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Abstract

Offsets of molecular line emission peaks from continuum peaks are very common but frequently difficult to
explain with a single spherical cloud chemical model. We propose that the spatial projection effects of an irregular
three-dimensional (3D) cloud structure can be a solution. This work shows that the idea can be successfully applied
to the Planck cold clump G224.4-0.6 by approximating it with four individual spherically symmetric cloud cores
whose chemical patterns overlap with each other to produce observable line maps. With the empirical physical
structures inferred from the observation data of this clump and a gas-grain chemical model, the four cores can
satisfactorily reproduce its 850 ym continuum map and the diverse peak offsets of CCS, HC3N, and N,H™"
simultaneously at chemical ages of about 8 x 10°> ~ 3 x 10°yr. The 3D projection effects on chemistry has the
potential to explain such asymmetrical distributions of chemicals in many other molecular clouds.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Dense interstellar clouds (371); Interstellar

abundances (832); Chemical abundances (224)

1. Introduction

Molecular lines are powerful tools to diagnose the physical
and chemical properties of molecular clouds, but the spatial
distributions in line maps are frequently found to deviate from
the H, column density distributions, which is not easy to
interpret with a single-point chemical model or one based on a
single spherical cloud core model. In such cases, the emission
peaks of the molecular lines are definitely offset from, and
strongly asymmetric with respect to, the H, column density
peaks or ridges in the clouds. For example, Spezzano et al.
(2017) found in the well known dense core L1544 three
families of molecular lines, namely the HNCO, CH;OH, and
c-C3H, families, whose peak positions significantly deviate
from the continuum peak. There is no convincing interpreta-
tion yet.

Such phenomena have also been found in our large single
dish survey campaign TOP-SCOPE (Liu et al. 2018b) toward a
large sample of Planck Galactic Cold Clumps (PGCCs) (Planck
Collaboration et al. 2011, 2016). The first TOP-SCOPE line
observation paper by Tatematsu et al. (2017) revealed large
asymmetric offsets of CCS and HC;N line emission peaks from
850 um continuum peaks in several sources. The target of this
work, G224.4-0.6, is just the most prominent example among
them. Both CCS and HC;N lines show a single emission peak
that offsets to one side of the continuum peaks, and even the

emission peak of the dark cloud tracer line of N;H™ also shows
a smaller offset of about one telescope beam. The former two
molecules are expected to show depletion effects in dark clouds
(e.g., Aikawa et al. 2001; Shinnaga et al. 2004). Although the
last one is expected to peak at the center of cold cores after the
depletion of CO (see e.g., Bergin & Langer 1997; Benson et al.
1998; Caselli et al. 1999; Bergin et al. 2001; Caselli et al.
2002), depletion will still occur when the chemical age is long
enough to allow depletion of its parent species N (e.g., Bergin
et al. 2002); this has been observed in starless cores (Lippok
et al. 2013; Redaelli et al. 2019). However, the observed offset
line emission peaks cannot be interpreted by such a chemical
picture in a single round or elongated core.

In this paper, we introduce the idea of overlapping of
chemical patterns of multiple independent cores due to 3D
projection effects to explain the above phenomena. After a
more detailed description of the chemical problem in our target
source G224.4-0.6 in Section 2, we constrain the physical
models of four cloud cores from a continuum map (Section 3)
and construct gas-grain chemical models for each of them
(Section 3.4). In Section 4, we empirically adjust the physical
model parameters of some cores to find a solution that well
reproduces both the continuum and the line emission maps of
CCS, HC;N, and N,H" simultaneously. The best chemical
model and the proposed chemical overlapping effect is briefly
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Figure 1. The 850 um continuum image (color scale) of G224.4-0.6 overlaid with the integrated intensity maps (contours) of three molecular lines: the N,H™ line
(left) at levels of [3, 5, 10, 15, 20, 25, 30] x 0.15 K km s ' (1¢), the HC3N line (middle) at levels of [3, 6, 9, 12] x 0.12 K km s~ ' (1¢), and the 82 GHz CCS (right) at
levels of [3, 4.5, 6, 7.5] x 0.13 Kkm s~! (10). The corresponding half-power beam sizes are shown with corresponding colors at the bottom-left corner. The blue
point marks the CCS peak position. The blue rectangle indicates the region used to constrain the physical and chemical models in this work.

discussed in Section 5. Finally, Section 6 summarizes our main
findings.

2. Observations and Chemical Problems in G224.4-0.6
2.1. Observations

G224.4-0.6 is a Planck cold clump with dense cores (Planck
Collaboration et al. 2011, 2016). It was selected from the early
cold core (ECC) catalog with the Planck ECC (PLCKECC)
name G224.47-00.65 by (Liu et al. 2018b). The distance to the
clump is unknown. But it is less than 1° from the massive cloud
complex CMa OB1 region for which Kim et al. (1996)
assigned a distance of ~1100 pc from the study of the OB stars
in this region by Claria (1974). We adopt this distance in the
current study. We have mapped G224.4-0.6 in 850 um
continuum using the James Clerk Maxwell telescope/
SCUBA-2 and three 3 mm molecular lines, N;H  J =1 — 0,
HC;NJ =9 — 8§, and CCS Jy = 76 — 65 (82 GHz), with the
Nobeyama 45 m radio telescopes (Tatematsu et al. 2017). The
results are shown in Figure 1 (continuum in color scale and
lines in contours). The beam size of the SCUBA-2 continuum
map is 14”, which is comparable to the 18.8 + 073 beam of the
line maps. The region has two major dust emission peaks near
the center of the maps, together with another fainter core to the
north west. This chemistry study concentrates on the sub-
region around the two cold cores represented by the two major
peaks, which were named as G224S (south) and G224NE
(northeast), respectively, by Tatematsu et al. (2017). The

spectral resolution was about 0.05 ~ 0.06 kms ™.

2.2. Chemical Problems

From Figure 1, the N,H" line shows two peaks that coincide
with the continuum peaks well, except a very small offset from
the G224S peak. The HC;N line mainly possesses a strong core
near to G224S but with a bit larger position offset toward the
northeast direction, together with another much fainter core
near to G224NE. The most interesting case is the CCS line,
which mainly shows a single peak that coincides with neither
the continuum peaks nor the line connecting the two peaks. The
CCS peak position is marked by a blue dot in all three panels,
which demonstrates that it also does not agree with any peaks
of the other two molecules. Although the lower abundance of

CCS toward the two dust continuum peaks could be explained
by the effect of depletion in the core centers (e.g., Aikawa et al.
2001; Shinnaga et al. 2004), the offset of the CCS peak to one
side of the clump is not understood. We will try to explain this
with the coupling of asymmetrical cloud structures and dark
cloud gas-grain chemistry in this work.

3. Physical and Chemical Model of Multiple Cores

In order to construct the physical and chemical models of the
cloud, we will start from fitting the azimuthally averaged radial
gas column density profiles of the two major cores G224NE
and G224S (this part is in the Appendix), and then extend it to
directly fitting a four-core model to the observed 2D maps.
From the fitting to the observed H, map alone, an initial core
density model will be defined. Then the core parameters will be
manually modified to improve the chemical behavior of the
model and finally an adjusted core density model will be
adopted. The detailed procedures are given in the subsections
below and the whole procedure is summarized by the flow
chart in Figure 2.

3.1. H, Column Density Map

To obtain the physical structure of G224.4-0.6, we first
convert the SCUBA-2 850 um dust continuum map to a H,
column density map using the formula proposed by Kauffmann
et al. (2008):

N(H;) =2.02 x 1020 Cm*2(61.439(/\/mm)*1(];j/10 K 1

K, -1 S)Peam
0.01 cm? g~! mJy beam™!
( OupwW )2 (L)2 )
10 arcsec mm
where the dust temperature Ty is set to 11.1 K according to
Planck Collaboration et al. (2016). S is the observed flux
per beam with a half-power beamwidth of Oypgw, and
K, = 0.0182 cm® g~ is the dust opacity at 850 um for dust

models with thin dust mantles (Ossenkopf & Henning 1994).
This value was also widely used to estimate column density
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Figure 2. Work flow to determine the physical model of the cores.
MC = Monte Carlo.

and mass (e.g., Kauffmann et al. 2008). Here the dust-to-gas
mass ratio of 0.01 is used.

The derived H, column density map used in this work is
shown in the left panel of Figure 3 (the whole map can be
found in the left panel of Figure 11 in the Appendix). Beside
the three major cores whose highest peak column densities
reach ~1.2 x 10%3 cm_z, some fainter extended structures are
also visible around G224S, which will be essential to solve the
chemistry problem in later sections. Due to the nature of the
SCUBA-2 observation, there are some pixels with negative flux
in Figure 1 (in pale color), which prevent us from estimating
the column densities. Therefore, we can adopt the background
gas column density of ~4 x 10*' cm™* from Herschel data
(Marsh et al. 2017) for these faint regions when necessary,
though the Herschel spatial resolution at submillimeter is
slightly lower than the SCUBA-2 data.

3.2. Core Density Structures

Because the cloud cores are found to be small and the
SCUBA-2 beam did not resolve them well, it is challenging to
find a unique density structure model for each of them. We
have performed trial fittings to the azimuthally averaged
column density profiles of the two main cores G224NE and
G224S with 1D density models (see the Appendix) and
perfectly illustrated the strong parameter degeneracy for each
core. Our purpose in this section is not to determine unique
solutions of the density structures of the cores from the
observed column density map, but to find a reasonably good

Ge et al.

physical model that would allow us to explore possible ways to
reproduce the observed molecular chemistry features.

The most salient chemical features in this source is the
offsets of the CCS and HC;N emission peaks from the
symmetry axis of the two major cores. Hereafter, we call
G224NE as C1 and G224S as C2 and chose their core center
positions to be the observed continuum flux peak pixels. Thus,
solely the two cores are insufficient to explain the asymmetrical
chemical feature. In the column density map in the left panel of
Figure 3, a fainter core appears between C1 and C2 that can be
named C3. The core center can be directly determined as the
column density peak there. Its position is offset by about
seven arcsec to the west of the C1-C2 symmetry axis. Because
both CCS and HC;N are expected to be depleted in cold core
center, their abundance peaks will appear in a shell structure (or
a ring-like structure in the sky plane). We expect that the
overlapping of the molecular abundance rings of the core C3
with that of C1 and C2 would help break the C1-C2 symmetry
in the molecular line emission maps.

However, after some experiments of the chemical simulations
with the three cores, as we will show in later sections, we
recognize that another core C4 to the east side of C2 is essential to
explaining the observed peak positions in both the CCS and
HC;N line maps simultaneously. The observed column density
map in the left panel of Figure 3 indeed shows a faint extended
structure to the east side of C2. We pick up a position near the
center of this extended structure, offset to the east of C2 by
14 arcsec, as the core center for C4. But more chemical modeling
experiments have shown that the exact position of C4 is not a key
factor. The center positions of all four cores are shown in Table 1.

For each cloud core, we adopted the Plummer-like function
(Plummer 1911) to simplify our model fitting problem, because
we do not concentrate on the differentiation of different kinds
of density models (e.g.,the Bonnor-Ebert density distribution)
due to the too large telescope beams of our data. The Plummer-
like 1D core density is expressed as

n

RTINS TR

@

where 7, is the core center density, r.. is the radius of the central
flat inner core, p is the power-low exponent at large radius
(r > r.) and ny is the background gas density. Generally, the
p =4 case corresponds to an isothermal gas cylinder in
hydrostatic equilibrium (Ostriker 1964), while the p =2 case
mimics magnetohydrodynamic models (e.g., Fiege & Pudritz
2000).

We try to find a reasonable density model for each core by
fitting the 2D column density model maps of the four cores to
the SCUBA-2 column density map. To reduce the size of
parameter space, we first fix the background gas density ny, and
the outer radius R of each core. For the major cores C1 and C2,
ny, is set to the value of 10* cm > found from our 1D column
density profile fitting in the Appendix, while that of the two
fainter cores is set to zero. The choices of the different n,
values are based on the fact that C1 and C2 are more massive
than C3 and C4 so that the former two cores could be more
extended than observed and modeled in this work. The outer
radius R is set to the same value of 0.17 pc for all four cores;
this value is constrained by avoiding the appearance of
negative pixels for the two major cores Cl1 and C2 in the
observed column density map. Then, the free parameters of
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Table 1

Fitted Density Model Parameters of the Four Cloud Cores from 2D Column Density Map Fitting (Initial Core Density Model) and the Adjusted Ones (Adjusted Core
Density Model)

Initial Core Density Model

Adjusted Core Density Model

Center coordinate P ne T P ne Te

(J2000) (em™) (po) (em™) (o)
Cl1 07:10:05.7, —10:31:10.7 3.6 3.2 x 10® 0.004 3.6 3.2 x 10° 0.004
2 07:10:06.2, —10:32:00.3 43 5.9 x 10° 0.020 43 4.4 x 10° 0.020
c3 07:10:05.3, —10:31:36.7 1.8 2.8 x 10° 0.006 1.8 2.8 x 10° 0.006
C4 07:10:07.3, —10:31:57.7 3.1 1.9 x 10° 0.024 1.5 1.0 x 10° 0.036

Note. The other two model parameters are fixed to n, = 10* cm ™ for cores C1 and C2, but zero for C3 and C4. The outer radius is R = 0.17 pc for all cores. Adjusted

parameters are marked with boldface. To avoid misleading, the fitted uncertainties are not shown because of the strong parameter degeneracy.
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Figure 3. Comparison between observed (left) and modeled (middle) H,
column density maps. The right panel shows the ratio between observed and
modeled maps. The black crosses indicate the centers of the four cloud cores.
The large dashed-line circles show the outer radius R of the two major cores C1
and C2. Images in all panels of this figure and Figure 4 have been rotated by
eight degrees counterclockwise to facilitate comparison by eye, with each one
corresponding to the blue rectangle region in Figure 1

each cloud core will be only p, n,, and r.. The total number of
free parameters for the four cores is 12. However, similarly due
to the too low spatial resolution of our maps, as we mention in
the Appendix, there still exists strong degeneracy among the
three parameters for each core.

For any set of given parameters of a cloud core, we construct its
column density model by first producing a 3D spherical density
distribution according to the 1D formula in Equation (2) and
projecting it onto the sky plane to obtain the column density map.
Then, the four cores are put to the corresponding observed core
center positions and merged together to form the 2D model
column density map. After being convolved by the SCUBA-2
beam of 14”, it can be compared with the observed 2D column
density map to define the posterior likelihood value used in the
fitting procedure. Finally, the Monte Carlo fitting package
nonlinear least-squares minimization and curve-fitting for Python
(LMFIT; Newville et al. 2014) that utilizes the Markov chain
Monte Carlo (MCMC) Goodman-Weare algorithm Python
package emcee (Foreman-Mackey et al. 2013) is used to find
the best solution.

We adopt wide parameter spaces of p = 1-5, n, = 10°-10°
ecm >, and r, = 0.0001-0.15 pc. Despite the strong parameter
degeneracy, the use of the MCMC approach still allows us to
find a best core density model. However, also because of the
serious parameter degeneracy, the solution is far from unique
and we still have large room to adjust the density model
parameters to improve the fitting of the molecular emission
maps by our chemical model in later steps.

1.0+ 1.75
0.8 150%
12573
0.6 1.002
04 075
5 0.50=
0. 0.25
0.0 0.00

Figure 4. Same as Figure 3, but with improved parameters of C2 and C4. See
the details in the text.

The best model parameters are given in Table 1 and the best fit
column density map is compared to the observed one in Figure 3.
The model map agrees well to the observed one at the positions of
cores C1, C2, and C3. There are slightly larger differences in the
peripheral regions of C1 and C2, because our core models are all
round while the observed ones are slightly elliptic. The differences
between the modeled and observed maps are within the ratios of
0.75-1.25 (about +£25%), which is small compared to the
dynamical range of the observed map (e.g., the column density
ratios between the core peaks and the background reach ~30 =
1.2 x 10% (cm2)/4 x 10*! (cm™?)).

However, the chemically important core C4 is badly fitted
because it is strongly affected by the neighboring core C2 in the
model fitting. We have done a lot of experiments, together with
the chemical simulations that will be mentioned in detail in
Section 4, to enhance the contribution of C4 to the H, column
density map and to achieve a good fit to the observed CCS and
HC;3;N maps at the same time. Eventually, a reasonably good
solution for C4 is found to be r. = 0.036 pc, n, = 10° cm™3,
and p = 1.5. This makes C4 the most diffuse core among the
four. However, to balance the impact of the modification to the
C4 parameters, the neighboring core C2 needs to be refined
accordingly. This is achieved by fixing the other three cores
and all other parameters of C2 as in Table 1 but re-fitting its
center density n. using LMFIT as above. The best fit value
turns out to be n, = 4.4 x 10° cm > and the best fit model
column density map is compared to the observed one in
Figure 4. The middle panel of the figure shows that the new C4
model can better reproduce the extended structures to the east
of C2 than in Figure 3. The observation-to-model ratio map in
the right panel has changed a little bit around C2 but is still
within the range of +25%. Hereafter, we will call this adjusted
core density model, while the original model is the initial core
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density model. All parameters of these two physical models are
listed in Table 1.

3.3. Other Physical Parameters

In addition to the density structures, we also need radial
profiles of gas and dust temperature to model the chemistry in
the cloud cores. The gas and dust temperatures are not well
constrained by observations for the cores in G224.4-0.6. Planck
Collaboration et al. (2016) reported dust temperatures ranging
from 5.8 to 20 K for all the 13188 PGCCs. In this work, we
adopt the parametric formula of Hocuk et al. (2017) to express
the dust temperature as a function of extinction (Av):

Ty(Av) = [11 + 5.7 tanh (0.61 — log(Av)IXL**?  (3)

where Y,y is the Draine UV field strength (Draine 1978). We
adopt the typical interstellar UV field with x,, = 1.0.

The visual extinction can be estimated from the observed H,
column density along the lines of sight via the empirical
formula of Giiver & Ozel (2009):

Ay = N(Hp) /2.2 x 10%!(mag). “)

As a simple check, Equation (3) gives T; ~ 6 and ~13K for
the core center and edge (at a radius of 0.17 pc), respectively,
for the two major cores C1 and C2. Such T, values are within
the temperature range of all PGCCs and typical for cold cores.
Considering the beam size of 0.074 pc, the central dust
temperature from our core model within one beam is about
9 ~ 10 K, which is comparable to 11K, the value used in
Equation (1).

The gas temperature is also uncertain in these cores. Tatematsu
et al. (2017) deduced kinetic temperature from NH; 1-1 to be
15.5 4 17.7 K at a position a(J2000) = 07"10™03:8, 5(J2000) =
—1031™28%21 in the cloud that is not at the peak of any of the
four cores and the uncertainty is very large. We have to roughly
assume the gas temperatures to be equal to that of the dust at all
positions, which means that the gas and dust are well thermally
coupled everywhere.

We have noted that Equation (3) is a bit inconsistent with the
adoption of a constant dust temperature of 11.1 K in Equation (1)
and the dust and gas temperatures are also not necessarily equal in
real cloud cores (particularly in the low density regions). However,
the effects of the small temperature differences will not alter our
major conclusions (see the discussions in Section 5.2).

3.4. Chemical Model

We use a gas—grain chemical model to couple the physical
structures to study the molecular chemistry in G224.4-0.6. The
model includes gas-phase and dust surface reactions, which are
linked through the accretion of species and thermal and cosmic
ray induced desorption (see e.g., Hasegawa et al. 1992;
Semenov et al. 2010). The reaction network was taken from
Semenov et al. (2010), which has included most of the
chemical species and reactions relevant to dark clouds. The
photoelectron ejection from dust grains and ion accretion were
added self-consistently by Ge et al. (2016b) with extended
range of grain charges from —5e to +99%e.

We use the FORTRAN chemistry code “GGCHEM” that
was successfully benchmarked against the standard models of

Ge et al.
Table 2
Initial Abundances

Species n;/ny Species n;/ny
H, 0.5 st 8.00 x 10°%
He 9.00 x 1072 Fe™ 3.00 x 107°
ct 120 x 107* Na‘t 2.00 x 107°
N 7.60 x 107° Mg* 7.00 x 107°
e} 256 x 1074 cart 1.00 x 107°
Sit 8.00 x 107° p* 2.00 x 1071°

Semenov et al. (2010) and was updated to investigate the
chemistry effects of turbulent dust motion (Ge et al. 2016b) and
the chemical differentiation of different dust grain size
distributions (Ge et al. 2016a). In this code, we use tz/pical
dust grain radius of 0.1 gm and bulk density of 3.0 gcm™~. The
ratio of diffusion-to-binding energy of species is fixed as the
typical value of 0.5. The cosmic ray ionization rate is set to be
1.3 x 1077 7!, The initial abundances are listed in Table 2,
which have been widely used as input for chemical models of
dense clouds (e.g., Wakelam & Herbst 2008; Furuya et al.
2011; Hincelin et al. 2011; Majumdar et al. 2017). The dust-to-
gas mass ratio is set to the widely used value of 0.01, which
had been verified by recent observations (e.g., ~0.011 in
pOph A; Liseau et al. 2015).

The gas—grain chemical model is a single-point model (0D).
We will construct a chemical model for a 1D core by using a
collection of co-evolving 0D chemical models at different radii.
We set 10 linearly spaced radial grids for each core, which is
more than the number of pixels covered by each core on the
observed molecular line maps (the left column of Figure 6).
This 1D computation populates a 3D chemical distribution for
each core by symmetry. Linear interpolation is used when
projecting the 3D distribution onto the 2D sky plane. These
initial molecular column density maps are cast on a spatial grid
on the sky plane that was used for the H, column density
analysis in Figures 3 and 4, which is finer by a factor of about
two than the spatial grids of the observed molecular line maps.
All the cores are assumed to be evolving coevally. Finally, all
the model molecular line column density maps are smoothed
by a round Gaussian beam of the same size 18”8 as the
observations.

4. A Successful Interpretation to all the CCS, HC;N and
N,H* Maps

Because we mainly care about the positions of the molecular
line emission peaks and the geometry of the emission regions,
precise radiation transfer of the modeled lines is unnecessary.
We thus adopt optically thin conditions for all the three
molecular lines so that the molecular column density maps,
after being normalized by their strongest pixel, can be directly
compared to the observed maps similarly normalized with
assumption of constant temperature within the maps. The
optically thin assumption can be verified through the analysis
of the strongest N,H™ line, which shows that its optical depth is
about 0.9 4 0.4 at the SCUBA-2 peak (Tatematsu et al. 2017).
The weaker CCS and HC;N lines should be optically thin.

We mainly constrain our model age using molecular peak
positions and peak column densities. To do this, we calculated
the distance (D) of molecular peaks between observation and
model. We take the half beam size of the molecular line maps
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(0.05 pc, the effective spatial resolution) as a reference value to
facilitate comparison. The molecular peak column density
(N**%) will also be considered to constrain the model. To
consider both D and N****, we define a relative difference (RD)
function as:

3 peak __ pypeak )
RD - Z[ INDSR () — NESEL ( Di(1) )} -

ak
NEe OnpBW

i=1 obs,i

where Nf;:f and Nrﬂfﬁfi are the observed and modeled peak
column densities of molecule i. The Oypgw = 1878 is used to
normalize the weighting of the two terms. The smaller the RD
value, the better the agreement. Thus the best chemical age will
be reached by searching for the minimum RD,;,.

For the observed column densities (NV,p), we roughly use

NPER(CCS) = 5 x 102 em™2 (~10"%-10" from Tatematsu

obs

et al. 2017), NP(HC3N) = 10 cm™? (assumed), and

obs
NEEK(NGHT) = 5 x 108 em ™2 (~10"-10' from Tatematsu
et al. 2017) for the normalization in RD. We have tested that
changes of the peak column densities within one order of
magnitude do not change the best chemical age corresponding

to the RD,;,, especially for HC3N.

4.1. Chemical Model with the Initial Core Density Model

We first run the chemical code for the initial core density
model in Table 1. The molecular column density maps from
observations (color scale) and models (contour) at selected ages
of 8 x 10°, 10% and 3 x 10° yr are shown in Figure 5,
together with calculated distance (D) of molecular peaks
between observed and modeled ones shown with labels. The
peak distances (D), column densities (Nrflfﬁk), and RD as a
function of model age are shown in Figure 7 for comparison.
By checking the D values (see dashed lines in the left panels of
Figure 7), we found that the differences are typically larger than
the reference value of D = 0.05 pc for CCS and HC;N before
8 x 10°yr. Especially for HC;N, the D value is up to
~0.08 pc, about 0.8 beam. After 3 x 10°yr, the CCS column
density drops sharply to be smaller than 10'?cm ™2 Thus the
best chemical age is constrained to be ~10°yr by RD,
(dashed line in panel (5) of Figure 7) at which the molecular
column densities are comparable to the observed ones
(Tatematsu et al. 2017). The minimum of the RD curve in
the figure is so shallow that the solution is similarly good in a
range of chemical age of 8 x 10° ~ 3 x 10°. Even within this
age range, the D values of CCS and HC;N are still larger than
0.05 pc, which hints that the initial core density model fails to
reproduce observed molecular peaks even at the possible best
chemical age of 10°yr.

From Figure 5 at the selected representative ages of 8 x 10°
(top row), 10° (middle row), and 3 x 10° yr (bottom row), we
can see that the modeled CCS peak is still on the symmetry
line of the two major cores C1 and C2, while HC3N shows a
ridge that offsets toward the core C3, with both being opposite to
the observed offset of its peak. To help understand the origin of
the discrepancies, the column density maps of CCS, HC3N, and
NLH' at the best age (10°yr) are shown together with the
contribution of each individual cores (the contribution plot; right
panel) in Figure 6. The contribution plots in panels (3) and (6)
tell us that the CCS peak is mainly contributed by the CCS shells

Ge et al.

of the major cores C1 and C2, while the HC3N ridge is caused
by the core C3.

The modeled peaks of both CCS and HC;N need to be
shifted toward the east direction to agree with the observations.
The most straightforward way we can learn from the
geometrical relationship of the chemical distributions in this
model is to enhance the contribution of the core C4, which is
currently too small. Therefore after some rounds of iterations
between the manual adjustment of core density parameters (for
C2 and C4) and the comparison of the resulting chemical
models with the observations, a good set of core-density-model
parameters of C4 (and also C2) have been found as described in
Section 3.2; this constitutes the adjusted core density model
that we will explore in the next subsection.

4.2. Chemical Model with the Adjusted Core Density Model

With the adjusted core density model, we find a significantly
better agreement between our chemical model maps and the
observed maps of all three molecules CCS, HC;N, and N,H" at
the best age range of 8 x 10° ~ 3 x 10°yr, as shown in Figure 8.
The chemical age range is jointly constrained by the peak positions
(the distances D) of CCS and HC;N, which are now both
coincident within a half beam (0.05 pc; see solid lines in left panels
of Figure 7). Meanwhile the RD,;, is also reached at 10° yr. The
modeled peak column density of NoH™ (~6.8 x 10" cm ™) is
also in the range of the observed values of ~7.7 x 10" ~
1.4 % 10" cm™ from Tatematsu et al. (2017). An optical depth of
7 = 1.0 may result in an underestimation of the observed column
density by a factor of ~1.6 (=1/(1 — exp(—1))). The optical depth
corrected modeled column density of N,H' is ~1.1 x 10 cmfz,
which still agrees with the observed value.

The contribution plots in Figure 9 help us understand how the
above good agreements are achieved. Because of the depletion
effect, the CCS column density map of each individual core is a
ring band. The key difference from the results of the initial core
density model in Figure 6 is the enhanced CCS ring of the core
C4. The C4 ring first pulls the CCS emission peak in Figure 8 to
the east side through its overlap with the rings of C2 and C3
around the age of ~8 x 10° yr (panel (2) of Figure 9). Then, the
sizes of the CCS rings of all four cores increase with time (panels
(3)-(5) of Figure 9) and the CCS emission peak moves upward
(left panels of Figure 8) due to the change of the overlap effects.
Similarly, the HC5N column densities also consist of ring bands
around all four cores, except that the ring sizes are smaller. The
offset of the HC;N emission peak toward the northeast direction
in the middle column of Figure 8 is mainly supported by the
overlap of the HC3N rings of the cores C2, C3, and C4 in the
middle row of Figure 9. Interestingly, the N;H" emission peak in
our model (right panels of Figure 8) also has shifted slightly
toward the northeast direction as observed. This is again the
consequence of core overlapping among C2, C3, and C4 (panels
(12)<(15) of Figure 9), though they do not develop any
depletion ring.

5. Discussion
5.1. Involved Chemistry

The overlapping effects of molecular shell/ring patterns of
CCS and HG;N is mainly driven by their depletion at the core
center due to adsorption onto dust grains, with some help from the
photodissociation effects at the boundary. We compare the radial
profiles of the CCS and HC3;N column densities with the density
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Figure 5. Comparison between normalized (by peak value) observed (color scale) and modeled column density maps (black contours with levels of [0.2, 0.4, 0.6, 0.8,
0.9, 0.98] X Npear) of CCS (left panels), HC3N (middle panels), and N,H™ (right panel) from the initial density core model. The NP value, model age, and distance
(D) between observed and modeled molecular peaks are shown with labels over each panel. The black crosses show the four-core center positions. The white point
marks the observed molecular peak position. The red circle indicates beam size. See details of observed peak column densities in text.

profiles of all four cloud core models at the best age of 10°yr in
Figure 10. Although density profiles are very different in the
center of the four cloud cores, they are just similar at the outer
radii of the cores that are resolved by the telescope beam. This
could be a natural consequence of the need to fit the chemical
patterns. That is to say, only when the densities in the peripheral
regions of the four cores are similar, the chemical models are able
to generate ring patterns with comparable column densities for the
considered molecules to reproduce the observed line emission
patterns through the overlapping effects.

The most salient difference between CCS and HC;N is the
different radial positions of their column density peaks. It is
clear in both Figure 10 and previous model maps that the CCS

rings are larger than that of HC3N in all four cores at the best
chemical age of 10°yr. This is due to the shorter depletion
timescale of the former than that of the latter. These molecules
have similar timescales of about 10° yr for their adsorption onto
grains at the gas density of about 10*cm ™ and gas and dust
temperatures of about 10 K and dust-to-gas mass ratio of 0.01
(e.g., Leger et al. 1985) at the positions of the ring structures.
However, HC3N is closely linked to the volatile molecule N,
(e.g., Bergin & Langer 1997; Charnley 1997), which makes the
timescale of its depletion from the gas phase significantly
longer than that of CCS because the gas phase N, has a high

abundance of ~107>, which delays the depletion of the gas
C,H
phase HC;N via N, — CN — HC;N.
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Figure 6. Comparison between observed (left column) and modeled (middle column) maps of CCS (top row), HC3N (middle row), and N,H™ (bottom row) at age of
10° yr, using the initial core density models in Table 1. The right column shows the individual contribution of each core to the total column density maps in the middle
column (the order of overlapping does not matter because of the optically thin conditions). The pixel values (shown with color scale) of each plot are always
normalized by the strongest pixel in that plot, whose absolute value is given in the title of each panel. A lower cutoff of the color scale (the lower limit of the color bar)
in panels (3), (6), and (9) is used to better visualize the contribution of individual cores. Black crosses indicate the center positions of the four cores. The observed
molecular peak position is marked by a black point. The beam sizes are indicated in the bottom-left corners for both observed and modeled maps. The large dashed-
line circles in the middle and right columns show the outer radius R of the two major cores C1 and C2.

5.2. Robustness and Uniqueness of the Model

Because of the limitation of available data of our target G224.4-
0.6, we only briefly test the robustness of our four-cores chemical
model against the velocity information in the observed line maps
and the dust and gas temperatures derived from the NH; line and
Herschel data. The observed moment-1 maps (not shown in this
work) of N,H" (see also the Figure 17 of Tatematsu et al. 2017),
HGC;N, and CCS indicate that the differences in average line-of-
sight velocities are no larger than about 0.5, 0.5, and 0.9 km s !
for the three molecules, respectively, among the positions of the
four model cores and the three molecular peaks, which is not too
large compared to the typical line width of ~1.46kms "' for
N,H" and HC;N, and a larger width of ~2-3km s~! for CCS.

Therefore the overlapping effects of the four cores can work as
expected in the chemical model.

The dark cloud chemistry is sensitive to gas and dust
temperatures. As we have mentioned in Section 3.3, the gas
and dust temperatures of our target are uncertain and an
empirical radial temperature profile is adopted in the modeling.
Tatematsu et al. (2017) constrained a very rough gas
temperature of 15.5 £+ 17.7 K from the NH;3(2,2) line observed
with a large beam of 74" toward a position in the peripheral of
the cores. In addition, the Wide-field Infrared Survey Explorer
22 pym image of G224.4-0.6 (see Figure 13 of Tatematsu et al.
2017) has shown IR emission at the positions of our model
cores 1-3, indicating possible heating of the cloud cores from
inside by embedded protostars. The Herschel dust temperature
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Figure 7. Distances (D) between modeled and observed molecular column density peaks of CCS (blue, panel (1)), HC3N (orange, panel (2)), and N,H™ (green, panel
(3)) from the initial core density model (dashed lines) and adjusted core density model (solid lines). In panels (1)—(3), the gray line indicates the half of beam size of
0.05 pc to facilitate comparison. Panel (4): peak column densities from initial core density model (dashed lines) and adjusted core density model (solid lines). The
points indicate the observed column densities we used for comparison, which are placed at 10° yr. Panel (5): Relative difference (RD) between observation and model
constrained by Equation (5). In all panels, the possible age range of 8 x 10° to 3 x 10° yr is indicated by the vertical light gray region.

map of this region (Marsh et al. 2017) also shows higher dust
temperatures in the range of ~12—-16 K. To test the robustness
of our four-cores model against the variation of temperature,
we have re-computed our best model (the adjusted core density
model) with a constant radial dust and gas temperatures of 15 K
for all the four cores (this is reasonable to model the low
resolution maps in this work). The modeled radial molecular
column density profiles are shown with dashed lines in
Figure 10, from which we see that this change of temperature
indeed affects the abundances, but within a small factor of ~2.
Our chemical ring overlapping mechanism still works, because
the radii of the rings are similar as in our original best model
(the shaded region in the figure).

Although our four-cores chemical model has reproduced all
available observations well, the lack of uniqueness of the model is
an important weakness to be improved in the near future. Beside
the non-unique solutions of the core density models, as mentioned
in earlier subsections, there are more aspects to improve from both
observational and modeling angles. For example, the SCUBA-2
map could have missed a smooth structural component of the
cloud due to spatial filtering, which could affect the peripheral
region of our core models by adding an additional extinction and/
or contributing additional abundances from the diffuse gas that
could be still missing in our models. Mutual shielding of
interstellar UV light among the four cores may also have some
effects to the modeled chemical patterns, if the four cores are close
enough to each other; nonuniform illumination of interstellar
radiation field, as suggested for the starless core L1544 by
Spezzano et al. (2016) may also has some impact to the chemistry
in the peripheral regions of the cores. For another example, our
chemical model also adopts a static physical model for each core
and all four cores start the chemical evolution from the same time
spot, while the real cores might started their formation from

different moments and collapse at different dynamical timescales.
It is still an open question whether alternative solutions are possible
when more such model components are taken into account and
when more observational evidences become available.

5.3. Spatial Projection Effects on Interstellar Chemistry

The overlapping effect of two or more cloud cores explored
in this work is to offset the molecular column density peaks
away from the H, column density peaks. Such offsets of
molecular line peaks are ubiquitous in observed cloud maps
(see, e.g., Spezzano et al. 2017; Tatematsu et al. 2017; Nagy
et al. 2019; Seo et al. 2019). The multiple-cores model provides
a viable way to simulate the chemistry of molecules whose
lines are not very optically thick in the extended low density
regions of the clouds. More opaque lines also can be modeled
by adding a radiative transfer treatment. Particularly, molecules
that have an extended spatial distributions in the cloud cores,
such as the shell structures due to the depletion of CCS and
HC;N in this work, are easiest to produce observable core
overlapping effects. Even for the dense gas tracers that
concentrate on the core center, such as NoH' in this work,
the smaller emission-peak offsets still can be observed by a
single dish or interferometer.

The spatial projection effect on chemistry in a 3D cloud
structure is worthy of further explorations. More generally, the
impact of such 3D models is to break up the confinement to
chemical models imposed by the column density map and/or
temperature maps and allow the molecular column densities to
be built up through the non-local overlapping effect. It offers
the freedom to combine structural components that have
different sizes, shapes and masses, density and temperature
profiles, ambient or internal radiation fields, and even different
dynamical evolution histories. Although full 3D modeling may
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Figure 8. Same as Figure 5, but with the adjusted core density model.

not be easy or necessary, some simplified versions such as the
multiple-core model in this work are still able to capture the
most important chemical features in the observed line maps.

6. Summary

Offsets of molecular line emission peaks from H, column
density peaks are very common in observed molecular clouds,
which are usually difficult to interpret with a single round core
chemical model. We take the example of the Planck cold clump
G224.4-0.6 in this work to demonstrate a new approach to
interpreting this phenomenon: spatial projection effect of a 3D
cloud.

The gas density structure of G224.4-0.6 is simplified into
four individual spherical cores. The core structures are
empirically constructed from the SCUBA-2 850 um dust
continuum map, named as the initial core density model. Then

10

it is manually fine tuned to achieve much better fittings to both
the continuum and molecular emission maps of CCS, HC;N,
and N,H", particularly the asymmetry in the line maps (our
adjusted core density model).

The spatially extended abundance distributions of these
molecules in our gas-grain chemical models, particularly the
projected ring-like patterns due to the depletion of CCS and
HC;5N, overlap with each other to produce enhanced line
emission peaks that are generally off the continuum peaks.
The best chemical model of our target clump is found within an
age range of 8 x 10° ~ 3 x 10° yr. The spatial distributions of
the H, column density and the spatial offsets of the line
emission peaks of all the three molecules are satisfactorily
reproduced. This demonstrates the great potential of the spatial
projection effect on interpreting the line maps of many other
molecular clouds.
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Figure 10. Radial profiles of gas density (solid lines; left axes) and molecular column density (dotted lines, right axes) in our best chemical model (at the age of 10° yr)
constructed on the basis of the adjusted core density model (see in text). Dashed lines are similar to the dotted lines but for a model with the gas and dust temperatures
forced to 15 K everywhere. The gray shaded regions mark the rough positions of the shells resulting from core center depletion, which correspond to radii of
r = 0.104-0.156 pc for CCS (left panel) and r = 0.052-0.112 pc for HC3N (right panel). The arrows indicate the beam sizes of the continuum (0.074 pc) and
molecular column density (0.1 pc) maps.
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Appendix
Fitting the 1D Column Density Profiles of the Main Cores
G224NE and G224S

We start our testing from fitting 1D density models to the two
major cores G224NE and G224S. The way to construct column
density profiles of each core is the same as in the the 2D fitting
case in Section 3.2. To avoid the interference of the profound
extended structures between the two cores, we do azimuthal
averaging to construct the observed 1D column density profiles for
the two cores only using the image pixels in the half space on the
side away from the inter-core direction (i.e., those pixels that make
an azimuth angle of 7/2 to 37/2 with the intercore direction), as
indicated by the gray plus symbols in the left panel of Figure 11.
The pixel column densities are shown as a function of radius to the
core centers with gray symbols in the middle (for G224NE) and
right (for G224S) panels of the figure respectively. Then, each so
sampled radial range is evenly divided into seven linear deviation
bins and the average column density in each bin, shown as the
black dots in the figure, is used for model fitting. The outer radii

Ge et al.

are fixed as R = 0.17 pc where the H, column density roughly
drops to the background value of ~4 x 10*' cm ™ (see Figure 11)
estimated from emission-free regions.

Accordingly, we follow the same procedure as in Section 3.2
to construct the column density map of each core individually
from a given set of 1D density model parameters. After
convolving them with the Gaussian SCUBA-2 beam of 14"
Spezzano et al. (2016), the 1D model column density profiles
(N, (r)) are extracted and compared with the observed ones to
define the posterior likelihood function:

(v — N, (r))?
202

s

1
1 PG 1 nes 1w pomp, 0 =] T, P
; B ™o

4

(6)

where o is the standard deviation of the Gaussian distribution.
Finally, the same Monte Carlo fitting method is used to find the
best solution. We similarly adopt wide parameter spaces of
ne = 10°-10” cm 2, r. = 0.0001-0.15 pc, and np, = 0-10° cm .
However, because of the parameter degeneracy problem with the
low spatial resolution map, as already noted by other authors, such
as Smith et al. (2014) and Liu et al. (2018a), we have to confine
ourselves to fixed discrete values of 1-5 for the parameter p to
ease the search of the best solutions. The chosen values of p are
representative in other observation works (e.g., Caselli et al. 2002;
Tafalla et al. 2002; Tang et al. 2018).

The best fit model parameters are listed in Table 3, while the
best fit column density profiles (lines with different colors) are
over plotted with the observed ones in the middle (for G224NE)
and right panels (for G224S) of Figure 11. Although the
parameters of the best models vary widely, with the central
densities ranging from ~4 x 10® to ~2 x 10’ cm > and the size
of the inner flat core from ~4 x 107 %to ~1 x 1072 pc, the best
models with different p values agree to each other so closely in the
plots that they are almost indistinguishable by eye. This
demonstrates that the SCUBA-2 map resolution (indicated by
the vertical dotted lines) is insufficient to differentiate the density
models with different p values. However, the best fit background
density is similar (NIO4 cm73) in all models except the one with
the smallest p. The model column densities at the outer edge of
each core are all consistently close to and above the observed
background column density of ~4 x 10*' cm™? (represented by
the horizontal dotted line in the plots). Thus, this background

1e23
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Figure 11. Left panel: observed H, column density map overlaid by pixels within radius of 0.17 pc, which are used to obtain the bin-averaged column density profiles.
Middle and right panels are for the comparison between the extracted bin-averaged H, column density radial profiles (black dot) and fitted profiles with fixed p(=1, 2,
3,4, 5) (lines), for G224NE and G224S, respectively. The gray crosses show the pixel values. Vertical and horizontal lines indicate the beam size and the background
respectively. The solid lines of different p values overlap with each other so closely that they are hardly distinguishable in the middle and right panels.
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Table 3
Fitted Density Model Parameters for G224NE and G224S with Various Fixed p
Values
p ne re np
(em ™) (pc) (em™)
G224NE
1 4.4e+08 4.2e-6 2.8e+03
2 3.8e+08 4.5¢-4 1.2e+04
3 2.2e+08 2.6e-3 1.5e+04
4 5.0e+07 7.8e-3 1.6e+04
5 2.2e+07 1.3e-2 1.7e+04
G224S
1 4.3e+08 4.2e-6 6.2e+03
2 3.9e+-08 4.2¢-4 1.6e+04
3 2.9e+08 2.1e-3 1.9e+04
4 1.3e+08 5.2e-3 2.0e+04
5 5.9e+07 9.1e-3 2.1e+04

density value (104 cm_3) will be used and fixed for the two major
cores in our 2D fitting in Section 3.2 to help reduce the size of
parameter space.
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