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PDRでのchemistryに関する論文 
・PDRでの炭素関連の輝線観測を行なった 
・対象：S235←中程度のUV強度 (G~50) 
・C2H、C3H2はクランプの縁で最大(C3H2はもう一箇所多いところもあった) 
・メタノールはG~20-30のところで最大←ダストからの脱離 
・組成の比率はPerseusのhot corinoぐらい（Orion馬頭星雲とは違う） 
　↑イオン分子反応とダスト表面反応が中心 
・PDRのchemistryは以前の分子雲での状態を引き継ぐ
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PDRでは豊富な化学進化が起きる 

COMsの形成 
　主に低温で進行すると考えられていたが、 
　高温環境でも見つかっている 

これまではOrion horsehead、Orion Bar PDRが 
　　　　　　↑G=100          　↑G=10^4~10^5 
調べられて、UVの影響が議論されてきた。 

UV強度が中程度の領域を調べる 

イントロ：UVとケミストリー

PDRの概念図。天文学辞典より



観測対象：S235 Dark cloud-type chemistry in PDRs 3

Figure 1. The 3.6 `m Spitzer image of the S235 (left) and S235 ABC (right) regions (Fazio & Megeath 2004). White contours show 1.4 GHz continuum emission
from NVSS survey (Condon et al. 1998) at 0.01, 0.5 and 0.1 Jy/beam. Names of the H �� regions as well as dense molecular clumps with the embedded young
stellar clusters are given in bold face in white boxes. Black contours show levels of hydrogen column density: 1, 2, 3 and 4 · 1022 cm�2 based on CO observations
by Bieging et al. (2016). The ionizing sources of the H �� regions are shown by the red stars. Red diamonds show other bright infrared sources: IRS 1, IRS 2
(Evans & Blair 1981), S235 B⇤ (Boley et al. 2009) and S235 A-2⇤ (Kirsanova et al. 2020a). Black dashed line show the area mapped by IRAM 30-m telescope.

4.2 Archival data

We use maps of CO and 13CO emission from Bieging et al. (2016)
and pre-calculated gas column density on the basis of these data
from Kirsanova et al. (2020a). The spatial resolution of that data is
3800. Kirsanova et al. (2020b) and Kirsanova et al. (2020a) produced
maps of dust temperature in the S235 and S235 ABC observed area,
respectively. The S235 maps were calculated using AKARI data at
65, 90, 140 and 160 `m, obtained with a spatial resolution of 6100.
The S235 ABC maps are based on Bolocam galactic plane survey at
350 `m and 1.1 mm as well as SCUBA-2 data at 450 and 850 `m
and have a spatial resolution of 3300.

4.3 Column density and abundance calculations

Calculations of molecular column densities were done in approx-
imation of the local thermodynamic equilibrium (LTE) as we ob-
served/detected only one transition of each molecule in many of
the directions in our maps (except methanol, see Sec. 4.3.1). Nev-
ertheless, we believe that the LTE approximation is reliable for the
observed area due to two considerations. First, we observed molec-
ular clouds, which are dense enough to excite e.g. the CS(2–1) and
line emission observed by Kirsanova et al. (2008) and avoided the
area with the rarefied gas to the north of BD+35 1201. The detection
of this line means that the gas number density is at least ⇡ 104 cm�3

or higher (see discussion of the e�ective excitation density by Shirley

2015), and this line serves as an approximate density indicator. The
e�ective excitation density is consistent with gas number densities
determined by Kirsanova et al. (2014) using ammonia inverse transi-
tions. Bearing in mind moderate optical depth of the ammonia lines,
we expect that actual gas number density in the studied regions can
be higher. We admit that the gas might be close to the verge of LTE
and non-LTE state, however, the LTE analysis is the best we can do
with only one or two transitions of each molecule. Second, Bieging
et al. (2016) analysed the CO and 13CO line emission in S235 and
found that the molecular gas is close to the LTE conditions.

Using the emission measure of S235 ⇢" ⇠ 105 pc cm�6,
)e = 7280 K (Kirsanova et al. 2020b) and the Eq. 4.60 from Condon
& Ransom (2016), we find the background brightness temperature
of S235, S235 A and C much smaller (⌧ 1 K) than the spectral lines
brightness temperature at 2 and 3 mm. By neglecting the background
temperature and using Rayleigh-Jeans approximation, we calculate
molecular column densities using the following Eq. (see e. g. Gold-
smith & Langer 1999; Mangum & Shirley 2015; Kalenskii & Kurtz
2016):

ln# = ln
#u

6u
+&()) + ⇢u

k)
. (1)
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左図：extended HII regionが1つ 
右図：compact HII regionが2つ

2 M. S. Kirsanova et al.

covering a broader range of ⌧ and = in order to understand the for-
mation and survival of molecules in the irradiated gas. The first aim
of this study is to specify which kind of the desorption processes
prevails in the PDRs with moderate UV field. The second aim of
our study is to explore whether the enhanced abundances of small
hydrocarbons are common for the PDRs with moderate UV field.
To achieve these science goals, we explore molecular abundances
in the three PDRs with moderate UV fields against those found in
Horsehead, focusing on precursors of COMs (H2CO and CH3OH)
and long carbon chains (C2H and C3H2). We obtain spatial distribu-
tions of their abundances, covering a wide area around the sources
of the UV emission and away from them, providing a benchmark for
a detailed comparison with astrochemical models in the future.

2 TARGET REGIONS

We selected irradiated molecular clouds bordering the extended H ��
region Sh2-235 (S235 hereafter, Sharpless 1959) and the two com-
pact H �� regions S235 A and S235 C (Israel & Felli 1978). The re-
gions belong to the same giant molecular cloud G174+2.5, studied in
CO emission lines by Evans & Blair (1981); Heyer et al. (1996); Kir-
sanova et al. (2008); Bieging et al. (2016); Ladeyschikov et al. (2016).
The distance to S235 A is 1.56 kpc according to the maser parallax
measurements by Burns et al. (2015). S235 is ionized by an O9.5 V
star BD+35 1201 (see Georgelin et al. 1973; Cruz-González et al.
1974; Avedisova & Kondratenko 1984), while S235 A and S235 C
are ionized by B0.5 (Evans & Blair 1981) and B0.3-B3 (Thomp-
son et al. 1983) stars, respectively. S235 and S235 ABC are regions
of active star formation (Allen et al. 2005; Klein et al. 2005; Ca-
margo et al. 2011; Dewangan & Anandarao 2011); rich young stellar
clusters surround S235 and also S235 A (Kirsanova et al. 2008).
There are two bright infrared sources IRS 1 and IRS 2 in the Central
clump around S235, they are young stellar objects with optical emis-
sion lines showing an outflow activity (Alvarez et al. 2004). The area
containing the compact H �� regions together with the Herbig Be-type
star S235 B⇤ (Boley et al. 2009) will be called S235 ABC hereafter,
while the northern part of the area will be called S235 AB. Fig. 1
shows the 3.6 `m Spitzer image of the target PDRs.

Anderson et al. (2019) studied the [C ��] at 158 `m line emission
in S235 and found that the H �� region expands to the observer: the
front neutral wall of the H �� region is moving relative to the rear and
side walls. Kirsanova et al. (2020b) combined optical and infrared
data and showed that the material in the rear wall has a higher column
density than in the front wall. The Central clump, situated behind the
H �� region (Camargo et al. 2011; Anderson et al. 2019) in the rear
neutral wall, is irradiated by higher UV-flux than the East 1 clump in
the side neutral wall. While S235 A is deeply embedded into neutral
gas of the molecular cloud (�V = 4 and 6 � 12 mag towards S235
and S235 A, respectively), it is also expanding to the observer as
(Kirsanova et al. 2020a).

3 OBSERVATIONS

We mapped irradiated molecular clouds near the H �� regions with
the IRAM 30 m antenna on August 19–21 2018. The observed areas
are shown in Fig. 1. The on-the-fly maps were obtained with the
EMIR 090 (3 mm band) and EMIR 150 (2 mm band) heterodyne re-
ceivers1 simultaneously in position switching mode. We tested five

1 http://www.iram.es/IRAMES/mainWiki/EmirforAstronomers

Molecule Frequency �%⌫, �3res rms )sys

(GHz) (00) (km s�1) (K) (K)

CH3OH 84.5 29.3 0.18 0.04 105
c-C3H2 85.3 29.0 0.18 0.04 105

C2H 87.3 28.3 0.17 0.05 96
HCN 88.6 27.9 0.17 0.04 96
H2CO 140.8 17.6 0.11 0.13 156

CH3OH 143.9 17.2 0.10 0.12 164
CH3OH 145.1 17.0 0.10 0.12 164
c-C3H2 145.1 17.0 0.10 0.12 164

Table 1. Observation parameters.

reference positions via frequency switching observations. The cho-
sen reference position (J2000U=05h41m18.663s, X=+36�01020.9300)
was proved to have no contamination of any of the observed lines
down to the rms of 0.05-0.1 K in the units of the antenna tem-
perature )A, which is su�cient for the sensitivity of our data. We
used the FTS 50 backend with the spectral resolution of 50 kHz,
the corresponding velocity resolutions were '0.17 for the 3 mm and
'0.10 km s�1 for the 2 mm bands. The beam sizes were '2800 for
the 3 mm and '1700 for the 2 mm bands. The system temperatures
were 96-105 K at 3 mm and 156-164 K at 2 mm. Typical weather
conditions corresponded to pwv=8–15 mm. The beam sizes, spectral
resolutions, and sensitivities, are given in Table 1. Forward e�cien-
cies were 0.95 and 0.93 and beam e�ciencies were 0.81 and 0.73
for the observations at 3 and 2 mm, respectively. Sky calibrations
were obtained every 10 min. Pointing and focus were checked by ob-
serving QSO B0316+413, QSO B0430+052, and QSO B0439+360
every two (pointing) and six (focus) hours. The observed transitions
and frequencies are given in Table 2.

4 METHODS

4.1 Production of the spectral data cubes

The spectral data cubes were produced with the CLASS package2. All
spectra were smoothed by a factor of two using Hanning window, to
the 100 kHz resolution (0.35 and 0.20 km s�1 at 3 and 2 mm), to
improve the sensitivity. With the typical line widths of⇠2 km s�1, the
lines remain well resolved. We produced two sets of the data cubes:
(1) data convolved to the native resolution with the pixel sizes of 1/3
of the beam sizes, for the integrated intensity maps (see Fig. 3), and
(2) data convolved to the same largest beam of 29.3

00
with the pixel

size of 900 to calculate the column densities and to allow their pixel-
by-pixel comparison. The convolution and regridding were done with
the CLASSmethods table and xy_map. Since the combined map was
observed as three separate smaller maps, the sensitivity across the
combined map is not uniform. Fig. A1 in Appendix A shows the
sensitivity maps at 2 and 3 mm. The intensity scale was converted to
the main-beam temperature scale according to the beam e�ciency
values3 (given above).

2 Continuum and Line Analysis Single-Dish Software http://www.iram.
fr/IRAMFR/GILDAS
3 Kramer, C., Penalver, J., & Greve, A. 2013: http://www.iram.es/
IRAMES/mainWiki/CalibrationPapers?action=AttachFile&do=
view&target=eb2013-v8.2.pdf

MNRAS 000, 1–19 (2021)

IRAM 30mで以下の分子を観測



結果：強度map
Dark cloud-type chemistry in PDRs 7

Figure 3. Integrated intensities of the detected lines in S235 (left panels) and S235 ABC observed area (right panels). The telescope beam is shown by white
circle. Pixel size corresponds to one third of the beam size. The colorscale begins at the 3f level for each transition. White contours show levels of hydrogen
column density: 1, 2, 3 and 4 · 1022 cm�2 based on the CO observations by Bieging et al. (2016). Mm-continuum emission from Klein et al. (2005) is shown
by the white contours on the H2CO and CH3OH 3 � 2 emission maps. The ionizing sources are shown by the red stars. Red diamonds show three bright
infrared sources: IRS1, IRS2 (Evans & Blair 1981) and S235 B⇤ (Boley et al. 2009). Magenta crosses show IR sources from Dewangan & Anandarao (2011).

MNRAS 000, 1–19 (2021)

8 M. S. Kirsanova et al.

Figure 3 – continued . White contours in the map of the H2CO(21,2–11,1) line emission show levels of SCUBA-850 `m emission from 5 to 35 mJy arcsec�2

with a step 5 mJy arcsec�2 and additional contours at 55, 75 and 95 mJy arcsec�2 for S235 ABC region based on Klein et al. (2005).

5.2.1 C2H vs c-C3H2

By fitting the C2H(1–0) and HCN(1–0) hyperfine structures with
the CLASS routine hfs, we find that the fitting does not converge
in the the majority of the pixels in Fig. 3 due to deviation from

the Gaussian line shape. The fitting procedure converges in several
pixels, and we find the median optical depth of those pixels to be
gC2H = 0.2. The median value of the excitation temperature for those
pixels is 6 K, which is not too far from the assumed 10 K value, see
Sec. 4.3. For all other pixels we find that the intensity ratio of the

MNRAS 000, 1–19 (2021)

Dark cloud-type chemistry in PDRs 9

Figure 3 – continued . White contours in the map of the CH3OH(3 –2 ) line emission show levels of SCUBA-850 `m emission from 5 to 35 mJy arcsec�2

with a step of 5 mJy arcsec�2 and additional contours at 55, 75 and 95 mJy arcsec�2 for S235 ABC region based on Klein et al. (2005).

brightest hyperfine components 13/2,2 � 01/2,1 and 13/2,1 � 01/2,0
of the C2H(1–0) line is in agreement with the optically thin case. For
those pixels where we detected both the 85 GHz and 145 GHz lines
of c-C3H2, we estimate the excitation temperature using rotational
diagram method. We recognize the uncertainty of this method when

applied to the two line transitions only, and use it solely to test if the
resulting excitation temperature value seems reasonable. The median
value of this temperature is 14 K, which is not far from the assumed
10 K value.

The pixel-by-pixel comparison of the C2H and 2-C3H2 column

MNRAS 000, 1–19 (2021)

contourはCOに基づく面密度 contourはダスト連続波
COに近い分布 
全体に広く分布 
S235ではC3H2はクランプの西側が明るい

この二つの分布は似ている 
クランプの反対側が明るい(特にEast 2)

ダストのピークに集中 
（スペクトルを見るとmaserになってるのも） 
ダスト上でのreactive desorptionがメイン 
過去の状態を引き継ぐ
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Figure 4. Top: pixel-by-pixel comparison of the C2H and c-C3H2 column densities, middle: the same for H2CO and CH3OH, bottom: C2H and CH3OH.
Positions where the column density values are smaller than the corresponding uncertainty multiplied by a factor of 3 are excluded from the plots. Color scale
shows the UV-field intensities in Habing units. Straight lines show three di�erent linear relations between the column densities.

the molecular clumps than in the inner parts of the clumps. Looking at
the East 1 clump, we find that the abundances of small hydrocarbons
are higher on the side of the clump that is illuminated by the stellar
UV field from the ionizing star of S235. The same is observed in
the East 2 clump, especially for the GC2H distribution. Abundance of

2-C3H2 increases modestly on the illuminated side of East 2 clump
in contrast with the C2H abundances. In the Central clump we also
find GC2H up to 2⇥10�9 on its edges and to the south of the IRS 1 and
IRS 2 YSOs, and a uniform distribution of G2�C3H2 ⇡ 1�1.5⇥10�10.
The Central (and probably partly East 2) clumps are situated in the

MNRAS 000, 1–19 (2021)

C3H2 / C2H について 
G<30ではUVの増加に伴ってhydrocarbonは増加 
G=40~50で最大になって大体一定

CH3OH / H2CO について 
幅広い範囲(UV強度、CH3OH強度)で、H2COは同じような値 
CH3OHはG=20~30で最大 
全体的に H2CO < CH3OH なのはdark cloud chemistryと整合的

C2H / CH3OH について 
C2HはS235ではほぼ一定だが、S235Aでは幅広く分布 
↑強度の強いところしか受かってないから(?) 
比はOrionの観測より遥かに(25倍)小さい 
dark cloud chemistryでダスト表面でメタノール形成が起きてる 
(>10^5 yr)
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乱流が駆動するcosmic rayに関する論文 
・1 GeV以下のcosmic rayは分子雲でのケミストリーにとって非常に重要 
・分子雲では減衰するので、外から持ち込むのは難しい 
・乱流駆動の1次フェルミ加速によるその場でのcosmic rayの生成を 
　エネルギーの観点から考察する 
・均一なcosmic rayの生成源になりうる
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分子雲内での化学反応はcosmic rayが出発点 

cosmic rayによるイオン化率は観測から 
10^-17 < ζ < 10^-15ぐらいと見積もられている 
（外部からcosmic rayがやってくるとすると）分子雲の内側は遮蔽されてしまうのでもっと
低くなる 
→その場でのcosmic rayの生成 
これまでの案：protostellar jet, accretion shock, HII region, stellar windなど（どれも局
所的） 

本研究：乱流によるcosmic ray生成 
　・乱流のエネルギーが粒子加速に使われる 
　・一様なcosmic rayを生成 
主に、エネルギーの観点から十分かどうかの議論を行う。

イントロ：cosmic rayの重要性、イオン化率



手法（仮定）

MC Reconnection 3

where n = ⇢/(2.33⇥mH) is the number density,
B0 = 10 µG, n0 = 300 cm�3 and  = 0.65.
The energy within the MHD turbulence cas-

cade depends on the Alfvén Mach number,
MA = �(`)/vA where vA is the Alfvén speed,
va =

Bp
4⇡⇢

. In the ideal-MHD case, the dissipia-
tion rate of the specific energy per unit mass is
given by (Lazarian et al. 2020)

✏ =

8
<

:

�
3

`
MA � 1

�
4

vA`
MA < 1.

(6)

The dissipation rate of energy per unit volume
is then " = ⇢✏. A fraction of this energy, fCR

goes into CR acceleration, such that

"CR = fCR", (7)

where we take fCR = 0.01 as an estimated lower
limit of the acceleration e�ciency. We assume
particles are accelerated within the turbulent re-
connection regions via a first-order Fermi pro-
cess (de Gouveia dal Pino & Lazarian 2005b).
Following Khiali et al. (2015), the CRs are
isotropically injected with an exponentially sup-
pressed power law

Q(E) = Q0E
��e�

E
E0 (8)

where we take � = 2 and E0 = 10 GeV3. In-
creasing E0 negligibly impacts our main results,
due to the weak dependence of the CRIR on
super-GeV CRs. Further, changing � between
2 and 3/2 produces no qualitative changes in
the results, nor quantitative variations over an
order of magnitude. The normalization factor,
Q0, is calculated by assuming

"CR =

Z
dV

Z
Emax

Emin

Q(E)dE (9)

where Emin = 13.6 eV and Emax = 100 GeV.
These bounds have a minor impact on the over-

3 This limit was determined by examining the energy-loss
and acceleration timescales

all results of the work. Determining the injec-
tion and maximum energies requires particle-
in-cell calculations of the CR acceleration and
injection within molecular cloud reconnection
zones. However, even if energy losses are ig-
nored, the necessary acceleration timescale from
Emax = eBv2

A
�t to accelerate protons up to 100

GeV exceeds molecular cloud lifetimes for much
of the parameter space.
The CR proton spectrum from the reconnec-

tion zones is a balance of injection and energy-
losses. The steady-state energy-loss solution
(Longair 2011) for the number density of pro-
tons within the reconnection region, Np(E), is

Np(E) =

����
dE

dt

����
�1 Z Emax

E

Q(E)dE (10)

where dE

dt
is calculated using a prescribed loss

function, L(E)

dE

dt
= M2

s
nvCR(E)L(E) (11)

and Ms is the sonic Mach number, Ms =
�(l)/cs, cs =

p
kbT/µmH , µ is the mean molec-

ular weight and T = 10 K, and vCR(E) is the
relativistic velocity of the CR. We utilize the
loss function given in Padovani et al. (2009).
Turbulent reconnection is an essential part

of the turbulent cascade (Lazarian & Vishniac
1999) and a volume-filling process. This induces
in CR acceleration and we model the resulting
CR number density accelerated by turbulent re-
connection at length scale ` by assuming the
CRs di↵use from the reconnection zones and
undergo energy losses. We assume an energy-

注入消失

大事な式
4 Gaches et al.

Figure 1. Basic schematic of the proposed mechanism. Top left: We assume a power-law power spectrum
related to a line width-size relation. Top right: The turbulence driven at scale, `, corresponds to an
average density and magnetic field “seen” by the turbulence. Bottom right: Within the turbulence there are
reconnection regions of width � (Eq. 18). Here, protons bounce between the reconnection fronts. Bottom
left: The resulting acceleration, via the Fermi mechanism, results in a power-law energy distribution.

dependent empirical di↵usion coe�cient4 (Lon-
gair 2011):

D(E) = D0

✓
E

10GeV

◆�

cm2s�1 (12)

using � = 0.5 and di↵erent values of D0. The
di↵usion length scale is defined by

`D = D(E)/vCR(E). (13)

4 The process of CRs di↵usion in MHD turbulence is
pretty complicated with di↵erent components of MHD
modes acting very di↵erently on CRs (see Yan & Lazar-
ian 2004) and its e↵ects for the di↵usion parallel and
perpendicular to the mean magnetic field is also not
trivial (see Lazarian & Yan 2014). However, for the
same of simplicity, in this paper we adopt the simplest
possible assumptions about the di↵usion. This assump-
tion is further justified by Lazarian & Xu (2021) which
presented a new non-resonant scattering process in tur-
bulent magnetized media.

The energy-loss scale, or the range, R(E) is
given by the stopping column, (Padovani et al.
2009)

n⇥R(E) =

Z
E

0

dE

L(E)
cm�2. (14)

We then define a transport length scale, `T ,

`�1
T

= `�1
D

+R�1. (15)

Finally, we use the volume-filling fraction of the
reconnection zones

fV = Vrec/V` (16)

where Vrec is the volume of a sheet-like recon-
nection zone,

Vrec = l2
A
�, (17)

lA = `M�3
A

for super- and trans-Alfvénic turbu-
lence and lA = `M2

A
for sub-Alfvénic turbulence

乱流強度を仮定して、その一部が粒子加速に使われると仮定 
エネルギー損失と釣り合ってるとして、定常な値を得る

←層状の領域で粒子加速が起きるらしい

層状の領域で加速された粒子がcosmic rayとして広がる

コトバンクより



・左図：cosmic rayの定常解 
ζ~10^-9で大きすぎ 
→ 分子雲全体で考える 

・右：ある距離(l)でのcosmic rayの強度 
拡散大でζ大 
低エネルギーの粒子ほど減衰されやすい 

結果
6 Gaches et al.

Figure 2. Left: Steady state solution for the flux, jp(E) as a function of energy for di↵erent values of `.
Right: Transported cosmic ray flux, jT (E), as a function of energy for di↵erent values of D0 and `. Note
the di↵erent scales for the x- and y-axis of the subplots. Without including the impact of energy-losses and
di↵usion throughout the cloud, the resulting cosmic-ray flux would produce nonphysically high ionization
rates.

Figure 3. Left: Cosmic ray ionization rate, ⇣(`),
due to turbulent reconnection from turbulence at
length scale, `, accounting for di↵usion and energy
losses.

Table 1. Power-Spectrum Averaged Cloud Ionisation Rates

D0 = 3⇥ 1027 1⇥ 1028 3⇥ 1028 1⇥ 1029

Fiducial # 9.1(�19) 7.5(�17) 2.5(�15)

Less Bound # 2.8(�18) 2.3(�16) 8.0(�15)

Strong Turb. 2.9(�18) 1.1(�15) 6.2(�14) 6.7(�13)

Kolmogorov Turb. # 1.1(�17) 1.7(�16) 1.6(�15)

Note— The power-spectrum averaged cloud cosmic-ray ioniza-
tion rates (s�1), ⇣W , (Eq. 22) for di↵erent values of D0. The
value in the parenthesis indicates the power. The fiducial model
uses the parameters ↵V = 1, � = 0.5, �0 = 1 km s�1 and L = 1
pc. The rest of the rows delineate models with a specific param-
eter variation: “Less Bound” corresponds to ↵V = 2, “Strong
Turbulence” to �V = 2.5 km s�1 and “Kolmogorov Turbulence”
to � = 0.33. The # represents ionization rates below the ra-
dionuclide ionization rate (Adams et al. 2014), ⇣RN ⇡ 10�19.
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観測と合うのは、D=3x10^28ぐらいのとき

Strong turbulenceではイオン化率が高い 
銀河中心の観測となら合うかも(?) 

・密度、磁場強度、イオン化率、乱流特性を観測から制限する 
ことでこの機構が正しいのかを判断することができるかも 
・拡散係数の逆算にもなる
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3次元画像の可視化についての論文 
・分子雲は非常に複雑な密度構造を持つ 
・シミュレーション結果の可視化は難しい 
・3Dプリンターを使ってわかりやすく可視化 
・これまでわかりにくかった平板上の構造とかもわかりやすく可視化
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Figure 2. Multi-material additive manufacturing workflow for the production of tangible (physical) models from astronomical
simulation data sets. The molecular cloud simulation parameters (A) are used to construct a point cloud-based 3D data set
(B), which is cropped into a spherical volume (denoted by the dotted circle) and sliced into a stack of 8-bit BMP files that
correspond to the x, y, and z resolution of the 3D printing platform (C). The bitmap slice intensity values are normalized in order
to e↵ectively visualize the features of interest (D) and then, via a di↵usion dithering step, are separated into their corresponding
positive (E) and negative (F) 1-bit bitmaps for 3D printing (which are shown at higher magnification in the right panels). The
resulting 3D-printed sphere, which was produced from transparent and white photopolymers is shown in (G).

of 8 bit grayscale bitmaps at the desired printer resolu-
tion and slice thickness. To delineate the outer contours
of the 3D-printed object, a set of masks corresponding
to the intended spherical form were subtracted from the
imaging data (Figure 2C). Using 3D printer platform-
specific look-up tables developed by Bader et al. (2018),
the image slice intensity values were normalized in or-
der to reveal the structural elements of interest (Fig-
ure 2D). Finally, the images were converted into bi-

nary bitmaps of black [1] and white [0] pixels using the
Floyd–Steinberg dithering algorithm (Floyd & Steinberg
1976). This process results in the integrated density
ratio of black to white pixels in the new images, ap-
proximating the grayscale values in the original source
files, conceptually similar to the use of halftone image
processing techniques in newsprint. When 3D printing
with two materials (in this case, opaque and transpar-
ent photopolymers), two bitmap stacks must be created,

6 Imara, Forbes & Weaver

Figure 4. Comparisons of 2D volume renderings of a subset of our simulations (upper row) and their corresponding 3D-printed
counterparts (lower row). The dotted circle in each case denotes the border of the cropped spherical volume. From left to right,
the fiducial model, purely solenoidal turbulence, and purely compressive turbulence. For scale, each 3D-printed sphere measures
8 cm in diameter.

even in animations, it is a challenge to discern the con-
tinuity of sheets, which, depending on the viewing angle
or projection, may be mistaken for filaments.
Third, the overall qualitative di↵erences between

spheres is noteworthy. Such di↵erences have been ob-
served and quantified previously, but the visual man-
ifestation of di↵erent physical conditions has a much
stronger cognitive impact, and is perhaps more intuitive,
in the 3D prints. In the low- and high-MA spheres, for
example, the e↵ects of the magnetic field on cloud mor-
phology are accentuated in an immediate way. While
in the low-MA sphere the larger magnetic field acts
to suspend material into sharply twisting structures, in
the high-MA sphere, structures are generally more col-
lapsed leaving large voids. The high-Mach and low-MA
spheres are similarly “crowded” with suspended struc-
tures, a result of these two models having greater sup-
port against gravitational collapse away from the dens-
est structures. Yet the sub-structure of the Low-MA
sphere is generally more compact, with tighter curves
and twists—the consequence of having a smaller veloc-
ity dispersion than in the high-Mach case.

4. DISCUSSION

There are several qualitative stories used to explain
the structures seen in simulations of supersonic turbu-
lence. Without gravity or magnetic fields, a random
point in a turbulent box will be subject to the repeated
passage of shocks and rarefactions. For isothermal tur-
bulence, the shock jump conditions yield a density in-
crease by a factor proportional to the Mach number
squared. In steady state, this will produce the lognormal
probability density functions (PDFs) measured in such
simulations, with a characteristic width closely related
to the Mach number (e.g., Padoan et al. 1997; Padoan
& Nordlund 2002; Federrath et al. 2008). This picture
of a shock-dominated medium is further confirmed by
identifying individual shocks and their profiles along the
direction of motion of the shock (Robertson & Goldreich
2018).
With the inclusion of self-gravity, a power-law tail is

observed to develop at the high-density end of the PDF
(Figure 3), which is understood as the result of indi-
vidual structures collapsing under their own self-gravity
on the local freefall time (e.g., Ballesteros-Paredes et al.
2011; Federrath & Klessen 2013). This process is ex-
pected to bear some resemblance to the collapse of cos-

Floyd Steinberg dithering 
でbinaryへ変換
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