HMSF midplane using H1I
regions in the WISE Catalog of Galactic H IT Regions (hereafter
the WISE catalog Anderson et al. 2014), which contains all
known Galactic HII regions. First, however, we characterize
this sample of H II regions and define subsamples to investigate
how results may change when smaller numbers of H II regions
are used. We use V2.1 of the WISE catalog“), which contains
1813 known H I regions that have ionized gas spectroscopic
observations, 1130 of which have known distances. This H1I
region sample extends across the entire Galactic disk to
Heliocentric distances >20kpc and Galactocentric distances
>18 kpc (Anderson et al. 2015). Because the WISE catalog was

10 http://astro.phys.wvu.edu/wise/


http://astro.phys.wvu.edu/wise/

THE ASTROPHYSICAL JOURNAL, 871:145 (13pp), 2019 February 1

Anderson et al.

SgrA*

Modified midplane

Figure 2. Geometry used for calculations of the midplane tilt rotation angle and the Sun’s height above the plane. Angles are exaggerated for clarity and are indicated
with green lines and font. Primed quantities correspond to distances in the coordinate system defined by the modified midplane that passes through SgrA*. The
modified midplane is tilted by an angle 6y, for a cut through the plane at Galactic azimuth of 0° as viewed from an azimuth of 270°. One example H II region is shown
to represent the analysis done in the next section on the entire H I region population. Although ¥ is not exactly out of the plane because sz = 0, we ignore this

complication when showing the coordinates.
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Figure 3. Geometry used for calculations of the roll angle. Angles are exaggerated for clarity and are indicated with green lines and font. Primed quantities correspond
to distances in the coordinate system defined by the modified midplane that passes through SgrA*. We show the geometry for a roll angle 6,.y;, for a cut through the
plane at Galactic azimuth of 90° as viewed from an azimuth of 180° (SgrA”* is in the foreground). The third and fourth Galactic quadrants are, therefore, on the left of
the diagram, and the first and second quadrants are on the right. One example object, an H II region, is shown. Although % is not exactly out of the plane because

lsgra = 0, we ignore this complication when showing the coordinates.

Table 2
Reference Points in the Two Coordinate Systems

Location Sun-centered SgrA*-centered
(¢, b, d) z Z
Sun: (—,—,0) 0 Ry sin Oy cos Oroy —
ZsgrA* €OS Byt cOS Oron = zé
SgrA™: R sinbggnr = Zsgrat 0
([SgrA*a ngrA*, Ro)
Current 0 —ZsgrA* €08 Byt €08 Grony

GC: (0°, 0°, Ry)

derived using 6”-resolution 12 yum data, or 2" Spitzer data in
crowded fields, and the nominal H II region size is on the order
of arcminutes, confusion is minimal. Therefore, the WISE
catalog suffers less from blending of distant regions compared
with lower resolution studies (see Beuther et al. 2012). The
catalog also has no latitude restriction, which removes an
additional impediment to the study of the vertical distribution
of HMSF (see Section 4.4.3).

We compute the height above the plane, z, for each WISE
catalog H1I region using Equation (5):

z = dgsin(b), )

where d. is the Heliocentric distance and b latitude from
the nominal H I region centroid position in the catalog. The
definition of z has no correction for the Sun’s height above the
midplane and so differs from that used in some recent studies
(e.g., Ellsworth-Bowers et al. 2015). There is also no correction
for the displacement of SgrA* below b = 0°.

If available, the catalog distances are from maser parallax
measurements (e.g., Reid et al. 2009, 2014), but otherwise they
are kinematic distances. The original WISE catalog used the Brand
& Blitz (1993, hereafter B93) rotation curve for kinematic
distances. Here, we update all known H1I region distances using
the method of Wenger et al. (2018, hereafter MC), which better
accounts for uncertainties in kinematic distances. Because of their
large uncertainties, the catalog contains no kinematic distances for
HIO regions within 10° in Galactic longitude of the Galactic
Center, within 20° of the Galactic anticenter, and for any region
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Figure 4. The warping and flaring of the Galactic disk. Shown is the height
above the plane relative to IAU definition, z, vs. Galactocentric radius Rg, for
the H II regions in the sample (top panel). The color of each point corresponds
to the Galactic longitude of the region. We decrease the symbol size at low
values of Rga for clarity. The warp begins near the solar circle,
Rga ~ 8.34 kpc (dashed vertical line), in agreement with previous studies.
The warp is toward the north Galactic pole in the first and second quadrants
(black/purple /blue points) and toward the south Galactic pole in the third and
fourth quadrants (green/yellow/orange points). In the bottom panel, black-
filled squares show the standard deviation of the z-heights derived from
Gaussian fits to sources in 1 kpc bins. Within the solar circle, the standard
deviation is S 50 pe, and this can be thought of as the scale height. Outside
the Solar circle, the standard deviation increases rapidly because of the
Galactic warp.

where the distance uncertainty is > 50%. We use Ry = 8.34 kpc
throughout (Reid et al. 2014).

Because of the Galactic warp, we cannot use all cataloged H 1T
regions to investigate vertical structure in the Galaxy. The warp is
known to begin around the solar orbit (Clemens et al. 1988), at
Ry ~ 8.34kpc. We investigate the warp by plotting the z-
distribution of H II regions as a function of Rg, in the top panel
of Figure 4. Each point in the top panel of Figure 4 represents an
H1I region, color-coded by its Galactic longitude. In agreement
with previous results, the warp as traced by HII regions begins
near the solar circle ( Rgy = 8.34 kpc) and extends toward the
north Galactic pole in the first Galactic quadrant and toward the
south Galactic pole in the third Galactic quadrant.

The standard deviation of the H1I region sample shown in
the bottom panel of Figure 4 is relatively constant in the inner
Galaxy. The inner-Galaxy values are all <50 pc, and this can
be thought of as the scale height. In the outer Galaxy, the
standard deviation increases with Galactocentric radius as a
result of the Galactic warp. This agrees with the results of the
HII region study by Paladini et al. (2004) and the CO study by
Malhotra (1994). We exclude Rg, bins that have fewer than 10
sources from these computations.

In the analysis of the HMSF midplane (Section 4), we exclude
sources with Rga > Rg, where Ry = 8.34 kpc. We also exclude
regions with distance uncertainties >50%. We show the Galactic
locations of the HII regions studied here in Figure 5. The lack of
regions within 10° of the Galactic Center is, in part, caused by
a lack of known distances for those regions. Most regions in
the large concentration near £ = 80° are associated with the
Cygnus X complex.

Anderson et al.

3.1. Subsamples of the WISE Catalog

Because of issues of completeness and biases introduced by
large H 11 region complexes, we define multiple subsamples of the
WISE catalog. We run our analyses on these subsamples to
investigate potential biases in our results. We also test the impact
of using different rotation curve models. For all subsamples, we
include only regions with Rg, < Ry, with Ry = 8.34 kpc.

3.1.1. Galactic Quadrants

The completeness of the WISE catalog varies across the
Galaxy. Nearly all recent H1I region surveys have taken place
in the northern sky, and therefore there are many more known
HII regions in the first Galactic quadrant compared to the
fourth. The luminosity distribution of the first-quadrant sample
suggests that it is complete for all H II regions ionized by single
O-stars, but this is not the case in the fourth quadrant
(W. P. Armentrout et al. 2019, in preparation). This asymmetry
may introduce a bias into our analysis. We therefore perform
our analyses below using two Galactic longitude subsamples
that both have Rgy < Ro: one from 10° < ¢ < 75° (hereafter
the “first-quadrant sample”) and one containing all regions in
the first and fourth quadrants (the “inner-Galaxy sample”). The
first-quadrant sample has 682 H1I regions, 458 of which have
known distances, and the inner-Galaxy sample has 1149 HII
regions, 613 of which have known distances.

3.1.2. H1I Region Complexes

H I regions are frequently found in large complexes containing
many individual H1I regions. The WISE catalog lists entries for
each individual region in the complex, and therefore the results of
a statistical study will differ according to whether the complex is
considered to be one H I region or many. There are ~600 objects
in the WISE catalog that do not have ionized gas or molecular
spectroscopic observations but are placed into a complex on the
basis of the appearance of the complex in midinfrared and radio
continuum data (e.g., W49, W51, SgrB2, and so forth). The
distance to these regions is assumed to be that of the other
complex members. These large complexes may bias our results
because there are many regions in the catalog at particular
Galactic locations. This bias may be warranted because these large
complexes may better define the midplane (as found by
V. Cunningham et al. 2019, in preparation).

We test for the effect of complexes on our results by running
the analyses on two subsamples, one only containing “unique”
HI regions (i.e., each complex contains only one catalog
entry) and the other that has all regions, including “group”
regions that that are in large H I region complexes but that lack
individual spectroscopic observations. For the group regions,
we assume the kinematic distance of the other complex
members. We only show results from these subsamples in the
first Galactic quadrant. In the first Galactic quadrant, the unique
subsample contains 605 H II regions, 408 of which have known
distances, and the group subsample contains 1132 H1I regions,
725 of which have known distances.

3.1.3. Rotation Curves

The majority of the WISE catalog distances are kinematic and
are therefore sensitive to the choice of rotation curve. Different
distances result in different values for z (see Equation (7)). We
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velocity if the source is nearby, but the two rotation curves giving similar distances otherwise. The larger uncertainties zgg3/zr14 > 1.05 are all from sources at the
near kinematic distance. This, combined with the fact that the distances themselves are not evenly distributed gives rise to the bimodal nature.

examine how our results change when kinematic distances are
computed using the B93 curve, the Reid et al. (2014, hereafter
R14) model, and the MC analysis. We do not change the parallax
distances in any of our trials. R14 lists multiple rotation curve
models; the one we use here has a solar circular angular velocity
Qo =235 kms~!, a solar distance from the Galactic Center
Ry = 8.34 kpc, and Q2( Rga) = 29 — 0.1 Rga. In general, the
BO93 curve gives larger distances compared to the R14 curve, and,
therefore, the B93 z-distances are larger than those of R14
(Figure 6, top panel). The MC and R14 curve z-distances are
similar (Figure 6, bottom panel).

3.2. Characterizing the H Il Region Vertical Distribution

We characterize the WISE catalog Galactic latitude distribu-
tion for all H 1I regions in the sample and the z-distribution for
regions with known distances in Table 3. These analyses do not
rely on the modified midplane definition in Section 2, but are
comparable to those derived by previous authors in Table 1.

3.2.1. Galactic Latitude Distribution

The distribution of Galactic latitudes is representative of the z-
height distribution, but because it does not require distances to the
objects, the analysis can be done on a larger sample of HII
regions. Figure 7 shows the first quadrant and inner Galaxy H1I
region Galactic latitude distributions, although we perform the
same analysis for all subsamples defined previously, for all

rotation curves. We plot the kernel density estimation (KDE) in
the black curve. The KDE estimates the underlying distribution,
and an analysis of the KDE is free from the uncertainties
associated with the choice of bin size. For this and all subsequent
analyses, we use the Epanechnikov kernel with the optimal
bandwidth as suggested by Silverman (1986, their Equation
(3.31)). We fit the KDE distributions with Gaussian functions and
store the results in Table 3.

For all subsamples, the peak of the Galactic latitude distribution
is slightly below b = 0° (possibly indicating a positive value for
the solar height z/), ranging from —0°04 to —0°06. The scale
height, again the standard deviation of a Gaussian fit to the
Galactic latitude distribution, is between 0°25 and 0°30 for all
subsamples. These scale height values are similar to those found
for other high-mass star tracers (Table 1). It is interesting that our
sample of H I regions, which spans a wide range of evolutionary
stages, has the same scale height as tracers that are more sensitive
to future star formation (e.g., submillimeter/millimeter clumps).
We can infer that the lifetime of H II regions is short enough to not
make a large difference in their b-distribution compared with
younger objects.

3.2.2. z-Distribution

For regions with known distances, we can study the z-height
distribution directly. The z-distributions, for which we show
examples in Figure 8, are approximately Gaussian for all
subsamples. There are, however, “wings” to the distributions at
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Table 3
H 11 Region b and z-Distributions
Galactic Latitude b Height z
Rotation

Sample Curve Modification Number Scale Height Peak Number Scale Height Peak

(deg) (deg.) (pc) (po)
First Quadrant MC 682 0.27 £ 0.01 —0.05 £+ 0.01 458 323 +£0.38 —6.5 £ 0.8
First Quadrant MC Unique 605 0.28 £+ 0.01 —0.05 £+ 0.01 408 335+£0.38 —6.2 £0.8
First Quadrant MC Group 1132 0.29 = 0.01 —0.05 £ 0.01 725 323 +£0.8 —6.5£0.8
First Quadrant R14 682 0.27 £+ 0.01 —0.05 £+ 0.01 475 30.1 £0.8 —6.2 £ 0.8
First Quadrant B93 682 0.27 £ 0.01 —0.05 £+ 0.01 475 30.8 £0.8 —6.5 £ 0.8
Inner Galaxy MC 1149 0.31 + 0.01 —0.05 £ 0.01 613 332 +£0.7 —-32+0.7
First Quadrant MC r<2pc 130 0.21 £ 0.01 —0.02 £ 0.01 104 244 £ 0.7 —4.6 £0.7
First Quadrant MC 2<r<S5 pe 211 0.34 £ 0.01 —0.04 £ 0.01 200 403 £ 1.1 —6.0 £ 1.1
First Quadrant MC r>5 pc 159 0.29 £ 0.01 —0.07 £ 0.01 154 412 +£09 —9.7 £0.9

high and low values of z. As with the Galactic latitude
distributions, we fit the KDEs of the z-distributions with
Gaussian functions and store the results in Table 3. The
analysis of the z-distribution is necessarily limited to only H1I
regions with known distances, which is a smaller subsample
compared to that used in the Galactic latitude analysis. All
subsamples peak at small negative values, from —3 to —6 pc,
again implying that the Sun is located above the midplane. The
scale heights for the various subsamples range from 30 to
34 pc. All distance methods return similar results. These

values are similar to those found for ultracompact H1I regions
(Bronfman et al. 2000), submillimeter clumps (Wienen et al.
2015) and high-mass star-forming regions (Urquhart et al.
2011) (see Table 1).

3.2.3. Variations with H Il Region Size

Finally, we test how the b- and z-distributions changes when the
sample is restricted to H1I regions of various physical sizes. The
size of an H1I region is a proxy for its age (e.g., Spitzer 1978).
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middle), and large (r > 5 pc; bottom) first-quadrant H II region samples. The
smallest regions have the narrowest distribution. The black lines are the KDEs
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Diffuse HII regions are difficult to detect (Lockman et al. 1996;
Anderson et al. 2018), and excluding larger diffuse regions from
the sample may affect the derived results. We divide the first-
quadrant sample into three physical size groups on the basis of the
WISE catalog radius 7: r <2 pc, 2 <r <5 pc, and r > 5 pc.
We show these distributions and fits in Figure 9, and give the
fit parameters in Table 3. Smaller regions have a smaller scale
height of ~25 pc, whereas the largest regions have scale heights
of ~40 pc. Furthermore, the larger region distributions are
consistent with larger solar heights, and hence larger tilt angles.
Assuming the smaller regions are on average younger, this result is
consistent with migration of older regions out of the plane as
they age.

Anderson et al.

4. The HMSF Midplane Defined by H IT Regions

We use the results from Section 2 to define the HMSF
midplane with HII regions. In this process, we determine the tilt
and roll angles and also the solar offset from the midplane. Our
analysis necessarily ignores local deviations (e.g., Malhotra
1994, 1995) to find the average midplane definition most
consistent with the data. As before, we exclude H II regions with
Rgal > Ro, HII regions within 10° in Galactic longitude of the
Galactic Center, and all regions with distance uncertainties >50%.

4.1. Midplane Tilt with 0,4 = 0°

We assume that the H I region 7’ distribution will peak at 0 pc
for the “correct” value of z.. Changing z/, alters z’ for each HII
region in the sample (Equation (5)). This value of z/, also results
in a unique value for 6, (Equation (6)). With the limited number
of fourth quadrant H1I regions with known distances, 6o is
difficult to constrain and is often not accounted for in other
analyses of the midplane (e.g., Goodman et al. 2014).

We vary z4 from —30 to 40 pc in steps of 0.5 pc and
recompute z’ for all HII regions in the sample. For each
distribution of 7z’ values (for a given value of zg')), we fit a
Gaussian function to the KDE to determine the peak of the
distribution (as in Figure 8). We show the values of the fitted
Gaussian peaks as a function of z,é and 6y, in Figure 10 and
give the derived values of zé and 0y in Table 4.

Our analysis finds that the Sun lies z. ~ 5.6 + 2.6 pc above
the HMSF midplane for the first-quadrant sample, for tilt angles of
By ~ —0°01, and 4.4 £ 1.9 pc below the plane for the inner-
Galaxy sample, for tilt angles of 6, ~ —0707. The uncertainties
in the derived values of zé and 6y, come from allowing the peak
to fall within the range +1 pc.

4.2. Midplane Tilt and Roll

Similar to our investigation of the midplane tilt, we can test
for the midplane roll by fitting the distributions of z’ for the H II
region sample. For a one-dimensional fit, we cannot allow 6y
(or, equivalently, zé) and O, to both be free parameters.
Instead, we set 6, to a range of discrete values and fit for ;.

We compute a grid of z’ distributions for 6, values from —0°8
to 0°2 in increments of 0°05. We then vary z., (and hence y) as
in Section 4.1 until we find the combination of 6, and 6,,;; where
the 7' distribution of HII regions peaks at 0 pc. We show the
combinations of O, and 6, that together lead to distributions
peaking at 7/ = 0 in Figure 11 for the first-quadrant and inner-
Galaxy samples. There is a negative correlation between 6y, and
B:o11, such that increasing either angle has the same effect on the
HT region distribution. From this one-dimensional analysis, we
cannot determine the best combination of the two angles, but we
can constrain one angle given the other one.

4.3. Three-dimensional Fit for Midplane Tilt and Roll

Instead of testing discrete values of Oy, and 6, by fitting the
one-dimensional distribution of 7/ for HII regions, we can also
simply fit a plane of the form in Equation (2) to the HII region
distribution. In this way, we simultaneously fit for the Sun’s height
and the two midplane rotation angles. The downsides to this
method are that it is difficult to compare with the one-dimensional
fits frequently done by previous authors and may produce results
inconsistent with those of the one-dimensional fits.
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Table 4
HMSF Midplane Parameters
Oron = 0° Oron Free
Sample Rot. Curve Modification Number z6 Ouie 2 O Oro11
(pc) (deg.) (pc) (deg.) (deg.)
First Quadrant MC 458 55+25 —0.01 £+ 0.01 5.6 +£0.7 —0.01 £+ 0.01 0.08 + 0.01
First Quadrant MC Unique 408 45+25 —-0.02£0.01 6.5 £ 0.8 0.00 + 0.01 0.10 £ 0.01
First Quadrant MC Group 725 55+25 —0.01 £0.01 94 £ 0.6 0.02 £+ 0.01 0.11 £+ 0.01
First Quadrant R14 475 50+£25 —0.01 +£0.01 42+ 1.1 —0.02 £+ 0.01 0.03 £ 0.01
First Quadrant B93 475 55+25 —0.01 £ 0.01 57+12 — 0.01 £ 0.01 0.04 + 0.01
Inner Galaxy MC 613 -28+1.6 —0.07 +0.01 1.3 +£04 —0.04 £+ 0.01 0.04 + 0.01
First Quadrant MC dew = 4.7 kpe, a = —0.66 306 48 £3.1 —0.01 £0.02
First Quadrant MC [b] < 0°5 385 35+£25 —0.02+0.02 15.0 £ 0.6 0.06 £ 0.01 0.05 £+ 0.01
First Quadrant MC [b] < 120 441 6.2 £ 1.6 0.00 £+ 0.02 143 £ 0.7 0.05 £+ 0.01 0.09 £ 0.01
First Quadrant MC r<2pc 104 08+ 1.6 —0.04+0.01 -33+13 —0.07 £ 0.01 —0.04 + 0.01
First Quadrant MC 2<r<5pe 200 35+3.0 —0.02 +0.02 18.0 + 1.2 0.08 + 0.01 0.15 £+ 0.01
First Quadrant MC r>5pc 154 185 £3.5 0.08 £+ 0.03 —86 £ 1.5 —0.11 £ 0.01 0.02 £+ 0.01

We fit the plane using a robust least-squares minimization
routine. The robust least-squares fit reduces the impact of outliers
on the fit results by minimizing the “loss function,” p(z), where z
is the squared residuals. We use a “soft 11” loss function,
p(z) =+1 + z? — 1, which is similar to the Huber loss
function. As before, we force the plane to pass through the
location of SgrA™. We perform these three-dimensional fits for the

same subsamples as the one-dimensional fits and store the results
in the final three columns of Table 4.

The results from the three-dimensional fits are similar to those
found previously in the one-dimensional fits, despite allowing for a
second midplane tilt angle. We find small absolute tilt angles and
small positive values for the Solar height about the plane. In the
first-quadrant sample, for example, 0 = —0°01 and zé =57
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the cumulative distribution function for the H II region sample unrestricted by
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distribution peak from —20 to +15 pc.

The roll angle is generally small as well, and almost always
positive; 6o = 0708 for the first-quadrant sample and
B.on = —0°04 for the inner-Galaxy sample. As can be seen in
Figure 11, the values of 6y, and 6, derived from the three-
dimensional fits are broadly consistent (~5¢0) with the one-
dimensional relationships. This gives us additional confidence in
the derived values.

4.4. Effects of Completeness and Latitude Restrictions

Because the WISE catalog contains a greater quantity of
extremely distant sources compared with other catalogs of star
formation regions, we here examine whether our results would
change if the sample were less complete.

4.4.1. Artificial Distance Cutoff

As a first test, we restrict our first-quadrant sample by removing
sources above a range of Heliocentric distances from 1.75 to
8.25 kpc. We then fit the KDE distributions of these restricted
samples with Gaussians as before and show the results in
Figure 12. We see in this figure that the peak of the z-distributions
varies from —19 to +17 pc. This simple analysis shows that an
artificial distance cutoff may have a significant effect on the
derived values.

4.4.2. Malmquist Bias

A flux-limited distribution of course does not have a hard
distance cutoff. We attempt to model a more accurate
Malmquist bias by comparing the HII region distance
distribution to that of another flux-limited sample. We choose
to do the comparison with the Bolocam Galactic Plane Survey
(BGPS) catalog (Ellsworth-Bowers et al. 2015), although any
flux-limited sample could serve the same purpose.

The BGPS catalog contains 3508 mm clumps, 1710 of which
have kinematic distances. In the first-quadrant zone
10° < ¢ < 75°, there are 2843 clumps identified from milli-
meter-wave observations, 1214 of which have kinematic
distances. The distribution of BGPS Heliocentric distances
differs from that of the WISE HII regions in that it has a
stronger peak near 5 kpc and a steeper decrease thereafter (see
below). This indicates that there is either an asymmetry in the
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millimeter-clump /H I region ratio or that there is Malmquist
bias in the subset of BGPS sources with known distances.

We attempt to evaluate the impact of potential Malmquist
bias by applying a source removal function to the HII region
sample that more closely approximates the effects of
Malmquist bias. We create a modified H1I region distribution
by keeping all sources in the catalog that have Heliocentric
distances less than a cutoff distance d.,. For sources with
distances greater than the cutoff value, we apply a power-law
source removal function with a power-law index «. The
percentage likelihood that a source with a Heliocentric distance
d is kept in the catalog is therefore:

1 if d < dew
P=\w. -

dew)™®, ifd > dew.
We iterate d., and « in the respective ranges O to 12 kpc and 0
to 1, to create modified H II region distributions, and perform a
Kolmogorov—Smirnov test on the BGPS and modified HII
region distributions. The Kolmogorov—Smirnov test can
determine the likelihood that two samples are drawn from the
same parent distribution.

We find that the two distributions are most similar when
a = —0.66 and d., = 4.7 kpc. We show the Heliocentric
distance cumulative distribution functions before and after the
modification in Figure 13, top panel, and the distributions
themselves in Figure 13, bottom panel.

Fitting this modified HII region distribution using one-
dimensional fits as in Section 3 does impact the derived
parameters, although the fits to the modified distribution give
peaks and scale heights similar to those found for the complete
distribution. Repeating the Sun’s height analysis, we find that the
modified HTI region distribution is consistent with the Sun lying
12.5 pc above the midplane, for a tilt angle 6, = 0°04. These
values are considerably larger than the unmodified values of
5.5 pc and g = —0°01. We conclude that Malmquist bias can
significantly alter the derived values of the Galactic midplane.

(10)

4.4.3. Latitude Restrictions

Most surveys of the Galactic plane are restricted in latitude. For
example, the BGPS was limited to| | < 0°5. When creating the
WISE catalog, we searched WISE data within 8° of the plane but
included known regions outside this range. The WISE catalog,
therefore, is more complete in latitude compared with catalogs
derived from most other Galactic plane surveys. To test the effect
of this latitude limitation, we restrict our first-quadrant sample to
within| b | < 0°5 and| b | < 1°0 and repeat the above analyses.
We again find that the peak and scale height are essentially
unchanged. The solar height is 3.0 pc for| b | < 025 and 6.5 pc
for | b | < 1°0, for tilt angles 6y = —0°03 and 6y, = 0200,
respectively. The former values are considerably different from
the unrestricted values of 5.8 pc and 6, = —0°01. Therefore,
restricting the sample to within | b | < 0?5 significantly changes
our results, but there is no such effect if it is limited to
| b| < 1°0. We conclude that surveys with | b | < 120 can
reproduce the z-distribution results from our more complete
sample, but surveys with | b | < 0°5 cannot.

5. Summary

We developed a framework for studies of the Galactic
midplane, assuming that the midplane passes through the
location of SgrA*. We allowed for rotation of the midplane
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Figure 13. First-quadrant distributions of Heliocentric distances for the BGPS
and HII region samples. Because the BGPS catalog is limited to within
| b | < 0°5 in the first quadrant, we also show the H II region distribution with
this limitation. The BGPS distribution is heavily weighted toward relatively
nearby sources compared to the H II region distribution.

about Galactic azimuths of 90° (the “tilt”; 6;;) and 0° (the
“roll”; Byop). Our framework can be applied to any sample of
Galactic objects to determine the midplane, thereby determin-
ing the tilt and roll angles with respect to the current midplane
definition and also the Sun’s height above the midplane.

We applied this framework to the WISE Catalog of Galactic
HIl Regions to define the HMSF midplane. In other work
(W. P. Armentrout et al. 2019, in preparation), we have found
that the WISE catalog is statistically complete for all first-
quadrant H1I regions ionized by single O-stars, giving us a
volume-limited sample. The fourth-quadrant sample is less
complete, and we therefore analyze the first-quadrant and
inner-Galaxy (first and fourth quadrants) samples indepen-
dently. We computed a Galactic latitude HII region scale
height of ~0930, and a z-distribution scale height of ~30 pc.
These values depend on the size of the H II regions themselves.
The smallest HII regions (<2 pc radius) have the smallest
scale height distribution of 26 pc. Larger HII regions have a
scale height of ~40 pc. Because the size of an HII region
depends on its age, these results may indicate a broadening of
the H1I region distribution as the regions themselves evolve.

We found that the HMSF midplane is not significantly different
from the current IAU midplane and that the Sun is near to the
HMSF midplane. Values for the first-quadrant and inner-Galaxy
samples are similar, although the first-quadrant sample analysis
supports a solar height of ~ 5 pc above the current midplane, and
the inner-Galaxy sample analysis supports a solar height of a few
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parsecs below the current midplane. The tilt and roll angles as
defined here are negatively correlated, although when 6., is a free
parameter, we find similar values for 6, and the solar height as
when 6, is set to zero. We caution that the roll angle is not well-
constrained because of a lack of H II regions with known distances
in the fourth Galactic quadrant.

Our values for the solar height are ~15 pc less than those
found in studies of stars, but they are consistent with many results
of HMSF tracers. The meaning of this discrepancy is unclear. The
stellar samples are compiled over a different portion of the Galaxy
compared to ours, because extinction drastically limits the
distance that stars can be seen in the midplane. The discrepancy
between our results may indicate that near to the Sun there is a
large-scale displacement in the stellar population. Because many
of the stellar studies rely on counting stars toward the north and
south Galactic poles, asymmetries in the stellar distribution would
alter the derived result for the solar height. For example, Xu et al.
(2015) discovered an asymmetry in the main-sequence star counts
using data from the SDSS such that there are more stars in the
north 2 kpc from the Sun, more stars in the south between 4 and
6 kpc from the Sun, and more stars in the north between 8 and
10 kpc from the Sun. Such asymmetries may make determina-
tions of the solar height difficult using star counts.

Our values are, however, broadly consistent with the results
of Wegg et al. (2015). They found from near-infrared star
counts of red clump giants that the mean latitude in the Galactic
long bar is b ~ —0°1 and that the long bar lies in the midplane
after accounting for the midplane tilt. At a longitude of the end
of the long bar of ¢~ 30° a distance of 6000 kpc,
b= -0°10, Oire = —0°01, and Oron = OO, 7/~ —4 pc. If we
redo the calculation with the first-quadrant sample values of
Oiie = —0°01 and 6,,; = 0°08, then z’ ~ —0.1 pc, which
implies that the long bar is exactly in the modified midplane.
Using the inner-Galaxy values of 6y, = —0°04 and
erou = 0?04, 7/~ —4 pc.

We tested the robustness of these results and applicability of our
methodology using various permutations of our sample. Because
most Galactic plane surveys are restricted in latitude, we examine
HO region samples restricted to within |b | < 1°0 and
| b| < 095. We found that the | b | < 0°5 sample results are
considerably different, indicating that similar studies of the Milky
Way vertical distribution should ideally not include a latitude
restriction and certainly cannot be limited to |b | < 095.
Introducing an artificial Malmquist bias also changes the results
significantly.
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Appendix
Coordinate Conversions

Ellsworth-Bowers et al. (2013) derived the relationship
between Galactic positions measured from the current
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coordinate system that uses the IAU standards and the values
measured from the modified Galactic plane. Their derived
relationship did not consider the offset of SgrA™ from
(¢, b) = (0°, 0°) or the roll of the plane, and we update their
calculations with these changes.

In our nomenclature, unprimed coordinates refer to the
values in the currently defined Sun-centered coordinate system,
and primed values refer to the SgrA*-centered values that
include the tilt and roll of the midplane. See Figures 1-3 for
images of the various distances and angles.

For local Cartesian coordinates with the Sun at the origin, the

Anderson et al.

the Z-axis by the angle 360° — £s,.4* (or, equivalently, clockwise
by fsgx) so that &' points toward the Sun, (4) rotating the
Galactic plane about the y-axis (with the Sun at the origin)
clockwise by the angle 6y, and (5) rotating the Galactic plane
counterclockwise about the £-axis by the angle 6,:

x! 1 0 0 0
¥yl |0 cosbon sinbon 0
Z| |0 —sinfon cosb; O
1 0 0 0 1

current IAU definition gives: cosBge 0 —sinfg, O
y 0 1 0 0
X d, costcosb sinfg 0 cosfy; O
(y]: d, sinfcosb |, (1D 0 0 0 1
< d, sinb co8lggrst  Sinlggxr 0 0)(1 0 0 Ro
) ) o % —sinlggxr COSlggrsr 0 0 010 yggn
where X points from the Sun to the Galactic Center, y is in the 001 —
. . . . ° 0 0 10 ZSgrA*
Galactic plane and points toward a Galactic azimuth of 90°, and 0 0 0o 1Mo o o 1
Z points toward the north Galactic pole.
The location of SgrA™ is (Lsgat, bsgrar) = (359.944249, -1 0 0 0)(x
—0°046165) (Reid & Brunthaler 2004), so x| 0 =10 0)fY] (15)
0 0 1 0|2
Ysarat = Rosin lsgest. (12) 0 0 o 1)\
and Although the tilt rotation is defined in reference to the current
midplane definition (a rotation centered on the Sun), the roll is
Zsgrs* = Ro Sinbggxt. (13) defined from the tilted modified midplane (a rotation centered
on SgrA™). The derived coordinates are therefore:
x! (Ro — x)€0s lsgar €08 Ot + (Yggenr — ¥)SIN Lsgrar €O Oyt — (2 — Zsgra®) sin O
y’ (Ro — x)(sin €ggrxr €08 Oron + €OS £ggppr 81N Oy SiN Oropt) — (ysgrA* — )(cos Lggrnr €OS Oroy
= —$in 04 5o xr8ini1 Sion) + (2 — Zggrar) COS Gy Sin Oron (16)
4 (Ro — x)(sin Lggrxr Sin Oron — €OS Lgrnr $in Gyt €OS Oron) + (Vggrnr — ¥) (SN Lggrar €08 Oron sin Oyiye + €08 Lsgrar sin Oron)
(2 — Zggar) €08 Oy COS Oy
Because sin(fgg4) = —0.0009730 = 0 and cos(fggx) = 0.9999995 ~ 1, these reduce to
o (Ro — x)cos Oy — (2 — Zggra?)sin Oy
y | = | Ro = x)sin b sin bron + (Vsgrar — ¥)€08 Gron + (2 — Zggra?) €08 Oin sin Gron | (17)
7 (Ro — x)sin bt €08 bron — (yggrar — ¥)8iNbron + (2 — Zsgeat) €08 Byite €08 Oron

The tilt angle between the currently defined Galactic midplane
and the modified plane is:

(14)

!/
. 2o T ZsgA'
O = sin~! [7‘g )

Ry
This differs from the angle used in Ellsworth-Bowers et al.
(2013) by the additional term zgg 4. Note that zg, o+ is negative
for bggrpar < 0.

The full translational and rotational matrices resulting from

(1) rotating about the Z-axis so that £ points toward the Sun,
(2) moving the origin to be centered on SgrA*, (3) rotating about

12

Because x and y are of order ~kpc and because g, and ;o)
are both small, rotations of the midplane will have a larger
fractional affect on derived values in z' compared to x” and y'.
In the limit that 0,,; = O,

(Ro — x)c0s Oty — (2 — Zsgea?) Sin Oyiye
Vsgr&® — Y
(Ro — x)sin briie + (2 — Zggra?) €08 brire

xl
Y (18)
Z/

These expressions differ from those in Ellsworth-Bowers
et al. (2013) by the additional yg,, 5 and zsgs* terms.
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