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• 大質量クランプ（大質量星形成領域）のサーベイ観測が行われてきたが、距離が遠いため分解できず、物理量はよく分かっ
ていない。

• 観測のみでは限界があるため、数値シミュレーションを行う。
• 3D MHDシミュレーション＋Herschelの模擬観測を行い、Herschelの観測結果（Hi-GAL）の結果と比較した。
• 模擬観測の結果から同定したコンパクトな構造の質量は、視線方向に射影する効果により、1桁程度質量を過大評価している。

• Hi-GALのInner Galaxyの天体ではより質量を過大評価しているかも。
• Protostellarに分類されていた構造の中にstarlessが多く混ざっていた。

• Hi-GALのサンプルは高空間分解能では、fragmentationしているはずなので、今後ALMAで観測していく必要がある。
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ABSTRACT

Systematic surveys of massive clumps have been carried out to study the conditions leading to the formation of massive
stars. These clumps are typically at large distances and unresolved, so their physical properties cannot be reliably derived from
the observations alone. Numerical simulations are needed to interpret the observations. To this end, we generate synthetic
Herschel observations using our large-scale star-formation simulation, where massive stars explode as supernovae driving the
interstellar-medium turbulence. From the synthetic observations, we compile a catalog of compact sources following the exact
same procedure as for the Hi-GAL compact source catalog. We show that the sources from the simulation have observational
properties with statistical distributions consistent with the observations. By relating the compact sources from the synthetic
observations to their three-dimensional counterparts in the simulation, we find that the synthetic observations overestimate the
clump masses by about an order of magnitude on average due to line-of-sight projection, and projection e�ects are likely to be
even worse for Hi-GAL Inner Galaxy sources. We also find that a large fraction of sources classified as protostellar are likely to
be starless, and propose a new method to partially discriminate between true and false protostellar sources.

Key words: MHD – radiative transfer – methods: numerical – stars: formation – catalogues

1 INTRODUCTION

Massive stars are essential constituents of the ecosystem of galaxies,
driving the thermodynamical and chemical evolution of their inter-
stellar medium (ISM). Understanding their formation process is a
prerequisite for modeling the evolution of galaxies and investigating
the high-redshift universe. A complete theory of star formation is not
available yet, massive-star formation being perhaps the main hurdle
to overcome. An important limitation in the study of massive stars
is the di�culty to test our theoretical models against observational
data, because massive stars are more rare and shorter lived than low-
mass stars. Regions of massive star formation tend to be at relatively
large distances, obscured by high extinction levels, and confused by
complex gas and stellar dynamics, as massive stars form in stellar
clusters. Observations of such regions can be properly interpreted
only through synthetic observations of realistic theoretical models.

Because of the stochastic nature of the dynamics of the ISM,
synthetic and real observations of star-forming regions can only be
compared statistically, which requires large samples. The “Herschel
Infrared Galactic Plane Survey” (Hi-GAL) has produced the largest
catalog to date of massive clumps (Molinari et al. 2016; Elia et al.
2017, 2021), usually viewed as potential progenitors of massive stars.
Follow-up studies have characterized the dynamics of some of those
clumps, including their infall rates (e.g. Traficante et al. 2017, 2018),
providing important clues to the origin of massive stars. In this work,

¢ E-mail:luzujia@icc.ub.edu

we compile the first synthetic catalog of massive clumps that can be
compared statistically to the Hi-GAL compact source catalog, based
on a star-formation simulation of a 250 pc region of the ISM driven
by supernova (SN) explosions.

Using earlier evolutionary stages of the same simulation, we have
previously shown that SNe alone can drive the observed turbulence
in MCs (Padoan et al. 2016a; Pan et al. 2016) and can explain both
the formation and dispersion of MCs (Lu et al. 2020). The star for-
mation rate per free-fall time in the clouds was also found to be
consistent with the observations (Padoan et al. 2017). The simula-
tion was then used to study the formation of massive stars in Padoan
et al. (2020), where it was also shown that observations could grossly
overestimate the mass of protostellar cores, depending on distance
and angular resolution. That study adopted a theoretician’s perspec-
tive, by considering only the progenitor cores of massive stars, and
only at the special moment when they have just started to collapse
(the end of their prestellar phase).

In this work, we adopt an observer’s perspective, by selecting com-
pact sources from synthetic observations of individual simulation
snapshots, following the same procedure as in Herschel’s Hi-GAL
compact source catalog (Elia et al. 2017, 2021). This approach results
in a very large catalog of 52,543 synthetic sources, including both
prestellar and protostellar ones, to be compared with the 150,223
sources of the Hi-GAL catalog. Our goal is twofold: to validate our
synthetic catalog through the comparison with real observations and,
once validated, to use it for the interpretation of the observations. We
show that the clumps from the simulation have observational proper-
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シミュレーション（3D MHD + AMR）
• 𝐿!"# = 250 pc（グリッド：0.24 ‒ 0.0076 pc）、𝑀!"# = 1.9×10$𝑀⨀。
• 乱流の起源はSNのみ (Padoan et al. 2016a; Pan et al. 2016)。
• 初期条件：𝑛&,( = 5 cm)*、𝑇( = 10+ K、𝐵( = 4.6 µG（自己重力なしで45 Myr計算）

• SNをランダムに起こす（6.25 SNe Myr-1）。
• 𝑛 > 10$ cm)*など (Haugbølle et al. 2018)の条件でsink（星）を作り、7.5 M◉を超え
かつ星の寿命 (Schaller et al. 1992)を迎えたものたところでSNを起こす。
• 星の質量とモーメント、1051 ergのエネルギーをガウシアン分布でその場に
残す (Padoan et al. 2016a)。

• 4283個の星（>2 M◉）が形成され、~415回のSNeが発生。
• 大質量側（ >8 M◉）の質量分布は、SalpeterのIMFを再現。

70 µm, 160 µm, 250 µm

模擬観測
• 自己重力を入れてから15.4、23.3、34.2 Myr後のスナップショットをHershcelで
模擬観測（70、160、250、350、500 μm）。
• 距離は2、4、8、12 kpc→各波長ごとに36マップ

𝑡 = 34.2 Myr, 𝐷 = 2 kpc

構造同定
• Hi-GAL (Elia et al. 2017, 2021) と同じ手法を適用。

• CuTEx (Moli- nari et al. 2011)：画像の2階微分を用いて構造同定
（Curvature-based source detection）
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Figure 1. Upper panel: Simulated Herschel’s three-colour image of the whole
250 pc simulation at 34.2 Myr after the start of star formation, assuming a
distance of 2 kpc, generated from single-band images at 70 `m, 160 `m, and
250 `m for blue, green and red, respectively. The range of the linear colour
scale is from 0 to 600 MJy sr�1. The two red boxes mark the positions of the
two zoom-in regions shown in the lower panels. Lower panels: The 25 pc (a)
and 50 pc (b) zoom-in regions marked in the upper panel. The linear colour
scale of these zoom-in regions is from 0 to 1200 MJy sr�1.

length. At each wavelength, the full width at half maximum (FWHM)
values of the adopted Gaussian telescope beams are three pixels, giv-
ing 9.6, 13.5, 18.0, 24.0, and 34.5 arcsec. We added observational
noise to the maps so that, after beam convolution appropriate for the
assumed distances (2, 4, 8, and 12 kpc), the noise was consistent with
actual observations. For the surface brightness relative noise values,
we assumed 4% in the PACS bands (70 `m and 160 `m) and 2% in
the SPIRE bands (250, 350, and 500 `m). We also added additional
noise with absolute levels of 7.8, 6.0, 0.81, 0.42, and 0.28 MJy sr�1,
to the five bands in the growing wavelength order. This noise was es-
timated by extracting small 100 arcsec by 100 arcsec submaps along
overlap regions of two individual Hi-GAL tiles at Galactic longitudes
l = 49�, 89�, and 144�. The paired submaps of the same region were
used to calculate the rms of the surface brightness di�erence of each
pixel. The rms noise of the low surface brightness submaps was con-
sistent regardless of the region and was adopted as the absolute noise
level in the synthetic observations. SOC is based on the Monte Carlo
method, which also contributes to the noise in the maps. However, the

Figure 2. Upper panels: 250 `m surface brightness of the two zoom-in
regions from Fig. 1 (a: 25 pc and b: 50 pc). The colour scale is logarithmic
with minimal values set equal to 1/32 (a) and 1/8 (b) of the maximum surface
brightness in each region. The blue ellipses are the clumps detected by CuTEx
at 250 `m, before band-merging. Lower panels: Additional 6 pc zoom-in
regions corresponding to the white boxes in the upper panels. The logarithmic
colour scale has the minimum values set at 1/32 (zoom a) and 1/3 (zoom b)
of the maximum surface brightness in each zoom-in.

number of simulated photon packages was chosen to be large enough
so that the Monte Carlo noise is a few times below the observational
noise.

For each of the three snapshots, the surface brightness maps were
computed in the three major-axis directions, and assuming four dif-
ferent distances of 2, 4, 8, and 12 kpc. This resulted in 36 maps at each
wavelength: three snapshots seen from three orthogonal directions
and at four assumed distances each. One of these 36 maps is shown
in Figure 1 as a three-colour image of the whole 250 pc volume. The
image is made by using the 70 `m, 160 `m, and 250 `m maps for
blue, green and red colors, respectively. The lower panels of Figure 1
show three-color images of two dense regions of 25 and 50 pc size,
hosting the formation of massive stars.

4 SYNTHETIC CLUMP CATALOGUE

Using our synthetic Herschel observations, we compile a synthetic
catalogue of compact sources extracted with the CuTEx code (Moli-
nari et al. 2011), with the same exact method used to generate the
Hi-GAL compact source catalog (Elia et al. 2017, 2021). All the steps
of the source extraction are described in this section. The resulting
synthetic clump catalog is summarized in Table 1 and described in
Appendix A.

4.1 CuTEx

CuTEx (CUrvature Thresholding EXtractor) is a detection and ex-
traction code originally written in IDL and now also available in

MNRAS 000, 1–17 (2021)
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Figure 4. Source classification and derived source parameters as a function of
distance. Top panels: fraction of protostellar sources in the synthetic catalog
(solid line) and in the Hi-GAL catalogs (dashed lines) for the Outer Galaxy
(left) and the Inner Galaxy (right). Second row: median values of the synthetic
source diameters, separated into starless (red) and protostellar (blue) sources.
Error bars are between the 2.5 and 97.5 percentiles. The median values for
the Hi-GAL sources are shown by the dashed lines, while the shaded regions
correspond to the same percentile range as for the error bars. Third row: the
same as the second row of panels, but for the source mass derived from the
SED fitting. Fourth row: the same as the previous row, but for the source
temperature.

the interval between the 2.5 and 97.5 percentiles. The red and blue
dashed lines and shaded areas give the median and the dispersion for
the starless and protostellar sources in the Hi-GAL catalogs.

Figure 4 shows that our synthetic observations reproduce well the
range of clump sizes found in Herschel’s sources and their distance
dependence, as well as the lower median values of the diameters of
the protostellar clumps relative to that of the starless ones. The syn-
thetic catalog reproduces well also the median values of the observed
masses as a function of distance, and their dispersion, in the case of
the Outer Galaxy, although it underestimates by a factor of 2-3 the
masses of protostellar sources at 2 and 4 kpc. Compared with the In-
ner Galaxy, instead, our source masses, particularly the protostellar
ones, are significantly lower than in the observations at all distances,
a discrepancy that we attribute primarily to the much longer lines
of sight through the Inner Galaxy (several kpc) than through our
simulation (250 pc), or through the Outer Galaxy (dominated by the
Perseus arm), as discussed later in § 7.2. We will argue that the dif-
ference between intrinsic and projected clump masses that will be

discussed in § 6.1 must be even larger in the Inner Galaxy survey than
in the synthetic observations. Finally, the bottom panels of Figure 4
show that the observed clump temperatures are well reproduced by
the synthetic catalog, except for slightly larger values in the case of
protostellar sources at 2 and 4 kpc in the Outer Galaxy, and at all dis-
tances in the Inner Galaxy. This temperature di�erence is discussed
below in the context of Figure 5. The temperature of starless sources
is instead perfectly reproduced in both median values and dispersion
at all distances for both the Outer and the Inner Galaxy.

Figure 5 shows the probability distribution of the clump diameters
(left panels), clump masses (middle panels), and clump temperatures
(right panels) for starless and protostellar synthetic sources (solid-
line histograms), compared with the same distributions for the Hi-
GAL sources (shaded-area histograms) in the Outer Galaxy (upper
panels) and in the Inner Galaxy (lower panels). All Hi-GAL sources
with distances between 1.5 and 13.5 kpc are included in the shaded-
area histograms. Because the number of synthetic sources decreases
with distance approximately at the same rate as in the Outer Galaxy
catalog, the histograms from the synthetic catalog in the upper panels
are computed using the actual number of sources extracted at each
distance, and then normalizing the total number of synthetic starless
sources to the same total number of observational starless sources,
and using the same normalization factor for the synthetic protostellar
clumps, too. In the case of the comparison with the Inner Galaxy
(lower panels), the number of the synthetic sources is first multiplied
by a factor (3/2 kpc)2/2, for distances 3 > 2 kpc (and left unchanged
for sources at 2 kpc), to approximate the nearly constant number of
sources in the Hi-GAL Inner Galaxy catalog at distances between 2
and 12 kpc. After this normalization by distance, the total number of
synthetic sources has been normalized by the ratio of observed and
synthetic starless sources. Thus, the area below the histograms of
synthetic and observed starless sources are the same, while the areas
below the histograms of protostellar sources reflect the actual ratios
of protostellar to starless sources in both the synthetic and Hi-GAL
catalogs. The vertical dashed and dotted lines are the median values
of the synthetic and Hi-GAL catalogs, respectively.

As shown by the left panels of Figure 5, there is very good agree-
ment between the synthetic and Hi-GAL sources with respect to
the source diameters in both the median values and the shapes of
the probability distributions. The di�erence in the shape of the his-
tograms between the Inner and Outer Galaxy is due to the di�erent
distance distributions of the sources. The more uniform distance dis-
tribution of the Inner-Galaxy sources relative to the Outer-Galaxy
ones causes their flatter diameter distribution in the approximate di-
ameter range between 0.2 and 2 pc, while the Outer-Galaxy sources
are picked around 0.3 pc.

The central upper panel of Figure 5 shows that the mass distri-
bution of the synthetic starless sources fits well the corresponding
distribution from the Outer Galaxy, while that of the protostellar
sources slightly underestimates the number of massive sources. In
the case of the Inner-Galaxy comparison (central lower panel of Fig-
ure 5), both the starless and the protostellar mass distributions of the
synthetic sources are clearly shifted to smaller masses relative to the
observations (see discussion in § 7.2).

Finally, the right panels of Figure 5 show that the temperature
distributions of starless sources are nearly perfectly matched by the
synthetic sources, both for the Outer and the Inner Galaxy. On the
other hand, the temperatures of the synthetic protostellar sources
have median values ⇠ 2 K larger than in the observations, as well as
high-temperature tails that are a bit shallower than those of the Hi-
GAL sources. These di�erences in the temperature distributions of
protostellar sources are the expected consequence of the incomplete-

MNRAS 000, 1–17 (2021)

Hi-GALカタログと本研究のカタログでの物理量の比較
• 観測（Hi-GAL）と模擬観測からそれぞれ同定した構造の物理量は似た分布を持っている。→詳細な比較を行える。

半径

質量

温度

Protostellar の割合
半径 質量 温度

実線：本研究、網掛け：Hi-GAL

• 本研究のカタログ、Hi-GALカタログはともに距離に応じて同じ割合でサンプル数
が減っている。

• 本研究のカタログのstarlessとprotostellarの数をそれぞれの距離にあるHi-GALカ
タログのサンプル数に規格化している（今後のプロットも）。

8 Z.-J. Lu et al.

Figure 5. Upper panels: distributions of the source diameters, masses, and temperatures for the starless (red solid line) and protostellar (blue solid line) sources
from the synthetic catalog, compared to the sources from the Hi-GAL Outer Galaxy catalog (red and blue bars) in the distance interval between 1.5 and 13.5 kpc.
The number of synthetic sources (both starless and protostellar) is normalized by the ratio of Hi-GAL and synthetic starless sources. The vertical dashed and
dotted lines are the median values for the synthetic and Hi-GAL catalogs, respectively. Lower panels: the same as the upper panels, but comparing with the
Hi-GAL Inner Galaxy catalog. To approximate the distance distribution of the Hi-GAL sources in the Inner Galaxy, the number of synthetic sources at distances
3 > 2 kpc is scaled by a factor (3/2 kpc)2/2.

ness of our stellar mass distribution. As mentioned in § 2, the stellar
mass distribution in the simulation is consistent with Salpeter’s IMF
(Salpeter 1955) above⇠ 8 M� , but is incomplete at lower masses (and
no stars below ⇠ 2 M� are included as stellar sources in the radiative
transfer calculation). At the lower distances, the 70 `m flux of most
stars in the range ⇠ 2 � 8 M� would be detected in the observations,
but many of these 70 `m sources would be missing in our simula-
tion. Because the fraction of missing stars increases with decreasing
masses, we miss preferentially colder sources, which matches the
discrepancy in the temperature distributions of protostars in the right
panels of Figure 5.

5.2 Size, Mass and Temperature Correlations

The left group of four panels of Figure 6 shows the relation between
the mass and diameter (left), and the mass and temperature (right) of
the synthetic sources (solid contour lines) and of the Hi-GAL Outer
Galaxy sources (dashed contour lines) for starless (upper panel) and
protostellar (lower panel) sources separately. The right group of four
panels shows the same, but for the Hi-GAL Inner Galaxy survey. The
contours are lines of equal number density of sources. The number
density is computed separately for the synthetic and Hi-GAL sources,
by dividing the plane into 70 ⇥ 70 logarithmic intervals of diameter
and mass. The contours correspond to 5%, 20% and 70% of the
maximum number density among all the cells from both samples.
The comparison shows that our synthetic sources follow very closely
the mass-diameter and the mass-temperature relations of the Outer
Galaxy sources, with respect to both the contour lines and the median
least-square-fit relations (dashed-dotted and dotted lines).

In the case of the Inner Galaxy, as shown by previous figures, the
observed clump masses are on average a few times higher than those
of the synthetic observations, the discrepancy being stronger in the

case of protostellar sources. In both Hi-GAL catalogs, the median
mass-size relations have nearly the same slope as Larson’s mas-
size relation (solid line), corresponding to roughly constant surface
density (Larson 1981). This slope is well reproduced in the synthetic
catalog as well.

All the mass-temperature contour plots and median relations from
our catalog and from the observations show the same trend of de-
creasing mass with increasing temperature. However, this trend is not
as significant as the correlation between mass and diameter, as shown
by the values of Pearson’s correlation coe�cients, between ⇠ �0.4
and ⇠ �0.5 (compared to ⇠ 0.7 � 0.8 for the mass-size relations). It
is possible that most of the anti-correlation between mass and tem-
perature originates from the uncertainty in the temperature estimate
from the SED fitting, rather than from a real physical anti-correlation
between mass and temperature.

6 OBSERVATIONAL VERSUS INTRINSIC CLUMP
PROPERTIES

Projection e�ects along the line of sight can strongly a�ect the deriva-
tion of observational clump properties, particularly when no kine-
matic information is available. To establish the importance of projec-
tion e�ects, we search for the three-dimensional (3D) counterparts
of the synthetic sources in the simulation datacubes used to generate
the synthetic observations. By relating the synthetic sources to their
3D counterparts, we can then compare the observational properties
with the intrinsic clump properties.

MNRAS 000, 1–17 (2021)
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Figure 9. Gas density distributions sampled uniformly at a 20483 resolution in the last snapshot of the simulation analyzed in this work, at C = 34.2 Myr (solid
black line) and sampled at the positions of the stars (solid red line). The density at the position of a star is the local mean gas density calculated in a ⇠ 0.12 pc
box centered around the star. The density around the stars is also plotted as a blue step histogram after separating the stars into three categories based on their
age, < 1 Myr, 1-5 Myr and > 5 Myr (left, middle, and right panels respectively). From each of these age intervals, we also show two sub-samples corresponding
to stars with mass < 5 M� (blue filled histogram), and with mass > 8 M� (red filled histogram). The overlap region of the two filled histogram is in purple.

one, at ⇠ 3 ⇥ 104 cm�3, corresponds to a characteristic density of
protostellar cores.

Because protostellar cores occupy a tiny fraction of the computa-
tional volume, their density is sampled by the global gas distribution
(black line) only at extremely low probability, not shown in the plots
of Figure 9. The densest peak is instead visible in the density dis-
tribution sampled by the stars because the fraction of stars that are
found within their parent protostellar cores is orders of magnitude in
excess of the fraction of the total volume occupied by the cores. The
fact that the highest density peak is associated with protostellar cores
is confirmed by the comparison of the three panels in Figure 9, where
the density distribution sampled only by stars in a limited age range
is shown in each panel by the blue-line histogram. Considering only
stars younger than 1 Myr (left panel), one can see that they sample
only density around the peak, while the stars older then 5 Myr (right
panel) sample only densities outside of that peak. Furthermore, when
stars are older (right panel) they sample well the global bimodal den-
sity field, meaning that their positions not only do not correspond to
dense protostellar cores any longer, but are also completely random
with respect to the density field.

Having identified the highest density peak as due to protostellar
cores, the position of the minimum between the two denser peaks in
the density distribution sampled by the stars, at ⇠ 103 cm�3, can be
adopted as the threshold between the overall density distribution and
the density of protostellar cores. This justifies the density threshold
used in our criterion to define embedded stars and thus to discriminate
between true and false protostellar sources.

We have found that true protostellar sources can be partially di�er-
entiated from false protostellar sources based on purely observable
quantities, using the dependence of their 70 `m excess on their tem-
perature. Before demonstrating this method on the synthetic sources,
we want to verify that the relation between 70 `m excess and temper-
ature of the synthetic protostellar sources reproduces well that of the
observations. The 70 `m excess is defined as the ratio of the 70 `m
flux of the source, �70,ob, and the grey-body 70 `m flux, �70,gb, that
is the 70 `m flux extrapolated from the SED fit of the fluxes at the
other wavelengths. The upper panel of Figure 10 shows that the tem-
perature dependence of �70,ob/�70,gb for the protostellar sources
in our synthetic catalog (blue shaded area) has approximately the
same median values and dispersion as for the Hi-GAL sources in the
Outer Galaxy (red shaded area). Compared with the Inner Galaxy,

the 70 `m excess of the synthetic sources is slightly larger than for
the Hi-GAL sources (lower panel).

The relation between the 70 `m excess and the temperature of false
protostellar synthetic sources is shown by the magenta shaded areas
in Figure 11. The cyan shaded areas corresponds to the true proto-
stellar synthetic sources. In the upper panel, the number of sources
at di�erent distances is the same as in the synthetic catalog, to mimic
the distance distribution of sources in the Outer Galaxy, while in the
lower panel the number of sources has been renormalized accord-
ing to their distance to mimic the distance distribution in the Inner
Galaxy, as in Figure 5. The dashed red line and the cyan solid line
show the median values of �70,ob/�70,gb as a function of tempera-
ture, measured in logarithmic temperature intervals, for the false and
true prestellar sources respectively. The true protostellar sources are
systematically warmer, at equal value of �70,ob/�70,gb, or, equiva-
lently, they have systematically larger �70,ob/�70,gb at equal value of
temperature (by almost an order of magnitude in the case of the Outer
Galaxy’s distance distribution shown in the upper panel). However,
there is also a considerable overlap between the two types of sources.

To partially separate true from false protostellar sources, we pro-
pose to separate the protostellar sources in two groups using the
median relation for the true sources (cyan line). We first obtain an
analytical fit to the cyan line for the Outer Galaxy distance distribu-
tion,

�70,ob/�70,gb =
2877

()/10 K)15
+ 367

()/10 K)5
+ 1.3 , (6)

and for the Inner Galaxy case,

�70,ob/�70,gb =
2051

()/10 K)15
+ 365

()/10 K)5
+ 0.5 , (7)

which is shown by the solid black lines in Figure 10. The dashed
black lines connecting the diamond symbols show the ratio between
true protostellar sources and total protostellar sources found above
the analytical fits. The values of this ratio are shown in the y-axis
on the right-hand side of the plots. The lower black dotted lines,
connecting the circle symbols, show the same ratio for sources below
the analytical fit to the median line. One can see that, in the case of the
Outer Galaxy, approximately 80% of the protostellar sources are true
ones in the approximate temperature range between 21 K and 33 K,
while below the lines the fraction of true protostellar sources is always

MNRAS 000, 1–17 (2021)

Hi-GALクランプと本研究のクランプの質量
• 視線方向の密度プロファイル（シミュレーション結果）。

• 密度のピークをもつmainのクランプの他にも複数のクランプが存在する。
• 星がmainのクランプに付随している（左）こともあれば、そうではない場合（右）こともある。

10 Z.-J. Lu et al.

diameter (the size on the plane of the sky). The position of the
maximum density is shown by the vertical transparent line in Figure 7,
whose thickness corresponds to the diameter of the synthetic source
and thus of the main 3D clump. We also define as independent 3D
clumps all other density maxima with value larger than 1% of the
absolute maximum that defines the main 3D clump (see the horizontal
dashed line). All 3D clumps are assumed to have a size in the direction
of the line of sight equal to the source diameter as well.

With these definitions of main and secondary 3D clumps, we can
then associate three di�erent mass values to each line of sight, the
total mass of the column, "tot, the sum of the masses of all clumps,
"all, and the mass of the main clump, "main, and compare them with
the mass of the corresponding synthetic source, "SED. In the two
examples of Figure 7, the main 3D clump in the left panel has a mass
"main = 305.7 M ! , approximately half the value of the estimated
source mass, "SED, while the main 3D clump in the right panel has a
mass "main = 79.4 M ! , approximately 13 times smaller than "SED.

The comparison of "all and "main with "SED for all the sources
in our catalog is shown in Figure 8, where the black solid line marks
the one-to-one relation. The least-squares fits to the median value of
each of the two masses as a function of "SED are shown in Figure 8 as
dashed and dotted lines. The most striking result of this comparison
is that "SED overestimates the true mass of the main 3D clump,
"main, by a factor greater than 10, on average (dashed contour lines
and dotted least-squares fit). Because the median relation given by
the fit is rather shallow, "main = (0.230 ± 0.014)" (0.587±0.020)

SED for

the Outer Galaxy and "main = (0.137 ± 0.009)" (0.838±0.015)
SED (the

masses are in M ! ), the ratio "SED/ "main increases with increasing
"SED: the larger the value of "SED, the larger the contribution to
that mass from structures along the line of sight unrelated to the main
3D clump. In other words, most of the mass of a CuTEx source is
due to the overlap of di! erent structures, and increasingly so towards
larger masses. In the case of the Hi-GAL catalog, this e�ect is likely
to be even stronger than in our simulation, as discussed in § 7.2.

Even the sum of all the 3D clumps we have selected along the
line of sight, "all, is typically smaller than the estimated source
mass, with the ratio "SED/ "all " 3 on average. The relation be-
tween "tot and "SED, "tot = (2.184± 0.129)" (0.572±0.020)

SED (Outer

Galaxy) and "tot = (1.356 ± 0.076)" (0.802±0.013)
SED (Inner Galaxy),

is also shallower than linear, but "tot is, on average, only slightly
smaller than "SED, which demonstrates that the SED fitting is able
to approximately recover the total mass in the line of sight.

6.2 Starless versus Protostellar Clumps

Having associated our synthetic sources with 3D clumps, we can now
ask whether the sources classified as protostellar are associated with
actual 3D protostellar clumps or not. For this possible association
we consider both the main 3D clump and other secondary clumps
along the line of sight of each source. To address this question we
need a criterion to discriminate between actual embedded stars and
other stars that may be in the line of sight by pure chance, rather
than by birth. For that purpose, we adopt a simple density threshold,
such that a star is considered to be embedded if the mean density in
a (0.12 pc)3 cell around it is larger than 103 cm#3. Among all the
protostellar sources in our catalog, we then define as true protostellar
sources those with at least one embedded star in their line of sight,
and as false protostellar sources the ones without embedded stars,
irrespective of their 70 `m flux. In the two examples of Figure 7, the
source from the left panel is a true protostellar clump (it has seven
stars at density larger than 103 cm#3), while the source from the right
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Figure 8. Sum of all the 3D clump masses, ! all (solid contour lines), and
main 3D clump mass, ! main (dashed contour lines), versus the source mass
derived from the SED fitting, ! SED, for all the sources in the synthetic catalog,
normalized with the Outer-Galaxy distance distribution (upper panel) and the
Inner Galaxy distance distribution (lower panel). The solid black line is the
one-to-one relation. The dashed straight line is the least-squares fit to the
! all # ! SED relation, ! all = (0.658 ± 0.046) ! (0.722±0.023)

SED for the Outer

Galaxy and ! all = (0.412± 0.027) ! (0.967±0.015)
SED for the Inner Galaxy case,

with the masses in units of M! . The dotted line is the least-squares fit to
the ! main # ! SED relation, ! main = (0.230 ± 0.014) ! (0.587±0.020)

SED for

the Outer Galaxy and ! main = (0.137 ± 0.009) ! (0.838±0.015)
SED for the Inner

Galaxy case.

panel is a false protostellar clump (it has no stars above the density
threshold).

The value of the density threshold is justified by a comparison
of the gas density distribution over the whole box with the density
distribution sampled by the positions of the stars. The solid black
line histogram in the three panels of Figure 9 shows the gas density
distribution computed from the final simulation snapshot analyzed
in this work at a uniform resolution of 2,0483 ($ 0.12 pc). The solid
red line histogram in the same panels is the gas density distribution
sampled at the same resolution, but only at the positions of the stars
at the time of the final snapshot (the density is correctly centered
at the stellar positions by using a higher-resolution extraction of the
density field and then averaging the density around each star within
a cell of 0.12 pc). Figure 9 shows that the uniformly-sampled density
distribution is bimodal, with the lower density peak at $ 0.01 cm#3

corresponding primarily to hot gas, and the higher density peak at
$ 3 cm#3 primarily to colder gas. The density distribution sampled
by the stars, instead, has three peaks. The two lower density peaks
are the same as for the global distribution, while the highest density
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• MSEDとmainのクランプの質量。
• 観測では視線方向のemission
をすべて足し合わせるため、
質量を過大評価している。

• 密度も過大評価している。

• t=34.2 Myrでの密度分布。
• 若い星は高密度領域に分布している。
• 進化が進んだ星は高密度領域（原始星コア）に付随せず、ランダムに分布
するようになる。

星近傍

> 8 M◉ < 5 M◉

星近傍（各時間ごと）
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Figure 6. Left four panels: mass versus diameter and mass versus temperature for starless (upper panels) and protostellar (lower panels) synthetic sources
(solid contour lines). The black line is LarsonÕs mass-size relation,! (r) = 460 M! (r/ pc)1.9 (Larson1981). Source number density isocontours representing
the starless and protostellar sources from the Hi-GAL Outer Galaxy catalog are also displayed with dashed lines. The number densities have been computed
subdividing the area of the plot with a grid of70" 70 cells in logarithmic intervals. Once the global maximum of both distributions in the same panel (starless
or protostellar) has been found, the plotted contours are chosen to show the number density of 5%, 20% and 70% of the maximum, as in Figure 7 ofElia et al.
(2017). Right four panels: the same as in left four panels, but comparing with the sources from the Hi-GAL Inner Galaxy survey. In this case the number of
synthetic sources at distances" > 2 kpc has been rescaled by a factor(" / 2 kpc)2/ 2, to mimic the distance distribution of the sources in the Inner Galaxy, as in
Figure5.
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Figure 7. Density proÞle along the line of sight for two example sources (the same two as in Figure3): one source has a dominant clump (left panel) and the
other has many clumps of approximately the same peak density (right panel). The red vertical line shows the position of the main clump (the highest density
peak), with the thickness of the line corresponding to the source diameter (we assume that the 3D clump has the same diameter as the corresponding source).
The open cyan diamonds are the stars located inside the main clump. The open red circles are the stars located in the column of the source footprint, but outside
of the dominant clump. The green dashed horizontal line shows the1%of the maximum density, which is minimum density we have chosen to deÞne secondary
clumps.

6.1 Observational versus Intrinsic Clump Mass

Figure 7 shows the density proÞle along the lines of sight of two
sources of similar mass (618 and 1037M ! ) at 12 kpc, both classiÞed
as protostellar in the synthetic catalog, chosen to be an example of a
line of sight dominated by a real 3D clump (left panel) and of a line of
sight without a dominant 3D clump (right panel). The gas density is
computed within a column of size equal to the source diameter. The
open cyan diamonds mark the positions of stars located inside the
main 3D clump, while the open red circles are for the stars located in
the column of the source footprint, but outside of the main 3D clump.
The y-axis coordinate of the diamonds and circles corresponds to the

mean density around the star in a(0.12 pc)3 volume. While in the
example dominated by the main 3D clump (left panel) one star is
found inside the main clump, and several more in its vicinity, only
two stars are found in the line of sight of the other example (right
panel) and at relatively low densities, and none inside the main 3D
clump.

Density proÞles like those shown in Figure7 are computed for all
the sources in our synthetic catalog, and are then used to identify
the main 3D clump corresponding to each synthetic source. The
main 3D clump in each line of sight is deÞned as the fraction of
the corresponding column centered at the highest density maximum
and with a size along the line of sight equal to the synthetic source
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Protostellar クランプの同定
• Protostellar（70μm検出あり）のサンプルには原始星が付随しているものと、そうではない“誤検出”が含まれている。
• 真のProtostellarの70 μmの超過を温度の関数でフィットすることで、真のProtostellarの同定条件を設定。

• 上の条件よりも超過が大きい場合には、平均のprotstellarの検出率はouterとinnerで64%と66%なのに対し、超過が小さい
場合にはそれぞれ14%と21%になる。

Real Nature of Massive Clumps 13
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Figure 12. Main 3D clump mass versus SED mass, as in Fig.8, for starless, Òfalse" protostellar, Òtrue" protostellar, and protostellar sources selected
based on the 70! m excess (see Fig.11), from left to right. The thin solid black line is the 1-to-1 relationship. The Þts shown by the dashed black
lines are: " starless = (0.226 ± 0.012) " (0.574±0.018)

SED , " false = (0.264 ± 0.018) " (0.643±0.023)
SED , " true = (0.769 ± 0.057) " (0.716±0.021)

SED , and " high =

(0.722± 0.073) " (0.691±0.030)
SED for the Outer Galaxy. For the Inner Galaxy:" starless= (0.136± 0.008) " (0.798±0.013)

SED , " false = (0.234± 0.018) " (0.810±0.017)
SED ,

" true = (0.707± 0.095) " (0.791±0.024)
SED , and" high = (0.519± 0.087) " (0.862±0.029)

SED . All the masses in the previous relations are in units ofM! . The rightmost
panels show the distributions of the" SED/ " main ratio.

et al. 2018)), and their role in the formation of massive stars (e.g.
the estimated infall rates (TraÞcante et al.2018), or the estimated
column density threshold (Tan et al.2014; Urquhart et al.2014)).
Even the selection of a subset of sources with molecular emission-
line spectra without multiple components (e.g.TraÞcante et al.2018)
may not be su! cient to prevent projection e" ects, as the existence
of a large number of unrelated sources along the line of sight could
presumably result in the appearance of an approximately Gaussian
velocity proÞle.

In¤ 5.2 we found that our synthetic sources, as well as the Hi-
GAL sources, follow very closely LarsonÕs mass-size relation, cor-
responding to their surface density being nearly independent of size,
on average.Elia et al.(2017) implicitly assumed that this mass-size
relation of Hi-GAL sources had to stem from the combination of
LarsonÕs velocity-size and velocity-mass relations (Larson1981), so
that sources above (more massive than) the average mass-size rela-
tion could be interpreted as gravitationally bound, and sources below
(less massive than) the relation would be unbound. In view of our
Þnding that! SED is not a reliable estimate of a real clump mass,
the interpretation of the mass-size relation of Hi-GAL sources is
not straightforward. In fact, it was later found that Hi-GAL sources
do not follow LarsonÕs velocity-size relation at all (TraÞcante et al.
2018), which is in itself a result of di! cult interpretation if the ve-
locity dispersion has potentially multiple contributions along the line
of sight (not necessarily spotted as multiple spectral components),
but certainly invalidates the bound versus unbound classiÞcation of
Hi-GAL sources based on the mass-size relation.

Observed infall rates of massive clumps (e.g.Fuller et al.2005;
Beuther et al.2012; Peretto et al.2013; Beuther et al.2013; Wyrowski
et al.2016; TraÞcante et al.2017, 2018; Contreras et al.2018; Yuan
et al. 2018) are often used to constrain the formation timescale of
massive stars. Besides the di! culty of interpreting the kinematic
information from emission line spectra in terms of infall, and the
need to explain to low detection rate of infall signatures in massive
clumps, it is important to remember that a massive clump may host
the formation of multiple stars. Furthermore, in view of the results
of this study, the clump mass may be grossly overestimated. The
infall rate is usually estimated assuming that the infalling gas has a
density equal to the clumpÕs mean density. Thus, if the clump mass

is overestimate by a factor of 10, the infall rate is also overestimated
by the same factor.

Figure13 shows the distributions of the mean volume density of
our synthetic sources (blue histograms) and of the Hi-GAL sources
(red dashed line histograms) for the Outer Galaxy (upper panel)
and the Lower Galaxy (lower panel). The cyan histograms show the
distribution of the mean density of the main 3D clump associated to
each of our synthetic sources. This distribution is shifted to lower
densities by a factor of 10 relative to that of the synthetic sources,
as expected from the mass comparison in ¤6.1. In the case of the
Hi-GAL sources, the factor may be even larger, as discussed below
in ¤ 7.2. Based on the median values shown by the vertical lines
in Figure 13, infall rates based on estimated densities of Hi-GAL
Inner Galaxy sources may be overestimated by more than a factor of
20, since the median density in the Hi-GAL Inner Glalaxy catalog is
more than a factor of two larger than in our synthetic catalog, which is
more than a factor of 10 larger than the median for the corresponding
3D clumps. This uncertainty could be reduced, by approximately a
factor of three, if true protostellar sources were selected according
to the method suggested in ¤6.2, but even in that case over 30%
of sources would still be false protostellar sources su" ering a larger
projection e" ect.

7.2 From the Simulation Volume to the Galactic Plane

The synthetic observations of our simulation reproduce the main
observational properties, and their statistical distributions, of the
Hi-GAL catalog, with the caveat of a systematic shift of the mass
distribution towards lower masses. The mass discrepancy is signiÞ-
cant only in the high-mass tail of the protostellar mass distribution
in the case of the Outer-Galaxy comparison, while the mass distri-
butions of both starless and protostellar sources in the Inner Galaxy
are clearly shifted towards larger masses in both high and low-mass
tails, by a factor of" 4 in mass relative to our synthetic catalog (see
Figure5). This discrepancy is to be expected, because the 250 pc
depth of the computational volume cannot match the full complexity
and the highest column densities of the lines of sight toward the Inner
Galactic plane sampled by the Hi-GAL survey.

However, the larger column density available does not mean that
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• Starlessのサンプルでは、MSED>>Mmain（ MSED/Mmain ~20）。
• False protostellarでも同様。

• Protostellarでは、 MSED/Mmain ~4であり、 70 μmの超過からサンプルを分
類した場合でも、似た傾向が得られている。

• Protostellarはstarlessに比べて射影の影響を受けにくい。
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Figure 10. The ratio of the observed 70! m ßux, " 70,ob, and 70! m ßux
extrapolated from the greybody SED Þtting," 70,gb, versus the temperature
for the protostellar sources in the synthetic and the Hi-GAL Outer Galaxy
catalogs (upper panel), and the Inner Galaxy catalog (lower panel). The solid
blue and dashed red lines are the median values for the synthetic protostellar
sources and Hi-GAL protostellar sources, respectively. The shaded areas (blue
and red, respectively) show the interval between the 2.5 and 97.5 percentiles
of the ßux ratio.

lower than 20%. Averaging over all temperatures, the fraction above
the line is 0.64 and 0.66 for the Outer and Inner Galaxy respectively,
while the fraction below the line is 0.14 and 0.21, for the same cases.
In summary, the method proposed here allows to select a class of
sources where 60-70% are true protostellar ones (they have real 3D
clumps along the line of sight containing embedded protostars), by
selecting half of the total number of candidate protostellar sources.

Because we can partially extract true protostellar sources, it is in-
teresting to check the relation of their estimated mass,! SED, with
the mass of the corresponding main 3D clumps,! main, for this spe-
ciÞc subset of sources. Figure12shows contour plots of the relation
between! main and! SED for the synthetic sources classiÞed as star-
less (left panel), false protostellar (second panel from the left), true
protostellar (third panel from the left), and for the sources above the
line deÞned by Equation6 (fourth panel from the left). While for
false protostellar sources the mass discrepancy,! SED ! ! main, is
comparable to that of starless sources, for true protostellar sources it
is signiÞcantly reduced. The Þfth panel of Figure12shows the proba-
bility distributions of the ratio! SED/ ! main for the four populations,
with the vertical dashed lines corresponding to the median values.
The median values decrease from nearly 20 for starless sources to
" 4 for true protostellar ones.

Even sources selected with the observational criterion suggested
above, based on the relation in Equation6, have a median ratio
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Figure 11. The ratio of the observed 70! m ßux, " 70,ob, and 70! m ßux
extrapolated from the greybody SED Þtting," 70,gb, versus the temperature
for the protostellar sources in the synthetic catalog. The cyan line is the
median values for the Òtrue" protostellar sources, which are those with at
least one embedded star (with local density# 1000 cm$3) in their line of
sight. The magenta line shows the median values for the Òfalse" protostellar
sources, which are those without embedded stars in their line of sight. The
shaded areas show the 2.5 and 97.5 percentiles of the 70! m ßux ratio. The
solid black line is an analytical Þt to the cyan median line, and the dashed and
dotted black lines are the fraction of Òtrue" protostellar sources of all sources
above and below the solid black line, respectively, with the value of these
fractions given by the scale on the right y-axis.

! SED/ ! main " 4. This analysis shows that, a source selection that
gives a majority of true protostellar sources also gives sources that
are less a! ected by (though not free from) projection e! ects.

7 DISCUSSION

7.1 Implications for Clump Dynamics and Evolution

We have found that the estimated mass of our synthetic sources,
! SED, is typically of the order of the total mass in the line of sight
to the source, and an order of magnitude larger than the densest
real 3D clump identiÞed in the simulation along the line of sight.
This implies that our synthetic sources, and by extension the Hi-
GAL sources, should not be considered as individual clumps. If
interpreted as individual clumps, one should keep in mind that the
masses of such clumps are most likely overestimated by a very large
factor, which complicates the analysis of their dynamical state (e.g.
bound versus unbound (Elia et al.2017)), their evolutionary state
(e.g. the clump mass-luminosity relation (Molinari et al. 2008)),
their statistical properties (e.g. the velocity-size relation (TraÞcante
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Figure 9. Gas density distributions sampled uniformly at a20483 resolution in the last snapshot of the simulation analyzed in this work, at! = 34.2 Myr (solid
black line) and sampled at the positions of the stars (solid red line). The density at the position of a star is the local mean gas density calculated in a! 0.12pc
box centered around the star. The density around the stars is also plotted as a blue step histogram after separating the stars into three categories based on their
age,< 1 Myr, 1-5 Myr and> 5 Myr (left, middle, and right panels respectively). From each of these age intervals, we also show two sub-samples corresponding
to stars with mass< 5 M" (blue Þlled histogram), and with mass> 8 M" (red Þlled histogram). The overlap region of the two Þlled histogram is in purple.

one, at! 3 # 104 cm$3, corresponds to a characteristic density of
protostellar cores.

Because protostellar cores occupy a tiny fraction of the computa-
tional volume, their density is sampled by the global gas distribution
(black line) only at extremely low probability, not shown in the plots
of Figure9. The densest peak is instead visible in the density dis-
tribution sampled by the stars because the fraction of stars that are
found within their parent protostellar cores is orders of magnitude in
excess of the fraction of the total volume occupied by the cores. The
fact that the highest density peak is associated with protostellar cores
is conÞrmed by the comparison of the three panels in Figure9, where
the density distribution sampled only by stars in a limited age range
is shown in each panel by the blue-line histogram. Considering only
stars younger than 1 Myr (left panel), one can see that they sample
only density around the peak, while the stars older then 5 Myr (right
panel) sample only densities outside of that peak. Furthermore, when
stars are older (right panel) they sample well the global bimodal den-
sity Þeld, meaning that their positions not only do not correspond to
dense protostellar cores any longer, but are also completely random
with respect to the density Þeld.

Having identiÞed the highest density peak as due to protostellar
cores, the position of the minimum between the two denser peaks in
the density distribution sampled by the stars, at! 103 cm$3, can be
adopted as the threshold between the overall density distribution and
the density of protostellar cores. This justiÞes the density threshold
used in our criterion to deÞne embedded stars and thus to discriminate
between true and false protostellar sources.

We have found that true protostellar sources can be partially di! er-
entiated from false protostellar sources based on purely observable
quantities, using the dependence of their 70! m excess on their tem-
perature. Before demonstrating this method on the synthetic sources,
we want to verify that the relation between 70! m excess and temper-
ature of the synthetic protostellar sources reproduces well that of the
observations. The 70! m excess is deÞned as the ratio of the 70! m
ßux of the source," 70,ob, and the grey-body 70! m ßux," 70,gb, that
is the 70! m ßux extrapolated from the SED Þt of the ßuxes at the
other wavelengths. The upper panel of Figure10shows that the tem-
perature dependence of" 70,ob/ " 70,gb for the protostellar sources
in our synthetic catalog (blue shaded area) has approximately the
same median values and dispersion as for the Hi-GAL sources in the
Outer Galaxy (red shaded area). Compared with the Inner Galaxy,

the 70! m excess of the synthetic sources is slightly larger than for
the Hi-GAL sources (lower panel).

The relation between the 70! m excess and the temperature of false
protostellar synthetic sources is shown by the magenta shaded areas
in Figure11. The cyan shaded areas corresponds to the true proto-
stellar synthetic sources. In the upper panel, the number of sources
at di! erent distances is the same as in the synthetic catalog, to mimic
the distance distribution of sources in the Outer Galaxy, while in the
lower panel the number of sources has been renormalized accord-
ing to their distance to mimic the distance distribution in the Inner
Galaxy, as in Figure5. The dashed red line and the cyan solid line
show the median values of" 70,ob/ " 70,gb as a function of tempera-
ture, measured in logarithmic temperature intervals, for the false and
true prestellar sources respectively. The true protostellar sources are
systematically warmer, at equal value of" 70,ob/ " 70,gb, or, equiva-
lently, they have systematically larger" 70,ob/ " 70,gb at equal value of
temperature (by almost an order of magnitude in the case of the Outer
GalaxyÕs distance distribution shown in the upper panel). However,
there is also a considerable overlap between the two types of sources.

To partially separate true from false protostellar sources, we pro-
pose to separate the protostellar sources in two groups using the
median relation for the true sources (cyan line). We Þrst obtain an
analytical Þt to the cyan line for the Outer Galaxy distance distribu-
tion,

" 70,ob/ " 70,gb =
2877

(#/ 10 K)15
+

367

(#/ 10 K)5
+ 1.3, (6)

and for the Inner Galaxy case,

" 70,ob/ " 70,gb =
2051

(#/ 10 K)15
+

365

(#/ 10 K)5
+ 0.5, (7)

which is shown by the solid black lines in Figure10. The dashed
black lines connecting the diamond symbols show the ratio between
true protostellar sources and total protostellar sources found above
the analytical Þts. The values of this ratio are shown in the y-axis
on the right-hand side of the plots. The lower black dotted lines,
connecting the circle symbols, show the same ratio for sources below
the analytical Þt to the median line. One can see that, in the case of the
Outer Galaxy, approximately 80% of the protostellar sources are true
ones in the approximate temperature range between 21 K and 33 K,
while below the lines the fraction of true protostellar sources is always
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• 小質量星形成領域（Serpens Main）において、分子組成や温度へのUVの影響を調べた。
• 大質量星形成領域では観測例があり (Cesaroni 2005; Zinnecker & Yorke 2007)、CNとHCNの比がUVの有無を調
べるのによく使われる手法のひとつ (Doty & Neufeld 1997; Stäuber et al. 2005)。

• UV（X線）によってHCNがCNに電離され、CNの電離よりも10倍速く進む。→CN/HCNが大きくなる。
• 10個の原始星をCN、HCNなど（IRAM 30 m）で観測し、RADEX、Nahoonを用いてUV強度などを求めた。
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ABSTRACT

Context. Ultraviolet radiation (UV) inßuences the physics and chemistry of star-forming regions, but its properties and signiÞcance
in the immediate surroundings of low-mass protostars are still poorly understood.
Aims. We aim to extend the use of the CN/HCN ratio, already established for high-mass protostars, to the low-mass regime to trace
and characterize the UV Þeld around low-mass protostars on! 0.6 " 0.6 pc scales.
Methods. We present 5# " 5# maps of the Serpens Main Cloud encompassing 10 protostars observed with the EMIR receiver at the
IRAM 30 m telescope in CN 1-0, HCN 1-0, CS 3-2, and some of their isotopologues. The radiative-transfer code RADEX and the
chemical model Nahoon are used to determine column densities of molecules, gas temperature and density, and the UV Þeld strength,
G0.
Results. The spatial distribution of HCN and CS are well-correlated with CO 6-5 emission that traces outßows. The CN emission is
extended from the central protostars to their immediate surroundings also tracing outßows, likely as a product of HCN photodisso-
ciation. The ratio of CN to HCN total column densities ranges from! 1 to 12 corresponding to G0 $ 101 %103 for gas densities and
temperatures typical for outßows of low-mass protostars.
Conclusions. UV radiation associated with protostars and their outßows is indirectly identiÞed in a signiÞcant part of the Serpens
Main low-mass star-forming region. Its strength is consistent with the values obtained from the OH and H2O ratios observed with
Herscheland compared with models of UV-illuminated shocks. From a chemical viewpoint, the CN to HCN ratio is an excellent
tracer of UV Þelds around low- and intermediate-mass star-forming regions.

Key words. astrochemistry Ð stars: formation Ð ISM: molecules Ð ISM: individual objects: Serpens Main Ð ISM: jets and outßows
ÐSubmillimeter: ISM

1. Introduction

The formation of low-mass stars is associated with many phys-
ical phenomena. The inside-out collapse of dense cores is ac-
companied by the ejection of bipolar outßows and the formation
of embedded disks (e.g. Frank et al. 2014; Li et al. 2014). Ul-
traviolet (UV) radiation can be produced in mass accretion on
the central object or bow shocks, and it irradiates the outßow
cavities in the envelopes (Spaans et al. 1995; van Kempen et al.
2009a; Visser et al. 2012; Drozdovskaya et al. 2015). The physi-

! Corresponding author: Agata Karska
e-mail:agata.karska@umk.pl

cal conditions and chemical composition in star-forming regions
depend on the characteristics of the above processes.

The importance of UV radiation for star formation was ini-
tially considered only in the context of massive stars, where the
central stars are the main source of UV photons from early stages
(Cesaroni 2005; Zinnecker & Yorke 2007). In dense star-forming
environments, the far-UV radiation is revealed by the chemi-
cal composition of the material, since it dissociates and ionizes
molecules and atoms with ionization potentials below 13.6 eV
(Benz et al. 2016). More energetic photons are easily absorbed
in the surrounding interstellar medium (Draine 2003). Among
the most useful diagnostics of UV radiation is the ratio of CN to
HCN (Doty & Neufeld 1997; StŠuber et al. 2005). In the pres-
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観測結果
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Fig. 2: Integrated intensity maps of HCN 1-0 (upper left panel), CS 3-2 (upper right panel), CN 1-0 (bottom left panel) and CO 6-5
(bottom right panel) toward the Serpens Main star-forming region shown in contours and colors. Black triangles show the positions
of protostars (see Table 1) and blue crosses show the outßow positions selected for analysis (see Table 3). Solid lines show outßow
directions from CO 6-5 (black; Yõldõz et al. 2015) and CO 3-2 (blue; Dionatos et al. 2010). The center of the maps (0,0) corresponds
to (! , " ) = 18h29m49s.6, +01! 15"20"".5. Contour levels start at 20# (6 K km s#1), 10# (3 K km s#1), 7 # (3.5 K km s#1) and 70#
(14 K km s#1) with steps of 10# , 3 # , 3.5# and 50#, for HCN, CN, CS and CO respectively.

emission in line wings in the close vicinity of Ser SMM1 is
much weaker than that of CN, which cannot be assigned to the
self-absorption of material in the envelope. Low HCN emission
might be rather related to the presence of large cavities around
Ser SMM1, where ionizing radiation is capable of photodissoci-
ating HCN (Hull et al. 2016, Hull et al. 2017). A full analysis of
the outßow properties will be presented in a forthcoming paper
(Karska et al., in preparation).

In the case of Ser SMM4 (Figure 3), the emission in the line
wings of CS 3-2 is 61% of the total proÞle at the protostellar
position and 72% at the outßow position. Similar characteris-
tics is seen in HCN line wings (48% and 68%, respectively).
In contrast, CN 1-0 is detected mostly at source velocity, with
40% of emission in the line wings. Among all 15 positions, ex-
ceptionally broad line wings in HCN and CS are detected at the
Ser SMM1, Ser SMM9 and Ser SMM10 protostellar positions
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Fig. 3: Line proÞles of CO 6-5, C34S 3-2, CS 3-2, H13CN 2-1, H13CN 1-0, HCN 1-0 and CN 1-0 lines at the protostellar position
Ser SMM4 (left) and the associated outßow position no. 3 (right). Blue vertical lines show the main line component, and grey lines
show the hyperÞne splitting components. The maps in Figure 2 show the sum of all hyperÞne components detected in the spectra of
HCN and CN.

and outßow positions nr 1, 4, and 5, exceeding 70% of the total
proÞle in HCN and 58% in CS. In fact, these high fractions of
line emission in the wings are upper limits, because the opacity
e! ects decrease the emission primarily in the source positions.
In case of the weaker lines like CN, the fraction of wing ver-
sus on-source emission might be slightly lowered due to a lim-
ited signal-to-noise ratio of the spectra, which might not recover
the wings at full. Higher signal-to-noise observations of rare iso-
topologue lines as well as CN would be needed to fully recover
the on-source and wing emission.

The shapes of line proÞles clearly indicate that the emission
in various species is detected in di! erent physical components of
the protostellar systems. For the forthcoming analysis, we will
consider the emission in the line wings alone and in the fully
integrated proÞles separately.

3.3. Line ratios

In this section, we calculate molecular line ratios at protostar and
selected positions in the Serpens Main region separately for the
fully integrated proÞles and for the line wings. We discuss (i) the
ratios of di! erent isotopologues, constraining the line opacities,
and (ii) the ratios of di! erent species, reßecting their di! erences
in spatial extent and relative abundances.

3.3.1. Ratios of different isotopologues

The line ratio of the same transition of two isotopologues is a
tracer of line opacity of the more abundant species, assuming
that the emission in the other isotopologue is optically thin. We
calculate line opacities of HCN 1-0 and CS 3-2 lines both at the
protostellar and outßow positions using (Goldsmith et al. 1984;
Mangum & Shirley 2015):

THCN

TH13CN
=

!
! HCN

! H13CN

"2 X[HCN]
X[H13CN]

1 ! exp(! " HCN)
" HCN

, (1)

whereXi andTi refer to the abundance and antenna temperature
of the isotopologue, and the same excitation for both isotopo-
logues is assumed. We adopt an abundance ratio of HCN and
H13CN following the standard interstellar ratio of12C/13C of 68
(Milam et al. 2005), and 20 for the CS and C34S abundance ratio
(Tercero et al. 2010), and assume that both isotopologues arise
from the same physical region, described by the excitation tem-
perature,Texc, and in local thermodynamic equilibrium (LTE).

Optical depths at the protostellar positions range from" 2.3
to 12.8 for HCN and from" 0.3 to 4.4 for CS when the emis-
sion from the entire proÞle is considered (see Table E.3). At the
outßow positions, the optical depths are" 4.9-8.0 for HCN and
" 0.6-4.9 for CS. These values are in fact lower limits, because
line proÞles of HCN and CN show self-absorption toward many
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Fig. 4: Emission in the line wings of HCN 1-0, CN 1-0, CS 3-2 and CO 6-5 toward Ser SMM1 (blue and red contours). The
velocity ranges used to calculate the integrated intensities are provided in Appendix D. Black and green lines correspond to outßow
directions in CO 3-2 and CO 6-5 (the same as in Figure 2).

positions (see Figures C.1 and C.2). To avoid this e! ect, we cal-
culate optical depths in the line wings alone.

HCN emission is optically thin (! < 1) in the line wings
towards the Ser SMM3, SMM5, and SMM10 protostellar posi-
tions (which also include emission from the outßows) and pure
outßow positions 1 and 2. CS emission is optically thin in Ser
SMM3, SMM6, and SMM10, and outßow position 3. In the re-
maining positions,! ranges from 1.3 to 2.7 (HCN) and from 1.2
to 5.6 (CS), indicating optically thick emission.

The optical depth of the CN emission is calculated using the
ratios of its hyperÞne-splitted components using entire line pro-
Þles. The ratio of the F=3/2! 1/2, F=5/2! 3/2, and F=1/2! 1/2
components is 0.1235:0.3333:0.0988 in the optically thin limit
(Skatrud et al. 1983; Endres et al. 2016). We Þnd that CN lines
are generally optically thin toward the selected positions, with
the exception of Ser SMM1, SMM5, and SMM10 where! is
" 1.1 # 2.1 for the two strongest components (see Table E.3).

Similar method is used to verify the assumption that the
H13CN emission is optically thin. We use the ratios of the HCN
hyperÞne-splitted components as a proxy for H13CN following
Loughnane et al. (2012). The ratio of the F=2! 1 to F=1! 1
lines, which is a recommended tracer by Mullins et al. (2016),
indicates optical depths in the range from 0.77 to 2.76, and a
median of 1.29 (see Table E.4). Thus, the line is optically thick
toward some positions, and may not provide a reliable bench-
mark for HCN. The optical depths of HCN determined using
hyperÞne-splitted components show! HCN in the range from 1.48
to 4.12, with a median of 2.74. These values are generally lower
than those determined using H13CN, but do not change the con-
clusion that HCN is optically thick.

Qualitatively, the optical depths determined for HCN, CS,
and CN are in agreement with simple calculations for total line
proÞles using the 1D non-LTE radiative-transfer code RADEX
(van der Tak et al. 2007). Adopting a hydrogen density of 105

cm#3 and a gas kinetic temperature of 50 K typical for low-mass
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Table 1: Properties of targeted protostars in the Serpens Main region

Source R.A. Dec. Tbol Lbol Class Other names
(J2000.0) (J2000.0) (K) (L! )

SMM 1 18 29 50.0 +01 15 20.3 37 115.2 0 Ser-emb6, FIRS1, EC41, Bolo23
SMM 2 18 30 00.5 +01 12 57.8 34 7.2 0 Ser-emb4, Bolo28
SMM 3 18 29 59.6 +01 13 59.2 35 7.1 0 Ser-emb26, Bolo26
SMM 4 18 29 57.0 +01 13 11.3 68 5.1 I Ser-emb22, Bolo25
SMM 5 18 29 51.4 +01 16 38.3 151 3.7 I Ser-emb21, EC53, WMW24, Bolo22
SMM 6 18 29 57.8 +01 14 05.3 532 43.1 I Ser-emb30, EC90, WMW35, SVS20S, Bolo 28
SMM 8 18 30 01.9 +01 15 09.2 15 0.2 0 Bolo30
SMM 9 18 29 48.3 +01 16 42.7 33 11.0 0 Ser-emb8, ISO241, WMW23, Bolo22
SMM 10 18 29 52.3 +01 15 48.8 79 7.1 I Ser-emb12, WMW21, Bolo 23
SMM 12 18 29 59.1 +01 13 14.3 72 10.0 I Ser-emb19, Bolo28

Notes.Source coordinates are taken from Suresh et al. (2016) except for Ser SMM8, whose position is listed in Lee et al. (2014). The calculations
of Tbol andLbol are presented in Appendix A.

Table 2: Catalog of the observed molecular lines with IRAM and APEX

Mol. Trans. Eu/ kB ncrit Freq. Telescope Beam size E! ciency
(K) (cm" 3) (GHz) (##) ! MB

HCN 1-0 4.25 1.7 $ 105 a 88.631847 IRAM-EMIR 28 0.81
H13CN 1-0 4.14 1.3 $ 106 a 86.340184 IRAM-EMIR 29 0.81

2-1 12.43 1.2 $ 106 a 172.677881 IRAM-EMIR 14 0.68
CN 1-0 5.45 1.1 $ 105 a 113.490985 IRAM-EMIR 22 0.78
C34S 3-2 13.9 4.4 $ 105 b 144.617109 IRAM-EMIR 16 0.74
CS 3-2 14.1 2.6 $ 105 a 146.969029 IRAM-EMIR 16 0.74
12CO 6-5 116.2 1.0 $ 105 c 691.473076 APEX-CHAMP+ 9 0.48
C18O 6-5 110.6 2.6 $ 105 b 658.553278 APEX-CHAMP+ 10 0.48

Notes.Molecular data adopted from the Leiden Atomic and Molecular Database (LAMDA, Schšier et al. 2005) and the JPL database (Pickett
et al. 1998).
(a) Shirley (2015), assuming optically thin transition lines for an excitation temperature of 50 K.(b) Calculated based on JPL
database (Pickett et al. 1998) assuming an excitation temperature of 50 K.(c) Yõldõz et al. (2012)

2. Source sample and observations

2.1. Serpens as a low-mass star-formation site

Serpens Main is a well-studied low-mass star-forming region lo-
cated at a distance of 436±9 pc (Ortiz-Le—n et al. 2017). The
identiÞcation and classiÞcation of young stellar objects (YSOs)
was done in the region as part of theSpitzerÔFrom Molecular
Cores to Planet-forming DisksÕ (c2d) survey (Harvey et al. 2007;
Enoch et al. 2009; Evans et al. 2009; Dunham et al. 2015). Sub-
millimeter sources were studied using continuum observations
at 12, 25, 60, 100µm (Hurt & Barsony 1996), 800, 1100, 1300,
2000µm (Casali et al. 1993) and 3 mm (Testi & Sargent 1998).
The outßow activity in Serpens Main was characterized using
CO 2-1 (Davis et al. 1999), and more recently with CO 3-2 and
CO 6-5 for a subsample of sources (Graves et al. 2010, Dionatos
et al. 2010, Yõldõz et al. 2015). Ser SMM1, SMM3 and SMM4
were observed withHerschelas part of the WISH and ÔDust, Ice,
and Gas in TimeÕ (DIGIT, Green et al. 2013, 2016; Yang et al.
2018) programs.

Figure 1 shows the continuum map at 250µm corresponding
to the region we observed with the IRAM 30 m. The map was
obtained with theHerschelSpectral and Photometric Imaging
REceiver (SPIRE; Gri! n et al. 2010) as part of the ÔHerschel
Gould Belt Survey projectÕ (AndrŽ et al. 2010).

For the purpose of our analysis, we re-calculated the spectral
energy distributions (SEDs) for all protostars in the region using
the new continuum measurements at 70, 160, 250, 350 and 500
µm from PACS and SPIRE covering the peak of the SEDs and
following the procedures outlined in AndrŽ et al. (2010), Kirk
et al. (2013), Kšnyves et al. (2015). Figure A.1 and Table A.2
show the SEDs of the protostars and provide the ßux density
at each wavelength. Table 1 shows the bolometric luminosities,
temperatures and the classiÞcation of the sources based on Evans
et al. (2009). We note that Ser SMM1 has a bolometric lumi-
nosity consistent with intermediate-mass protostars. However, it
is known to consist of 5 protostars contributing to the total lu-
minosity, and we regard it as a boarderline low-mass protostar
(Hull et al. 2017).

2.2. Observations and data reduction

The observations at the IRAM 30 m telescope were performed
between 14-Jul-2009 and 17-Jul-2009 as part of the project
ÔHCN/CN as UV-tracers in YSO envelope-outßow interfacesÕ
(PI: L. Kristensen). The Eight MIxer Receiver (EMIR) bands
E090 and E150 were used to observe HCN 1-0, CN 1-0 and
CS 3-2, and provided also additional detections of C34S 3-2,
H13CN 1-0 and H13CN 2-1. The frequency range covers± 53.59
MHz from the central line. The backend was the Versatile SPec-
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HCNはCO（アウトフロー）に沿って分布し、
CNは原始星に付随している傾向がある。



輻射輸送（RADEX）
• HNCの柱密度を108 cm-2 に固定し、CNの柱密度を106 cm-2 から 108 cm-2 まで変化させる。
• 温度 Tkin は 50 - 100 K、数密度 nH は 104 - 106 cm-3 の範囲で変化させる。
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Fig. 5: The ratio of CN to HCN column densities obtained with
RADEX for nH = 105 cm! 3 and Tkin = 50 K for a range of
line intensity ratios (orange line). The observed line intensity ra-
tio is shown as a rectangle: light green color corresponding to
the values observed at the protostar position, blue color for the
outßow positions and dark green color for both regions. Column
density ranges are marked with black and navy emdashed lines
for protostars and outßow positions, respectively.

Table 3: Model-dependent column density ratios of CN to HCN
at protostar and o! -source positions

nH2 Tkin NCN/NHCN NCN/NHCN
(cm! 3) (K) Protostars O! -source

104 50 1.57-5.55 0.85-3.79
104 100 1.40-4.98 0.76-3.40
104 200 1.33-4.70 0.72-3.21
104 300 1.32-4.66 0.71-3.18
104 400 1.45-5.13 0.78-3.50
104 500 1.56-5.53 0.85-3.77
105 50 1.85-6.55 1.00-4.67
105 100 1.87-6.23 1.01-4.52
105 200 2.01-7.12 1.09-4.86
105 300 2.14-7.60 1.16-5.18
105 400 2.22-7.87 1.20-5.37
105 500 2.27-8.02 1.23-5.47
106 50 2.52-8.93 1.37-6.10
106 100 2.84-10.04 1.54-6.85
106 200 3.17-11.22 1.72-7.65
106 300 3.33-11.80 1.80-8.05
106 400 3.01-10.67 1.63-7.28
106 500 2.75-9.73 1.49-6.64

protostars (Mottram et al. 2014), we Þnd optical depth of CS 3-2
line as 2.1, assuming column densities of 5" 1013 cm! 2. Using
a revised collisional rates for HCN adopted from Mullins et al.
2016, the optical depth calculated for HCN 1-0 is 2.9, assuming
column densities of 3" 1014 cm! 2. This value is in agreement
with the optical depth calculated from F=2# 1 to F=1# 1 ratio.
Similar optical depths (within a factor of 2) are found for gas
temperatures of 300 K and number densities of 104 cm! 3.

In summary, HCN 1-0 and H13CN 1-0 are optically thick,
and CN 1-0 is typically optically thin. Thus, the opacity e! ects
inßuence the relative spatial distribution of CN and HCN, and
their ratio.

3.3.2. Ratios of different species

Line ratios of various species show di! erences related to their
local abundances and excitation conditions. The CN/HCN inten-
sity ratio is expected to trace regions a! ected by UV radiation.

Protostars with the highest CN/HCN intensity ratio, where
the impact of UV might be the strongest, are located in the south-
east subcluster. Here, the peak of CN 1-0 emission is detected
close to Ser SMM3 and SMM6 (Figure 2). Both protostars drive
outßows detected in CO 6-5, and less clearly in HCN (see also
Figure C.1). In fact, the HCN/CO ratio at Ser SMM3 and SMM6
is on the low side (0.27 and 0.44 respectively) compared to the
average of 0.41±0.22 for protostar positions and 0.59±0.23 for
o! -sources positions (Table 3).

The lowest CN/HCN intensity ratio is seen toward Ser
SMM9, and to a lesser extent toward Ser SMM8 and SMM10.
The former source drives a large outßow, where bright emission
in HCN likely results from its high abundance in the warm gas
(similarly to o! -source position 3). The latter sources are charac-
terized by a very weak molecular emission in general (Figure 2).
Ser SMM8 is a low luminosity sources (Lbol of 0.2L$, see Table
1), which is located on the map edge in CO 6-5. Ser SMM10 is
associated with CO 6-5 peak, but is clearly very weak in both
CN and HCN.

The median value of the CN to HCN intensity ratio at the
protostellar positions is 0.63 ± 0.19. Taking into account the
emission in the line wings, the ratio is slightly lower and equals
0.40 ± 0.18. It is generally consistent with the ratios measured
for each source using the full proÞle. The ratio calculated for the
selected o! -source positions equals 0.43± 0.18 and 0.20± 0.18,
for the full proÞle and wings, respectively.

The CN/HCN intensity ratio for the Class 0 protostars is
0.61± 0.23 and for the Class I protostars is 0.67± 0.17, indicat-
ing that the evolutionary stage does not strongly a! ect the mea-
sured ratios. A slightly higher CN/HCN ratio for Class I proto-
stars is consistent with increasing opening angles of the outßows
for more evolved sources and larger areas a! ected by UV radia-
tion (see Discussion). The opacity e! ects overestimate the ratio
of CN and HCN, and could have a slightly stronger impact on
the more massive envelopes of Class 0 sources (Section 3.3.1).

4. Analysis

In this section, we calculate column densities of the molecules
with the radiative-code RADEX (van der Tak et al. 2007) and
compare them to the results from the chemical-code Nahoon, run
for a set of gas temperatures, densities and UV radiation Þelds.

4.1. Column densities of molecules from observations

In case of optically thin lines and LTE conditions, the column
density of the upper level of a given molecule,Nu, can be calcu-
lated using Equation 2, where! = 8" k/ hc3 is a constant equal
to 1937 cm! 2, W is the integrated intensity of the emission line
(
!

TmbdV), A is the Einstein coe" cient and# is the transition
frequency between the upper and lower level expressed in GHz
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Fig. 5: The ratio of CN to HCN column densities obtained with
RADEX for nH = 105 cm! 3 and Tkin = 50 K for a range of
line intensity ratios (orange line). The observed line intensity ra-
tio is shown as a rectangle: light green color corresponding to
the values observed at the protostar position, blue color for the
outßow positions and dark green color for both regions. Column
density ranges are marked with black and navy emdashed lines
for protostars and outßow positions, respectively.

Table 3: Model-dependent column density ratios of CN to HCN
at protostar and o! -source positions

nH2 Tkin NCN/NHCN NCN/NHCN
(cm! 3) (K) Protostars O! -source

104 50 1.57-5.55 0.85-3.79
104 100 1.40-4.98 0.76-3.40
104 200 1.33-4.70 0.72-3.21
104 300 1.32-4.66 0.71-3.18
104 400 1.45-5.13 0.78-3.50
104 500 1.56-5.53 0.85-3.77
105 50 1.85-6.55 1.00-4.67
105 100 1.87-6.23 1.01-4.52
105 200 2.01-7.12 1.09-4.86
105 300 2.14-7.60 1.16-5.18
105 400 2.22-7.87 1.20-5.37
105 500 2.27-8.02 1.23-5.47
106 50 2.52-8.93 1.37-6.10
106 100 2.84-10.04 1.54-6.85
106 200 3.17-11.22 1.72-7.65
106 300 3.33-11.80 1.80-8.05
106 400 3.01-10.67 1.63-7.28
106 500 2.75-9.73 1.49-6.64

protostars (Mottram et al. 2014), we Þnd optical depth of CS 3-2
line as 2.1, assuming column densities of 5" 1013 cm! 2. Using
a revised collisional rates for HCN adopted from Mullins et al.
2016, the optical depth calculated for HCN 1-0 is 2.9, assuming
column densities of 3" 1014 cm! 2. This value is in agreement
with the optical depth calculated from F=2# 1 to F=1# 1 ratio.
Similar optical depths (within a factor of 2) are found for gas
temperatures of 300 K and number densities of 104 cm! 3.

In summary, HCN 1-0 and H13CN 1-0 are optically thick,
and CN 1-0 is typically optically thin. Thus, the opacity e! ects
inßuence the relative spatial distribution of CN and HCN, and
their ratio.

3.3.2. Ratios of different species

Line ratios of various species show di! erences related to their
local abundances and excitation conditions. The CN/HCN inten-
sity ratio is expected to trace regions a! ected by UV radiation.

Protostars with the highest CN/HCN intensity ratio, where
the impact of UV might be the strongest, are located in the south-
east subcluster. Here, the peak of CN 1-0 emission is detected
close to Ser SMM3 and SMM6 (Figure 2). Both protostars drive
outßows detected in CO 6-5, and less clearly in HCN (see also
Figure C.1). In fact, the HCN/CO ratio at Ser SMM3 and SMM6
is on the low side (0.27 and 0.44 respectively) compared to the
average of 0.41±0.22 for protostar positions and 0.59±0.23 for
o! -sources positions (Table 3).

The lowest CN/HCN intensity ratio is seen toward Ser
SMM9, and to a lesser extent toward Ser SMM8 and SMM10.
The former source drives a large outßow, where bright emission
in HCN likely results from its high abundance in the warm gas
(similarly to o! -source position 3). The latter sources are charac-
terized by a very weak molecular emission in general (Figure 2).
Ser SMM8 is a low luminosity sources (Lbol of 0.2L$, see Table
1), which is located on the map edge in CO 6-5. Ser SMM10 is
associated with CO 6-5 peak, but is clearly very weak in both
CN and HCN.

The median value of the CN to HCN intensity ratio at the
protostellar positions is 0.63 ± 0.19. Taking into account the
emission in the line wings, the ratio is slightly lower and equals
0.40 ± 0.18. It is generally consistent with the ratios measured
for each source using the full proÞle. The ratio calculated for the
selected o! -source positions equals 0.43± 0.18 and 0.20± 0.18,
for the full proÞle and wings, respectively.

The CN/HCN intensity ratio for the Class 0 protostars is
0.61± 0.23 and for the Class I protostars is 0.67± 0.17, indicat-
ing that the evolutionary stage does not strongly a! ect the mea-
sured ratios. A slightly higher CN/HCN ratio for Class I proto-
stars is consistent with increasing opening angles of the outßows
for more evolved sources and larger areas a! ected by UV radia-
tion (see Discussion). The opacity e! ects overestimate the ratio
of CN and HCN, and could have a slightly stronger impact on
the more massive envelopes of Class 0 sources (Section 3.3.1).

4. Analysis

In this section, we calculate column densities of the molecules
with the radiative-code RADEX (van der Tak et al. 2007) and
compare them to the results from the chemical-code Nahoon, run
for a set of gas temperatures, densities and UV radiation Þelds.

4.1. Column densities of molecules from observations

In case of optically thin lines and LTE conditions, the column
density of the upper level of a given molecule,Nu, can be calcu-
lated using Equation 2, where! = 8" k/ hc3 is a constant equal
to 1937 cm! 2, W is the integrated intensity of the emission line
(
!

TmbdV), A is the Einstein coe" cient and# is the transition
frequency between the upper and lower level expressed in GHz
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Table 4: Dominant processes in CN and HCN chemistry at 50 K

Molecule Weak UV Þelds Medium UV Þelds Strong UV Þelds
(G0 = 10! 3 ! 10! 1) (G0 = 10! 1 ! 101) (G0 = 101 ! 106)

CN

Destruction
O + CN " N + CO CN+ h! " C + N CN + h! " C + N
CN + N " C + N2 O + CN " N + CO

Production
N + CH " H + CN N + C2 " C + CN HCN+ + e! " H + CN

CNC+ + e! " C + CN H + CN+ " CN + H+ N + CH " H + CN
N + C2 " C + CN H + CN+ " CN + H+

N + C2 " C + CN

HCN

Destruction
HCN + C+ " H + CNC+ HCN + C+ " H + CNC+ HCN + h! " H + CN
HCN + H+ " H + HNC+

HCN + h! " H + CN
Production

N + CH2 " H + HCN H + CCN " C + HCN HCNH+ + e! " H + HCN
H + CCN " C + HCN HCNH+ + e! " H + HCN H + CCN " C + HCN

HCNH+ + e! " H + HCN

Fig. 8: The column density ratio of CN to HCN from Nahoon
for a range of hydrogen densities and UV Þeld strengths assum-
ing T = 50 K. The corresponding range of ratios from observa-
tions and radiative transfer models are shown in green (see Table
4). Yellow stars show the positions of Ser SMM1, SMM3, and
SMM4 assuming their gas number densities at 1000 AU from
Kristensen et al. (2012).

are run for a temperature range between 10 and 200 K and a total
hydrogen densities from 104 cm! 3 to 106 cm! 3.

Figure 7 shows the model results assuming a visual extinc-
tion of 5 mag which corresponds to a lack of UV radiation. In
that case, HCN is more abundant than CN by about 2-3 orders
of magnitude. The column density ratio of CN to HCN weakly
depends on the gas temperature until! 100 K, so we Þx the gas
temperature at 50 K.

Figure 8 shows the abundance ratio of CN to HCN as a func-
tion of nH and G0 (at T = 50 K), where G0 is the far-ultraviolet
radiation Þeld (6 eV< h! < 13.6 eV) in the units of the Habing
Field, 1.6 # 10! 3 ergs cm! 2 s! 1 (Habing 1968; Kaufman et al.
1999). The models show a weak impact of hydrogen number
densities on theNCN/NHCN ratio, which mostly depends on the

value of G0. The ratio increases with G0 until it equals$ 1. Sub-
sequently, theNCN/NHCN decreases for higher G0. Similar cal-
culations performed at 300 K show a very similar pattern (See
Fig. F.1).

TheNCN/NHCN ratios obtained from observations and radia-
tive transfer models are$ 1 ! 12 (see Section 4.1). Chemical
models are consistent with the observed column density ratio of
CN to HCN for UV Þelds that are 103 larger than the average
interstellar value (Figure 8). The observations are also consis-
tent with models with signiÞcantly lower UV Þelds, of 10! 3-
10! 2 times the average interstellar UV Þeld. For three sources
observed withHerschel, gas densities at 1000 AU and indepen-
dent signatures of UV Þelds were found (Kristensen et al. 2012,
2017; Karska et al. 2018). Using Figure 8, we estimateG0 to-
ward Ser SMM1, SMM3 and SMM4 of 103 ! 104 the interstellar
value. We discuss these values and compare them to other mea-
surements in Section 5.3.

In order to understand the chemistry leading to the
CN/HCN> 1 in the presence of UV Þelds, both production and
destruction of each molecule need to be investigated. Table 4
shows the dominant reactions at 50 K for three UV Þeld regimes
- weak (G0 = 10! 3! 10! 1), medium (G0 = 10! 1! 101), and strong
(G0 = 101 ! 106). These reactions account for more than 80% of
accumulated total ßux of all reactions, where the reaction ßux is
deÞned as reactantsÕ abundances multiplied by the reaction rate
coe! cient. Additional reactions, where CN or HCN production
or destruction is greater than 30%, are listed in Appendix F.

In the regime of strong UV Þelds (G0 > 101), the dominant
destruction route of both HCN and CN is photodissociation by
UV photons. Similarly, in medium UV Þelds CN is also directly
destroyed by UV photons, and HCN is removed by the reaction
with C+, which production also requires UV radiation. At a gas
temperature of 300 K, corresponding to the bulk of gas in the
outßows from low-mass protostars (Karska et al. 2018), the im-
pact of photodissociation of HCN becomes dominant already in
the medium UV Þelds (see Appendix F). For low UV Þelds, the
main destruction route of CN by collisions with H2 leads to the
production of HCN, and subsequent decrease in the CN/HCN
ratio.

Figure 9 shows which reactions dominate the molecular de-
struction for a range of UV Þelds and also gas densities. HCN
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(a) (b)

Fig. 9: Dominant reactions of HCN destruction (left) and CN destruction (right) assumingT = 50 K. Reactions contributing at least
to 50% of the total ßux are marked with full colors. Transparent colors at the borders of di! erent regimes correspond to 30%-50%
contribution.

and CN photodissociation is more e" cient at lower densities,
and stronger UV Þelds are required to maintain photodissocia-
tion in denser regions. Clearly, outßow cavities carved by jets
and winds in the envelopes of protostars facilitate the irradiation
of the bulk of gas (see also Spaans et al. 1995; van Kempen et al.
2009a).

To summarize, the astrochemical models calculated using the
Nahoon code reproduce the observed CN/HCN ratios in the Ser-
pens Main for UV Þelds in the range from 103 to 105.5 times the
interstellar radiation Þeld, assuming gas densities of 105 cm! 3.
Independent measurements of gas densities in individual pro-
tostars are needed to narrow down the determination of G0 for
speciÞc objects. Clearly, the strength of the UV Þeld has an im-
portant e! ect on the chemical reactions at play and the resulting
abundance ratios of molecules.

5. Discussion

5.1. Spatial extent of HCN and CN in low-mass protostars

The immediate environment of protostars is subject to multiple
physical and chemical processes which can be traced using a
broad range of molecules and their transitions. Here, we propose
to use the CN to HCN ratio as a tracer of UV irradiation associ-
ated with low-mass star formation on cluster scales (" 1 pc).

Large-scale emission from both CN and HCN is clearly de-
tected in the Serpens Main (Figure 10, see also Section 3.1). The
HCN emission shows a more extended pattern, but overall the
emission peaks of both species are connected with the positions
of protostars and their outßows. On scales of individual objects,
the morphology of CN 1-0 and HCN 1-0 emission resembles that
of CO 6-5 and CS 3-2 (Figure 4), which points to the outßow
origin and presence in dense gas (Yõldõz et al. 2015). Yet, CN
is visually more compact than HCN for some sources, which is
also evidenced by the lower median CN/HCN intensity ratio to-
ward outßow positions with respect to the protostellar positions.
Thus, the impact of UV radiation, and the photodissociation of
HCN to CN, is the strongest in the close neighborhood of the
protostars.

The spatial o! set between CN and HCN was also detected
in the single prior mapping of a" pc-size outßow from a low-

mass protostar L1157 in both tracers (Bachiller et al. 2001). The
HCN 1-0 emission in L1157 is basically co-spatial with CO 2-1,
whereas the CN 1-0 emission only reaches about half of the out-
ßow extent seen in HCN. The compactness of the CN emission
with respect to other outßow tracers was also seen in L483 (J¿r-
gensen 2004). The CN emission was interpreted as the tracer of
outßow cavity walls by comparison to more evolved young stel-
lar objects, where the CN emission is proportional to the strength
of the UV Þeld (J¿rgensen 2004). Yõldõz et al. (2015) used13CO
6-5 emission as an alternative way to quantify the spatial extent
of UV radiation for a sample of" 30 Class 0/I protostars. They
isolated a narrow component of the line proÞles attributed to the
UV-heated gas, in excess of envelope emission. The gas a! ected
by UV was found to be aligned with the outßow direction on spa-
tial scales of" 1000-2000 AU, consistent with the extent of the
CN/HCN enhancement. The elongated pattern of13CO 6-5 was
more clearly detected in Class 0 sources, but the total amount of
gas a! ected by the UV radiation was not found to be correlated
with the evolutionary stage.

Figure 11 shows the CN/HCN luminosity ratio as a function
of Tbol andLbol for all protostars observed in the Serpens Main.
The strength of the correlations is quantiÞed using the Pearson
coe" cient, r, where for the sample of 10 protostars|r| of 0.33,
0.67, and 1 corresponds to a 1! , 2! , and 3! correlation, respec-
tively. Clearly, the Pearson coe" cients of 0.3-0.4 indicate a lack
of any correlation that would suggest evolutionary changes in
the CN/HCN emission during the Class 0/I phases. It is consis-
tent with a lack of signiÞcant changes in the [O I] line emission
from Class 0 to Class I in a sample of about 90 protostars ob-
served withHerschel/PACS, which is also connected with the
amount of UV radiation (Karska et al. 2018).

The spatial extent of CN and HCN emission implies that UV
photons are wide-spread in the Serpens Main region on cluster
scales. The enhancement of the CN/HCN ratio is associated with
the parts of outßows mostly a! ected by UV from protostars and
does not depend on the evolutionary stage. The changes in the
spatial patterns of CN and HCN with evolution on small scales
would require higher spatial resolution observations.
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Fig. 6: Time evolution of CN (red line), HCN (blue line) and
CS (black line) abundances obtained with Nahoon astrochemical
code with initial parameters ofnH = 104 cm! 3, T = 10 K, AV =
5 mag. The initial abundances of CN, HCN and CS equal zero at
t = 0. The assumed cosmic-ray ionization rate is 1.3 " 1017 s! 1,
dust to gas mass ratio is 0.01, dust grain radius is 10! 5 cm and
grain density is 3 g cm! 3.

(e.g., Yõldõz et al. 2015).

Nu = !
" W
A

(2)

In order to calculate the total column density of a given
molecule, we use the following expression and adopt a gas tem-
perature of 50 K (Yõldõz et al. 2012).

Ntot = Q(Texc) exp(
Eu

kB Texc
)
Nu

gu
, (3)

whereQ(T) refers to the temperature-dependent partition func-
tion for the given molecule,Eu is the upper energy level,gu is
level degeneracy, andkB is the Boltzmann constant. Appendix D
shows the column densities obtained for all molecules, both at
the protostellar and the outßow positions.

Because of the optical thickness of HCN (Section 3.3.1), we
also employ the non-LTE radiative transfer code RADEX to ob-
tain independent determinations of the column densities. In order
to mimic the optically thin case, for the calculations we adopt a
HCN column density of 108 cm! 2. We vary the column density
of CN from 106 to 1010 cm! 2. The calculations are computed
assuming a linewidth of 1.0 km s! 1 for typical physical condi-
tions of the gas in low-mass star forming regions - the number
densities,nH of the order of 104-106 cm! 3 and the kinetic tem-
peratures,Tkin, of 50-300 K (Yõldõz et al. 2013; Mottram et al.
2014). The models include hyperÞne splitting, but no internal
radiation Þeld.

Figure 5 shows an example model calculated for a density of
105 cm! 3 and kinetic temperature of 50 K, and its comparison to
observations. The preimage of the observed line intensity ratios
is equal to the ratios of column densities. Table 3 shows calcula-
tions for various sets ofnH andTkin. The column densities ratios
of CN to HCN increase both as a function of density and tem-
perature, but their resulting range is relatively narrow. For the
protostellar positions, the CN/HCN column density ratios are in
the range from 1.3 to 11.8 (1# = 3.2). In case of o! -source po-
sitions, which likely represent a larger variety of environments,

Fig. 7: Contour plot of Nahoon sets of models of CN/HCN abun-
dances ratio with Þxed visual extinctionAV = 5 mag and 107 yr
after star formation began in the cloud.

the CN/HCN column densities range from 0.7 to 8.1 (1# = 2.3).
Thus, the observed line ratios correspond to column densities
ratios of the order of#1-12 irrespective of the gas parameters.

4.2. Chemical model

The Nahoon chemical code is used to calculate theoretical abun-
dances of molecules for a set of physical conditions and UV Þeld
strengths2. It is a well-known almost purely gas-phase chemical
code for astronomical applications (Wakelam et al. 2015). The
Nahoon solver computes the chemical evolution in time includ-
ing 489 species and 7509 gas-phase and selected gas-grain re-
actions based on rate coe" cients from the Kinetic Database for
Astrochemistry (KIDA) database3.

The UV radiation in Nahoon is described through the relation
between the visual extinctionAV and the photodissociation rate
coe" cientk as follows:

k = $e! %AV , (4)

where,$ and%are the coe" cients of photodissociation for HCN,
equal to 1.64" 10! 9 s! 1 and 3.12 s! 1, respectively (Heays et al.
2017).

The evolution of the chemical network starts at the time of
dense cloud formation. Figure 6 shows a model corresponding to
a typical dense cloud with a temperature of 10 K and hydrogen
total density ofnH = 104 cm! 3. The chemical composition of
the CN, HCN and CS molecules becomes stable after 107 yr; the
HCN abundance is higher than that of CN. Assuming that star-
formation begins att = 106 yr in a dense cloud, we use model
abundances for all 489 species at this time as an input data for
the forthcoming set of models.

The closest neighborhood of low-mass protostars is simu-
lated based on the initial abundances of all species from the mod-
eling of pre-stellar cores. We adopt a cosmic-ray ionization rate
of 1.3" 1017 s! 1 (Cravens & Dalgarno 1978). The sets of models

2 We used the latest version of Nahoon code Ð Nahoon_kida.uva.2014
3 http://kida.obs.u-bordeaux1.fr/
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Fig. 6: Time evolution of CN (red line), HCN (blue line) and
CS (black line) abundances obtained with Nahoon astrochemical
code with initial parameters ofnH = 104 cm! 3, T = 10 K, AV =
5 mag. The initial abundances of CN, HCN and CS equal zero at
t = 0. The assumed cosmic-ray ionization rate is 1.3 " 1017 s! 1,
dust to gas mass ratio is 0.01, dust grain radius is 10! 5 cm and
grain density is 3 g cm! 3.

(e.g., Yõldõz et al. 2015).
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In order to calculate the total column density of a given
molecule, we use the following expression and adopt a gas tem-
perature of 50 K (Yõldõz et al. 2012).
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whereQ(T) refers to the temperature-dependent partition func-
tion for the given molecule,Eu is the upper energy level,gu is
level degeneracy, andkB is the Boltzmann constant. Appendix D
shows the column densities obtained for all molecules, both at
the protostellar and the outßow positions.

Because of the optical thickness of HCN (Section 3.3.1), we
also employ the non-LTE radiative transfer code RADEX to ob-
tain independent determinations of the column densities. In order
to mimic the optically thin case, for the calculations we adopt a
HCN column density of 108 cm! 2. We vary the column density
of CN from 106 to 1010 cm! 2. The calculations are computed
assuming a linewidth of 1.0 km s! 1 for typical physical condi-
tions of the gas in low-mass star forming regions - the number
densities,nH of the order of 104-106 cm! 3 and the kinetic tem-
peratures,Tkin, of 50-300 K (Yõldõz et al. 2013; Mottram et al.
2014). The models include hyperÞne splitting, but no internal
radiation Þeld.

Figure 5 shows an example model calculated for a density of
105 cm! 3 and kinetic temperature of 50 K, and its comparison to
observations. The preimage of the observed line intensity ratios
is equal to the ratios of column densities. Table 3 shows calcula-
tions for various sets ofnH andTkin. The column densities ratios
of CN to HCN increase both as a function of density and tem-
perature, but their resulting range is relatively narrow. For the
protostellar positions, the CN/HCN column density ratios are in
the range from 1.3 to 11.8 (1# = 3.2). In case of o! -source po-
sitions, which likely represent a larger variety of environments,

Fig. 7: Contour plot of Nahoon sets of models of CN/HCN abun-
dances ratio with Þxed visual extinctionAV = 5 mag and 107 yr
after star formation began in the cloud.

the CN/HCN column densities range from 0.7 to 8.1 (1# = 2.3).
Thus, the observed line ratios correspond to column densities
ratios of the order of#1-12 irrespective of the gas parameters.

4.2. Chemical model

The Nahoon chemical code is used to calculate theoretical abun-
dances of molecules for a set of physical conditions and UV Þeld
strengths2. It is a well-known almost purely gas-phase chemical
code for astronomical applications (Wakelam et al. 2015). The
Nahoon solver computes the chemical evolution in time includ-
ing 489 species and 7509 gas-phase and selected gas-grain re-
actions based on rate coe" cients from the Kinetic Database for
Astrochemistry (KIDA) database3.

The UV radiation in Nahoon is described through the relation
between the visual extinctionAV and the photodissociation rate
coe" cientk as follows:

k = $e! %AV , (4)

where,$ and%are the coe" cients of photodissociation for HCN,
equal to 1.64" 10! 9 s! 1 and 3.12 s! 1, respectively (Heays et al.
2017).

The evolution of the chemical network starts at the time of
dense cloud formation. Figure 6 shows a model corresponding to
a typical dense cloud with a temperature of 10 K and hydrogen
total density ofnH = 104 cm! 3. The chemical composition of
the CN, HCN and CS molecules becomes stable after 107 yr; the
HCN abundance is higher than that of CN. Assuming that star-
formation begins att = 106 yr in a dense cloud, we use model
abundances for all 489 species at this time as an input data for
the forthcoming set of models.

The closest neighborhood of low-mass protostars is simu-
lated based on the initial abundances of all species from the mod-
eling of pre-stellar cores. We adopt a cosmic-ray ionization rate
of 1.3" 1017 s! 1 (Cravens & Dalgarno 1978). The sets of models

2 We used the latest version of Nahoon code Ð Nahoon_kida.uva.2014
3 http://kida.obs.u-bordeaux1.fr/
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Table 4: Dominant processes in CN and HCN chemistry at 50 K

Molecule Weak UV Þelds Medium UV Þelds Strong UV Þelds
(G0 = 10! 3 ! 10! 1) (G0 = 10! 1 ! 101) (G0 = 101 ! 106)

CN

Destruction
O + CN " N + CO CN+ h! " C + N CN + h! " C + N
CN + N " C + N2 O + CN " N + CO

Production
N + CH " H + CN N + C2 " C + CN HCN+ + e! " H + CN

CNC+ + e! " C + CN H + CN+ " CN + H+ N + CH " H + CN
N + C2 " C + CN H + CN+ " CN + H+

N + C2 " C + CN

HCN

Destruction
HCN + C+ " H + CNC+ HCN + C+ " H + CNC+ HCN + h! " H + CN
HCN + H+ " H + HNC+

HCN + h! " H + CN
Production

N + CH2 " H + HCN H + CCN " C + HCN HCNH+ + e! " H + HCN
H + CCN " C + HCN HCNH+ + e! " H + HCN H + CCN " C + HCN

HCNH+ + e! " H + HCN

Fig. 8: The column density ratio of CN to HCN from Nahoon
for a range of hydrogen densities and UV Þeld strengths assum-
ing T = 50 K. The corresponding range of ratios from observa-
tions and radiative transfer models are shown in green (see Table
4). Yellow stars show the positions of Ser SMM1, SMM3, and
SMM4 assuming their gas number densities at 1000 AU from
Kristensen et al. (2012).

are run for a temperature range between 10 and 200 K and a total
hydrogen densities from 104 cm! 3 to 106 cm! 3.

Figure 7 shows the model results assuming a visual extinc-
tion of 5 mag which corresponds to a lack of UV radiation. In
that case, HCN is more abundant than CN by about 2-3 orders
of magnitude. The column density ratio of CN to HCN weakly
depends on the gas temperature until! 100 K, so we Þx the gas
temperature at 50 K.

Figure 8 shows the abundance ratio of CN to HCN as a func-
tion of nH and G0 (at T = 50 K), where G0 is the far-ultraviolet
radiation Þeld (6 eV< h! < 13.6 eV) in the units of the Habing
Field, 1.6 # 10! 3 ergs cm! 2 s! 1 (Habing 1968; Kaufman et al.
1999). The models show a weak impact of hydrogen number
densities on theNCN/NHCN ratio, which mostly depends on the

value of G0. The ratio increases with G0 until it equals$ 1. Sub-
sequently, theNCN/NHCN decreases for higher G0. Similar cal-
culations performed at 300 K show a very similar pattern (See
Fig. F.1).

TheNCN/NHCN ratios obtained from observations and radia-
tive transfer models are$ 1 ! 12 (see Section 4.1). Chemical
models are consistent with the observed column density ratio of
CN to HCN for UV Þelds that are 103 larger than the average
interstellar value (Figure 8). The observations are also consis-
tent with models with signiÞcantly lower UV Þelds, of 10! 3-
10! 2 times the average interstellar UV Þeld. For three sources
observed withHerschel, gas densities at 1000 AU and indepen-
dent signatures of UV Þelds were found (Kristensen et al. 2012,
2017; Karska et al. 2018). Using Figure 8, we estimateG0 to-
ward Ser SMM1, SMM3 and SMM4 of 103 ! 104 the interstellar
value. We discuss these values and compare them to other mea-
surements in Section 5.3.

In order to understand the chemistry leading to the
CN/HCN> 1 in the presence of UV Þelds, both production and
destruction of each molecule need to be investigated. Table 4
shows the dominant reactions at 50 K for three UV Þeld regimes
- weak (G0 = 10! 3! 10! 1), medium (G0 = 10! 1! 101), and strong
(G0 = 101 ! 106). These reactions account for more than 80% of
accumulated total ßux of all reactions, where the reaction ßux is
deÞned as reactantsÕ abundances multiplied by the reaction rate
coe! cient. Additional reactions, where CN or HCN production
or destruction is greater than 30%, are listed in Appendix F.

In the regime of strong UV Þelds (G0 > 101), the dominant
destruction route of both HCN and CN is photodissociation by
UV photons. Similarly, in medium UV Þelds CN is also directly
destroyed by UV photons, and HCN is removed by the reaction
with C+, which production also requires UV radiation. At a gas
temperature of 300 K, corresponding to the bulk of gas in the
outßows from low-mass protostars (Karska et al. 2018), the im-
pact of photodissociation of HCN becomes dominant already in
the medium UV Þelds (see Appendix F). For low UV Þelds, the
main destruction route of CN by collisions with H2 leads to the
production of HCN, and subsequent decrease in the CN/HCN
ratio.

Figure 9 shows which reactions dominate the molecular de-
struction for a range of UV Þelds and also gas densities. HCN
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星形成開始後107 yr のアバンダンス比（ Av＝5 ）

• UVがない場合にはHCNの存在量はCNよりも2-3桁多い。
• <100 Kではガスの温度にはあまり依存しないため、
T=50 Kで固定。

• ガス密度はKristensen et al. 
(2012)の値を使用。

• nH=105 cm-3 のとき
G0=103 ‒ 105.5。

• UVによって分子の存在量が変
わっている。→UVのトレー
サーとして使用できる。

UV放射を考慮したときの、CNとHCNの柱密度比
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centration of HCN than CN for intermediate UV Þelds. The
HCN molecule can be destroyed directly by UV photons:

HCN
UV photons
!!!!!!!!" H + CN.

This reaction is dominant for the strong UV Þelds. Nevertheless,
the exact balance between the two ways of destroying HCN de-
pends on temperature and density.

The CN/HCN ratio can also be shaped by several factors ne-
glected in the chemical model, including grain chemistry, evap-
oration, turbulence, shocks, the spectrum of UV emission of a
particular object. Ice chemistry, as well as grain sublimation,
can signiÞcantly alter the results. Although not yet detected in
the ISM (Boogert et al. 2015), HCN is postulated to exist in
the interstellar ice with the abundance of 10! 8 relative to hy-
drogen (Kalvøans 2015). Thus, HCN can sublimate under the in-
ßuence of increasing temperature or UV light, leading to a de-
crease in the CN/HCN ratio. CN may be also produced by the
photodegradation and photoevaporation of CN-bearing complex
organic molecules trapped in ice. Even though a high CN reac-
tivity causes it to be present at a low concentration in interstellar
ice and dust, thermal degradation of CN-bearing dust may be
an important CN source, as postulated for comets (HŠnni et al.
2020; Lippi, M. et al. 2013).

Finally, European Space AgencyÕs Rosetta spacecraft, mea-
sured a higher concentration of HCN than CN in the comet
67P/ChuryumovÐGerasimenko (HŠnni et al. 2020). Considering
that the chemistry of N-bearing species in 67P/C-G is similar to
interstellar ice chemistry (J¿rgensen et al. 2020), we expect that
the CN/HCN ratio predicted by the presented chemical model is
slightly overestimated.

5.3. UV Þeld strengths in the Serpens Main

Observations of CN and HCN elucidate the presence of UV
Þelds in the immediate surroundings of low- and intermediate-
mass protostars. To determine the strengths of the UV Þelds, we
calculated chemical models to reproduce the observed column
density ratios.

The measured CN/HCN ratios are consistent with the chem-
ical models that include UV radiation, and for a broad range of
physical conditions typical for low-mass star-forming regions.
The UV Þeld strengths, G0, in excess of 103 best reproduce
the observed CN/HCN ratios assuming gas temperature of 50
K (Section 3.2). At a gas temperatures of 300 K, the CN/HCN
ratio is consistent with UV Þelds of 0.1-10 (Fig. F.1). In both
regimes, the dominant destruction reaction of HCN is indeed the
photodissociation by UV photons.

An alternative measure of the UV Þelds around protostars
was recently provided by the observations of H2O as part of the
WISH program onHerschel(van Dishoeck et al. 2021). Far-
infrared molecular spectra indicate that the bulk of H2O forms
in non-dissociative shocks in outßows at gas temperature#300
K (Herczeg et al. 2012; Green et al. 2016; Karska et al. 2018).
Some H2O emission arises in hotter,T ! 700 K regions with
enhanced emission from hydrides, e.g. OH+, where dissociative
shocks are at play (Kristensen et al. 2013). The fraction of H2O
in the outßows is clearly photodissociated, as evidenced by low
absolute abundances and unexpectedly bright emission of OH
and O (Wampßer et al. 2013; Kristensen et al. 2017). The im-
pact of UV photons on non-dissociative shocks was modeled
by Melnick & Kaufman (2015). The models reproduced the ob-
served ratios of H2O/OH and CO/OH in low-mass protostars for
UV Þelds with G0 of 0.1-10 (Karska et al. 2018). The same ra-
tios showed a few orders of magnitude disagreement with fully-

Fig. 13: The observed CN/HCN column density ratio compared
with shock models with UV for a preshock density of 104 cm! 3

(Lehmann et al. 2020). The column densities are shown as a
function of shock velocity for the precursor and post-shock re-
gions (in red circles), and the postshock region alone (in green
squares). Column densities ratios obtained for Class 0 and Class
I protostars are shown with dark grey and light grey rectangles,
respectively. The horizontal lines show median CN/HCN ratios,
and the vertical lines - their standard deviations for Class 0 (red)
and Class I (blue) sources, respectively

.

shielded shock models, providing further evidence for H2O pho-
todissociation (Karska et al. 2014).

The spectrum of the UV radiation adopted in Melnick &
Kaufman (2015) is based on average interstellar measurements,
and is best suited for modeling the external irradiation. The spa-
tial extent of the enhanced CN/HCN ratio and13CO 6-5 emission
suggest that UV photons in most protostars are likely produced
in-situ, in the immediate surrounding of the outßow shocks (see
Section 5.1, Yõldõz et al. 2015). Recent models by Lehmann
et al. (2020) provide predictions for molecular abundances aris-
ing in shocks where UV emission originates from the shock it-
self, i.e. the self-generated UV radiation. The calculations are
done for a single gas pre-shock density of 104 cm! 3, which cor-
responds to (post-shock) gas densities of#106 cm! 3, assuming
a compression factor of 100 typical for dissociative shocks. The
UV Þelds generated by shocks with velocities in the range from
35 to 60 km s! 1 are# 10 ! 400 larger than the interstellar ra-
diation Þeld. In this regime, CN/HCN> 1 when considering the
entire shock region; CN/HCN< 1 for lower-velocity shocks and
the postshock region alone (see Figure 13).

Observations of CN and HCN in the Serpens Main are con-
sistent with the Lehmann et al. (2020) shock models with ve-
locities of 35 km s! 1, but only for the regions with the highest
CN/HCN ratios (Figure 13). These shocks produce UV Þelds
Ge! # 25, whereGe! is the ßux of UV photons normalized to
the average interstellar UV Þeld (Lehmann et al. 2020), and have
a relatively short lifetime of# 103 yrs. The UV Þelds are lower
than G0 of # 103 predicted by the chemical model with UV
(Section 4), which could be due to many di! erent factors and
assumptions. In particular, neither of the models reproduces the
physical structure of the protostellar envelope with outßows.

The models of the CN/HCN ratio in the dense envelopes of
high-mass protostars were pioneered by StŠuber et al. (2007),
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アウトフローのショックによるUV放射

• CN/HCNのluminosity比と原始星の温度やluminosityの間に相関関
係はない。
• Class 0/Iの間はCN/HCNの比は変化しない。

• Herschel/PACSの観測でサンプル間に[OI]の強度に大きな差がな
いこととconsistent (Karska et al. 2018)。

• アウトフローのショック由来のUV放射による分子の存在量をモデル化
(Lehmann et al. 2020).
• アウトフローのショックでUVが放射されるのは、HerschelのH2O
とOHの存在量の観測結果から示唆されている (Wampfler et al. 2013; 

Kristensen et al. 2017)。
• 観測結果のうち、CN/HCN比がもっとも高い領域に関しては、
Vsh=35 km/sのモデルとconsistent。
• モデルのよりも、 CN/HCN比が小さい傾向にある。

Post-shock

ショック前後

A&A proofs:manuscript no. amirocha

Fig. 10: Map of CN 1-0 (colors) and HCN 1-0 (contours) in the
Serpens Main. The labels are the same as in Figure 2. Contour
levels start at 8 K km s! 1 with the steps of 3 K km s! 1. The
CN emission has been resampled to the beam size of HCN to
compare the same emitting regions.

Fig. 11: Correlations of line luminosity ratios with bolometric
temperature and luminosity of protostars. Class 0 protostars are
marked with red dots, while Class I with black squares. The
Pearson coe! cient of the correlation (r) is shown.

5.2. Chemical effects

In the presence of strong UV radiation, HCN photodissociates
into CN and H, while CN requires even more energetic photons
(>12.4 eV) to be dissociated (van Dishoeck 1987). This should
lead to a higher abundance of CN molecules and an increase
of the CN/HCN column density ratio. Despite many limitations

Fig. 12: Reaction network predicted by the Nahoon model as-
suming the UV Þeld strength is higher than 10 G0. The dominant
reactions are listed in Table 4
.

and approximations, the chemical model presented in Section 4
demonstrates that the CN/HCN ratio is sensitive to the UV Þeld.
The strength of UV radiation distinguishes the dominant reac-
tions. The density and temperature have less e" ect on chemistry,
at least below a few hundred K. Three regimes can be deÞned:
weak (G0 < 10! 1), intermediate (G0 " 10! 1 ! 101) and strong
(G0 > 101) UV Þeld. They correspond to regimes where the bulk
of carbon is either in the molecular (CO), atomic (C), or ionized
(C+) form, which has a signiÞcant impact on chemical networks.

In starless, dark, non-turbulent clouds, HCN is more abun-
dant than CN by about an order of magnitude (Pratap et al.
1997). This is in agreement with our model of a starless cloud
after 105 ! 106 yr of cloud evolution (Figure 6). With the further
chemical evolution of a starless cloud, the CN/HCN ratio de-
creases. In a weak UV Þeld, the chemistry is similar to the star-
less, dark, non-turbulent interstellar cloud. Dominant formation
channels of CN and HCN are reactions of nitrogen with hydro-
carbons (CH and CH2, respectively), while destruction of CN is
mostly dominated by the reactions with neutral oxygen or nitro-
gen. HCN is less reactive than CN, and reactions with neutral
atoms are not very e! cient in this case. Many reaction channels
drive the destruction of HCN, but reactants are less abundant
than neutral atoms. The simultaneous impact of a few di" erent
reactions is not as e" ective as the reaction ruling the CN destruc-
tion. Those factors lead to the higher HCN abundances compared
to CN.

As the intensity of UV radiation increases, photodissocia-
tion and photoionization become more important. For strong ra-
diation Þeld, the destruction of CN is dominated by reaction:

CN
UV photons
!!!!!!!!# C + N.

However, at intermediate UV Þeld strength, photodissociation of
CN is not e! cient and the reaction with neutral oxygen is impor-
tant:
CN + O !!!# N + CO.
For intermediate and strong radiation Þelds, C+ is signiÞcantly
more abundant than C. It opens a very e" ective channel of HCN
destruction:
C

UV photons
!!!!!!!!# C+ + eÐ

HCN + C+ !!!# H + CNC+

CNC+ + eÐ !!!# CN + C
The presence of this channel leads to a signiÞcantly lower con-
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