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Abstract

Three-dimensional (3D) distribution of the volume-density molecular fraction, defined by

f” 1 = PH,/(PH1 + ph,), is studied in the Milky Way Galaxy. The molecular front appears
at galacto-centric distance of R ~ 8kpc, where the galactic-scale phase transition from
atomic to molecular hydrogen occurs with frfm, dropping from ~0.8 to 0.2 within a radial
interval as narrow as ~0.5 kpc. The f? | frontis much sharper than that of the surface den-
sity molecular fraction. The f | front also appears in the direction vertical to the galactic
plane with a full width of the high- £, | disk to be ~100 pc. The radial and vertical f? |
profiles, particularly the front behavior, are fitted by theoretical curves calculated using
the observed density profile and assumed radiation field and metallicity with exponential
gradients. The molecular fraction was found to be enhanced along spiral arms at radii
R ~ 6 to 10 kpc, such as the Perseus arm. This implies that the molecular clouds are pro-
duced from H1in the arms and are dissociated in the interarm regions in the transition
region around the molecular front. We also show that there is a threshold value of mean
H1 density, over which H1 is transformed into molecular gas.
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1 Introduction

The atomic (H1) and molecular (H,) hydrogen gases are
the major constituents of the interstellar gas. The H, gas
is dominant in the inner Galaxy, while H1 is dominant in
the outer Galaxy. The phase transition from H1to H, gases
is determined by the environmental circumstances in the
Galaxy, such as the pressure or the density, radiation field
and the metallicity. The molecular fraction, the ratio of
molecular to total gas densities, is one of the fundamental

quantities for representing the ISM conditions (Elmegreen
1993; Krumbholz et al. 2009).

Galactic-scale variation of the molecular fraction has
been studied in the Galaxy and nearby galaxies using H1
and CO line observational data (Sofue et al. 1995; Honma
etal. 1995; Imamura & Sofue 1997; Hidaka & Sofue 2002;
Nakanishi et al. 2006; Tosaki et al. 2011; Tanaka et al.
2014; Koda et al. 2016; Nakanishi & Sofue 2016). It was
found that the molecular fraction is close to unity in the
central regions, and decreases toward the outer galaxy. The
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Fig. 1. Hi (contours at 0.5 x 1, 2, 5,10, 20, 30, ... Kkms~') and Ha(gray
from 0 to 10K km s~') face-on integrated intensity maps for a region at
—30 < X < +30kpc and —30 < Y < +30kpc.

transition of the gaseous phases from H, to H1 occurs in a
relatively narrow galactocentric region called the molecular
front.

In the current studies, observational molecular frac-
tion has been represented in terms of the surface densities
(column densities) of H1 and H, gases. In order to com-
pare with the theoretical analyses, it is more appropriate
to measure the quantities in terms of volume densities. In
this paper we derive the volume-density molecular frac-
tion in the Milky Way Galaxy, and investigate its three-
dimensional (3D) distribution using the H1 and H, density
cubes obtained by Nakanishi and Sofue (2003, 2006,2016).
The data cubes had 501 x 501 x 201 grids with increments
of 200, 200, and 20 pc in the X-, Y- (in the galactic plane),
and Z- (vertical to the plane) directions, respectively, cov-
ering a volume of 100 x 100 x 4 kpc® of the Galaxy.

2 3D molecular fraction

2.1 3D distributions of Hi and H, gases

Figure 1 shows the distribution of integrated intensities of
Hi1 and CO (J = 1-0) line emissions (I, and Ico, respec-
tively) projected on to the galactic plane (Nakanishi &
Sofue 2016). They are proportional to the column den-
sities of neutral hydrogen H and H, molecules Ny and
Ni,, which are given by Ny = Xy, Iy, and Ny, = Xcolco.
Here, X, = 1.82 x 10" cm™?(Kkms™")~! is the conver-
sion factor of the H1 intensity to H atom column den-
sity. The CO-to-H, conversion factor has been obtained
from various analyses of emprical relations (Bottalo
et al. 2013), and is converged to around Xco >~ 2 x

-10 0 10
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Fig. 2. Hi (gray) and Hz(contour) cross-section at Y= 0kpc for —30 < X
< +30kpc; —1 < Z < +1kpc (top); and close up for —10 < X < +10kpc;
—0.4 < Z < +0.4kpc. Hi density is in gray scale as indicated by the bar
(0 to T0Hcm™3), and molecular density is shown by contours at 1, 2,
4,8,16,32, ... Hem™3 (= ZMZ). Note that the Z scale is enlarged by
2.5 times the X-axis.

10 cm2(Kkms~!)~!. In this paper, we adopt Xco = 1.8
x 102 cm™?(Kkms~!)~! following Dame et al. (2001).

Figure 2 shows meridional cross-sections of the gas disk
across the Galactic center showing the volume densities 7y,
and ny, in the (X, Z) plane (Nakanishi & Sofue 2016).
The molecular gas is distributed in a thin and dense disk
near the galactic plane, embedded in the broader and more
extended H1 disk.

2.2 3D molecular fraction

The surface-density (column density) molecular fraction is

defined by

= EHz ZM'lz

= = N 1
ml T S+ D, N4 2Ny, M

where Ty, and Ty, are the surface mass densities of neutral
hydrogen and molecular gases, respectively, integrated in
the direction perpendicular to the galactic plane.

The volume-density molecular fraction is defined by

0 _ PH, _ 2”Hz
mol ™ oy + pu, M+ 2np, '

(2)

where py, and py, are the volume densities of the H1 and
molecular hydrogen gases, and 7y, and #y, are the volume
number densities, respectively.

In our previous paper (Nakanishi & Sofue 2016), we
constructed H1 and H, density cubes by applying the
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Fig. 3. (Left) Surface density molecular fraction fnfol in the (X, Y) plane. Contour interval is 0.1. The contours are drawn at every A fr§o| = 0.1 starting
from 0.1 with according gray scales. (Right) Same as left-hand panel, but for the volume density molecular fraction fr/;m at Z= Okpc in the (X, Y)
plane. The contours are drawn at every A fnpwol = 0.1 starting from 0.1 with according gray scales.
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Fig. 4. (X, 2) cross-section of the 3D density molecular fraction f2  at
Y = 0. Contours are drawn at every Af? = 0.1 starting from 0.1.

velocity-to-space transformation to the kinematical data
(line brightness temperature, local standard of rest velocity,
galactic longitude and latitude) of H1- and CO-line spectral
data using a galactic rotation curve assuming circular rota-
tion of the Galaxy. Thereby, we used the Leiden—Argentine—
Bonn (LAB) All Sky H1 Survey (Kalberla et al. 2005)
and the Colombia Galactic Plane CO-Line Survey (Dame
et al. 2001). Using the thus-obtained density cubes, we
constructed a 3D cube of the surface- and volume-density
molecular fractions, £

mol

and f? ,in the entire Galaxy.

The left-hand panel of figure 3 shows two-dimensional
(2D) distributions of the surface-density molecular fraction
fZ,, and the right-hand panel of figure 3 shows volume-
density molecular fraction f”  in the galactic plane at Z =
0. Figure 4 shows a vertical cross-section of the 3D £ map
at Y = 0. Figure 5 shows sliced maps of f”  distribution at
different heights at every AZ = 40 pc from Z = —500 pc to
+500 pc.

Figures 3 and 4 show that the high-molecular-fraction
region is located in the inner Galaxy at R < ~8 kpc, but the
volume-density molecular fraction shows a much clearer
plateau-like distribution. The edge of the plateau is called
the molecular front, where the galactic scale phase transi-
tion from H1 to H, is occurring.

2.3 Radial molecular front

Figure 6 shows radial variations of the volume densities
of H1 (ny,), Hy (27my,), and total gas density (1, = np1, +
2ny,) in the galactic plane as a function of the galacto-
centric distance along the X-axis (Y = 0). In the figure,
n(H) represents either 7y, 21y, , OF M.

Figure 7 shows the corresponding volume-density molec-

0

" - In addition, it shows the surface-density

>, in the (X, Z) plane calculated for
the integrated column densities in Z-direction.

ular fraction ,
molecular fraction,

In the present analysis, we used densities along the X-axis
at Y = O0kpc, where kinematical distances, and therefore
densities, are determined at better accuracy than along the
Y-axis across the Sun.

The volume-density molecular fraction is as high as

"L~ 0.9 at R < 5kpc, and steeply decreases to low values
less than 0.1 at R > 9 kpc with an e-folding radius interval
of AR ~ 0.5kpc from R = 7.5 to 8 kpc. Figure 7 indicates
that the high-molecular-fraction region forms a plateau-
like disk with critical radius Rf ~ 8 kpc, where the fraction
decreases sharply with radius, which we call the front radii.

On the other hand, the surface-density molecular frac-
tion varies smoothly with the maximum value of about
fZ,~0.7 at R < Skpc. Such a mild variation of X
is due to averaging effect of the thicker H1 disk having
smaller molecular fraction at high-Z regions as seen in
figure 2.

The distribution of f* may be compared with those
obtained for external galaxies. Similar front structure has
been observed in nearby spiral galaxies (Sofue et al. 1995;
Honma et al. 1995; Tanaka et al. 2014). A milder variation
has been observed in later-type galaxies like M 33 (Tosaki

9T0Z 'Z 4890100 U0 anjos peiuso A Ag /B1o'seuinolpiogxo: sed)/:dny wouy pepeojumoq


http://pasj.oxfordjournals.org/

Publications of the Astronomical Society of Japan (2016), Vol. 68, No. 4 63-4
0 0.5 1
1 2 3 4 5 6
3
. . ’l L4
7 8 .9 10 11 12
. R -
y v N o .:\
‘13 14 15 16 I ‘17 ‘ A18
2 “! '.‘ 3 p i p 2 . X
A A .
19 20 21 22 23 24
Y | g A ;
W e N 5
kpC 7 v
20 T T 26 27 28 29| 30
0 v : v .
20 0 20
X kpc

Fig. 5. Density molecular fraction f:ml at different heights Z from the galactic plane at 40-pc Z increments. The values are represented in gray-scale

as indicated by the bar in the top left-hand corner.
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Fig. 6. Volume density n(H) (= ny, 2ny,, or Nyot) plotted against Rin the
galactic plane along the X-axis.

et al. 2011), where the maximum fraction was found to be
about £ ~0.22 at R ~ 0.6 kpc.

It should be emphasized that the volume-density molec-
ular fraction obtained here in the Milky Way shows a much
clearer, sharper front behavior than those ever observed for

surface molecular fraction in other galaxies.
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Fig. 7. f7 , (thick line) compared with fZ  (thin line) plotted against R.
The dashed line shows a calculated curve based on the Elmegreen’s
(1993) model.

2.4 Vertical molecular front

The 3D distribution of the molecular fraction makes it pos-
sible to examine the vertical variation of f’  in detail.
Figure 8 shows vertical variations of f?  at different radii
from R = Okpc at the Galactic center to R = 14kpc at
a galacto-centric longitude ® = 45°. This figure indicates
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Fig. 8. Vertical variation of 7  at R = Okpc (Galactic center), 2, 4, 6, 8,

and Sun, 10, 12, and 14 kpc at a galacto-centric longitude ® = 45°. The
gray dotted line is a model curve. The vertical variation near the Sun (R
= 8kpc, ® = 90° is also indicated by the thick dashed line.

that the galactic disk inside the solar circle, particularly
at <5 kpc, is molecular-gas dominant with f°  ~ 0.8-0.93
and as high as ~0.5 even near the solar circle. It then dras-
tically decreases outside the solar circle.

It should be stressed that the f” | decreases sharply with
height at +50pc from the midplane of maximum f7 ,
exhibiting the vertical molecular front of the molecular disk
at b. >~ £50 pc. The shapes of the vertical and radial molec-

ular fronts are similar, except for the scale radius and height.

2.5 Dependence of f”  on the ISM density:
Empirical law and H1 threshold

It is known that the molecular gas is formed from and
dissociated into H1 gas responding to the interstellar con-
dition. The molecular fraction is a function of the gas
density through the pressure P = n,,kT, metallicity Z,
and UV radiation field intensity j (Elmegreen 1993), where
ot = M1 + 214,, T is the equivalent ISM temperature, and
k is the Boltzmann constant.

We now examine the dependence of f’  on the den-
sities, #(H). Figure 9 plots f” | against n(H), where n(H)
represents either 7y, 21y, , OF 714

The dependence of the molecular fraction on the gas
densities can be represented by an empirical simple function
as

o fm;\x
mol 1+(7l/7lc)°{’ (3)

where 7, is a critical density depending on the species.
This empirical law for total gas density is approximated
by a parameter combination fy. = 0.96, n. = 7.0 Hem ™3,
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Fig. 9. f7 | plotted against densities of Hi n(H1) (gray triangle), molec-
ular hydrogen 2n(H;) (filled circle), and total atomic hydrogen nyta =
n(H1) +2n(H;) (open circle). The lines are approximate empirical fits as
described in the text.

Table 1. Parameters for the empirical fit to n-f7 | plot in
figure 9 by £ = fax/[1+ (n/nc)*].

Phase fmax ne (Hem™3) o

Hi 0.95 3.7 +6

H, 1.0 3.0 -1.1

Hior 0.96 7.0 -2.5
and @ = —2.5, as shown by open circles in figure 9 and

fitted by the dashed curve. The critical density of 7Hcm™3
is close to that of the molecular front in figure 7. The value
may represent a threshold ISM density to generate the cold
neutral medium (CNM) from the warm neutral medium
(WNM) phase (Heiles & Troland 2003).

Similarly, f? | depends on the molecular gas density by
fumax = 1.0, 7. =3.0Hcm ™3, and « = —1.1, as shown by the
filled circles fitted by the thin full line. Table 1 summarizes
the parameters.

On the other hand, the dependence on the H1 density
(gray triangles in figure 9) is quite different. The dotted
curve in figure 9 shows the same function for parameters
fumax = 0.95, n. = 3.7Hcm ™3, and a = +6, representing a
sharply dropping f’  near an H1 threshold value of 7, ~
3.7Hcm™3. This implies that there is a maximum value of
the mean H1 density in the grids, each of a volume 200 x
200 x 20 pec.

3 Comparison with theoretical models

The variation of f”

mo

,in the R- and Z-directions can be calcu-
lated by a theoretical consideration of the phase transition
in the interstellar gas taking account of the ISM pressure, P,

9T0Z ‘2 BYOO U0 aNJoS eIUSO A Ag /Bios[eunolpioxo- kedy/:dny woiy pepeojumoq


http://pasj.oxfordjournals.org/

Publications of the Astronomical Society of Japan (2016), Vol. 68, No. 4 63-6

metallicity, 2, and UV radiation field by stars, j (Elmegreen
1993; Tanaka et al. 2014).

We consider two cases of pressure distribution. In the
first model (Model 1), the pressure P is expressed by an
exponential function, and in the second semi-analytical
model (Model 2) we adopt the observed total density distri-
bution along the X-axis at Z = 0 and Y = 0 kpc as shown
in figure 7. This direction was chosen for accurate densi-
ties than those along the Y-axis (Sun—Galactic center line),
where the density is less certain for degenerated kinematic
distances.

In Model 1 P is given by

P = Poe—(R—Ro)/RP , (4)

where the scale radius is taken to be Rp = 3 kpc. In Model 2,
the pressure P is assumed to be proportional to the observed
total hydrogen density as

P = nkT. ()

We normalize the density by 7.0 = 5.3cm™ from the
present measurement at R = X = 8 kpc as an approximate
representative value at the Sun. The temperature is assumed
to be constant at T = 7000K, equivalent to the velocity
dispersion of clouds and interstellar turbulence, which is
close to the pressure-equilibrium kinematic temperature,
8000 K, of the WNM (Heiles & Troland 2003). Note that
the temperature is the equivalent temperature to kinetic
energy (pressure), but not the excitation temperature. Here
and hereafter, the suffix 0 denotes the values at R = 8 kpc
approximately representing the solar value.

In both models, we adopt the same profiles for j and 2

as

j = joe KTRVK (6)
and

% = Fye(R-Ro)/Rz| (7)

The radiation field is assumed to have the same scale radius
as the pressure, R; = 3kpc, and the solar value, j, = 0.8
x 1072 ergem™ (Cox 2000), is the same as taken by
Elmegreen (1993).

The metallicity gradient was determined by Shaver
et al. (1983), who obtained dlog % /dR = (-0.07 £
0.015) dexkpc™!, where they assumed R, = 10kpc. By
rescaling the radius for R, = 8kpc, the gradient can
be rewritten as dlog Z/dR= (—0.7 £ 0.15)/(8kpc),
or dinZ/dR=-0.20+0.04kpc! ~ 1/(5 £+ 1kpc).
This yields R; >~ Skpc, and we adopt this value for
equation (7).

1.0 .
~ Model 2
N/ T10000 K |
0.8 \AVAL 7000 K
" 5000 K
0.6r .
f Model 1
mol obs. 1:mol-rho
04 .
0.2r ; \ .
. AN
NN
0.0 ' L
0 5 10 15
R kpc

Fig. 10. (Top) Radial variations of Peqy = P/(10*Kcm™2), j/jo, 2/ %%,
and f?_ for Models 1 and 2 for T = 7000K. (Bottom) Comparison of

mol
frfm models with the observation (thick line): Model 1 for ISM tempera-

ture 7000 K (long-dashed line), and Model 2 for 5000, 7000, and 10000 K
(dashed lines).

Calculated results for the two models using the code
developed by Tanaka et al. (2014) based on the models of
Elmegreen (1993) are shown in figures 7 and 10. The expo-
nential model (Model 1) shows smooth and mild variation.
Although it roughly approximates the general behavior
of observed f/

reproduced. On the other hand, the semi-analytical model

> the sharp molecular front cannot be
(Model 2) using the observed density profile reproduces the
observed f7 | well, when the ISM temperature is taken to
be 7000K. The model can reproduce not only the steep
molecular front at R ~ 8 kpc but also the fluctuations.

The model profile is sensitive to the ISM temperature. If
the temperature is changed to ~10*K or to ~5000K, the

fitting gets worse, with f” | being increased or decreased

ol

significantly, as shown in figure 10. This implies that the
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Fig. 11. Unsharp-masked total surface density AN (H1+2H;) (left) and A fr‘r’Iol

traced by Nakanishi and Sofue (2016) are indicated by white lines.

P
mol

if the radiation field and metallicity are given.

fitting can be used to determine the ISM temperature,

The Z-directional density profile is expressed by a hyper-
bolic cosecant function of the height Z. The metallicity and
the radiation intensity field are expressed by an exponen-
tially decreasing function with R and Z. The Z-directional
variation of model f’ is shown in figure 8 for the
inner region of the Galaxy. The steep vertical variation of
fP | near the vertical molecular front is reproduced well
by this model.

4 Spiral arms

In order to see the variation of molecular fraction in rela-
tion to the spiral arms, we made an unsharp-masked map
of the density molecular fraction in the galactic plane. The
original map was smoothed by a Gaussian beam with full
width of § pixels, or 1 kpc, and the smoothed map was sub-
tracted from the original to yield a difference map, Af? .
The obtained difference (unsharp-masked) map is shown in
figure 11, displaying only positive Af?  regions. It is also
compared with an unsharp-masked map of the total gas
density for the same masking parameters. The spiral arms
traced in our earlier works are superposed by white lines
(Nakanishi & Sofue 2006, 2016).

We stress that the Af/  map exhibits spiral arms at
radii R ~ 6 to 10kpc near the molecular front. A clear
coincidence is found with the Perseus arm, where the £’ |
arm almost perfectly traces the spiral arm. However, Af’ |
arms are hardly seen in the innermost region at R < ~§ kpc,
where the molecular fraction is saturated close to unity,
and molecular clouds travel through the interarm regions
without being dissociated into H1 (Koda et al. 2016). Also

AFmol_rho at Z=0

X kpc

(right) maps. Contour interval for molecular fraction is 0.02. Spiral arms

in the outer Galaxy at R > ~10 kpc, where the gas is almost
totally H1, Af’  arm is not present generally.

Hence, in the transition region at R = 6 to 10 kpc, molec-
ular clouds are formed within the spiral arms, and are dis-
sociated in the interarm region. This is consistent with the
long arm—interarm crossing time of the spiral pattern,

t~m/(Q— ), (8)

which is on the order of ~ several x 10%-10°yr and is
sufficiently longer than the molecular gas formation time
scale tyo ~ 107 yr (Goldsmith et al. 2007). Here, Q =
Viee/R ~ 20kmcem~' kpc™' is the angular velocity of the
disk gas for Vo = 220kms™" and R = 8-10kpc, and @,
~ 23kmcm ' kpc™! (Junqueira et al. 2015) is the pattern
speed.

Besides these f” | arms, there is a particular region
near (X, Y) ~ (=5, +5)kpc between the Scutum-Crux
and Sagittarius—Carina arms, where f”  is enhanced in the
interarm region. However, this was due to the sharp edge
of the molecular front in this area which caused an artifact
of arm-like enhancement when the unsharp-masking was
applied.

5 Summary and discussion

5.1 3D sharp molecular fronts

We constructed a 3D cube of the volume-density molecular
fraction, f? , using the H1 and H, density cubes of the
Milky Way. The radial molecular front in the galactic plane
observed in the density molecular fraction f? | is found to be

sharper than that for the surface density molecular fraction

)]
mol*

direction.

The molecular front of f”  is also found in the vertical
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Plots of f’  against H1, H,, and total gas densities
showed that f” | is a function of gas densities empirically
expressed by equation (3). A threshold value was obtained
in the H1 density at 7y, ~ 3.7 Hem ™3, above which the gas
is transformed almost totally into molecular gas.

5.2 Reproduction by theoretical models

The radial and Z-directional variations of the observed 7 |
and sharp molecular fronts are reproduced well by the the-
oretical calculations using Elmegreen’s (1993) model. We
showed that the radial profile is a sensitive function of the
ISM temperature, which was here taken to be 7000K for
reasonable fitting. The temperature is consistent with the
pressure-equilibrium kinetic temperature, 8000 K, derived
for the warm neutral ISM (Heiles & Troland 2003).

The radial f” | profile was analyzed only along the
+Y-axis because of the highest quality of data around this
direction as seen in figures 1 and 3. The profile may rep-
resent the typical radial variation in the whole galaxy, and
analyses along other radial directions will give almost the
same result. Also, azimuthal averaging was not applied,
as it smears out the molecular fronts to be studied in this
paper due to the globally asymmetric distribution of the
gases (figure 1).

5.3 Enhanced-A f” | spiral arms

A 2D unsharp-masked Af’ map in the galactic plane
exhibited spiral arms with enhanced molecular fraction at
R ~ 6 to 10 kpc near the molecular front. A clear £’ arm
was found that coincided with the Perseus arm. This fact
implies that H1 gas is transformed into molecular gas along
a spiral arm with marginal f’  near the molecular front
(transition region). However, no clear f”  arms are seen at
R < 6kpc or at R > 10 kpc, where the gas is either totally
molecular or H1. In extragalactic systems, an enhancement
of £ has been observed in outer spiral arms of the Sb
galaxy M 51 (Hidaka & Sofue 2002).

5.4 Effects of cold/opaque H1 and dark H, gases

If we consider cold H1 gas, it may increase the total H1
density by a factor of ~2 (Fukui et al. 2015). Moreover,
if we consider the finite optical thickness, the H1 densities,

which have been calculated upon an optically thin assump-
tion, will be increased. By increasing the H1 density, f;,,1 will
generally decrease, and the molecular front will be shifted
toward inside. Similarly, CO-free “dark” H, gas has been
suggested (Wolfire et al. 2010), which might also affect the
result. Detailed discussions of the effects of cold/opaque H1
and dark molecular gases are, however, beyond the scope
of this paper.
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