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Table 1 Physical parameters for the two cases.

Serial n̄gas
a n̄icm

Tgas

[K]
Ticm

[K]

(

Ptherm
b

kB

) (

Pgrav

kB

) (

Pext

kB

)

h0

[pc]
c Ntot

d

×105
havg

[pc]
e Mgas

MJeans

f

1 2.5×102 125 40 131 1.0 0.63662 1.63662 0.572 6.4 0.044 1.4
2 2.5×102 125 100 328 2.5 1.592 4.092 0.905 7.21 0.052 0.6
3 2.5×102 125 150 491 3.75 2.388 6.138 1.108 7.61 0.055 0.36

aNumber density for gas and the ICM listed in columns 2 & 3 in units of [cm−3].
bComponents of pressure listed in columns 6, 7 & 8 in units of 104×[K cm−3].
cScale-height for the slab
dTotal number of particles including those representing the ICM.
eAverage smoothing length for gas particles.
fMJeans is the thermal Jeans mass calculated for the initial gas temperature, Tgas.
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Figure 1. A sketch of the gas-slab of radius, R, and height, y,
confined by the ICM has been shown in this cartoon. The small
ICM exerts pressure, pext, externally on all faces of the slab as
demonstrated by the direction of arrows.

2 Initial conditions

The set-up for our simulations is simple and consists of
a uniform-density slab that is marginally gravitation-
ally super-critical in case 1 (slab mass approximately
1.4 times the initial thermal Jeans mass), and grav-
itationally sub-critical (slab mass only a fraction of
the initial thermal Jeans mass) in the remaining two
cases (see Table 1). The slab is circular with radius,
R, and is in pressure-equilibrium with the inter-cloud
medium (ICM), that confines it. Note that particles
in the slab and the ICM were so distributed that the
number-density of particles across the slab-ICM inter-
face is constant. The entire assembly was placed in a
box, but without periodic-boundary conditions, meant
only to prevent the ICM from diffusing away so that par-
ticles escaping from one face of the box re-enter from
the opposite face. That SPH particles representing the
ICM are mobile and exert only hydrodynamic force on
normal gas particles would serve as a useful reminder to
our readers at this point. The schematic sketch in Fig.
1 illustrates this initial set-up for the simulations. Gas
within the slab is composed of the usual cosmic mix-
ture maintained initially at temperature, Tgas. We set
µ = 4× 10−24gms, the mean molecular mass of the gas
particles.

The slab was characterised by radius, R = 2.5 pc,
uniform initial number density, n̄ = 250 cm−3, gas tem-
perature, Tgas, and thickness, y = 2h0, where the scale-
height, h0, for the slab has been calculated below. Val-
ues of the relevant physical parameters have been listed
in Table 1. For a slab in pressure equilibrium, the pres-
sure exerted by the ICM, Pext, balances the thermal
pressure, Ptherm, and the gravitational pressure, Pgrav,
within the slab so that

Pext = Pint + Pgrav = Pint +GΣ2
g (1)

(e.g. Whitworth et al. 1994), where the gas surface-
density, Σg = n̄µh0. The gas temperature, Tgas, corre-
sponds to sound-speed a, so that the scale height for
the slab, h0 = a√

2πGn̄µ
(Ledoux 1951; Lubow & Pringle

2001). The length of the fastest growing mode in a cool-
ing medium is,

λfast =
(γeπa

2

γGµn̄

)1/2
(2)

(Vázquez-Semadeni et al. 1996); γe, is the effective poly-
tropic exponent, i.e. slope of the cooling curve shown in
Fig. 2, which for our choice of the initial gas density, n̄,
turns out to be ∼ 0.9 where as, γ = 5/3, is the adia-
batic gas constant. The equilibrium pressure at density,
n̄, according to the cooling curve is 7500 K cm−3. We
perform three realisations with different choice of the
initial gas temperature, and therefore, thermal pressure,
Ptherm, away from its equilibrium magnitude as can be
seen from Table 1.

2.1 Numerical algorithm

Numerical simulations were performed using the well-
tested Smoothed particle hydrodynamics (SPH) code
SEREN in its energy and momentum conserving for-
malism with an adaptive gravitational softening length
(Hubber et al. 2011). Simulations were developed with
the standard cubic-spline kernel with each SPH par-
ticle having approximately 50 neighbours. We note,
some concerns have been reported in the literature (e.g.
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confined by the ICM has been shown in this cartoon. The small
ICM exerts pressure, pext, externally on all faces of the slab as
demonstrated by the direction of arrows.
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tropic exponent, i.e. slope of the cooling curve shown in
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turns out to be ∼ 0.9 where as, γ = 5/3, is the adia-
batic gas constant. The equilibrium pressure at density,
n̄, according to the cooling curve is 7500 K cm−3. We
perform three realisations with different choice of the
initial gas temperature, and therefore, thermal pressure,
Ptherm, away from its equilibrium magnitude as can be
seen from Table 1.

2.1 Numerical algorithm

Numerical simulations were performed using the well-
tested Smoothed particle hydrodynamics (SPH) code
SEREN in its energy and momentum conserving for-
malism with an adaptive gravitational softening length
(Hubber et al. 2011). Simulations were developed with
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•  分子雲中でのコアの形成過程をSPHで追った。	  
•  特に(a)熱的不安定(TI)と重力不安定(GI)の相互作用、(b)warm	  gasとcool	  gas、(c)これま
で報告されたコアに矛盾しないかに興味がある。	  

•  R=2.5	  pc,	  n=250	  cm-‐3の板を考える。加熱冷却も考慮。	  
•  初期に重力的にsuper	  cri)calなcase	  1は半径方向に収縮、subなcase	  2,3はフラグメント。	  
•  FIg.3を見るとフィラメントに見える大きな構造が分裂して小さなコアになるヒエラルキー。	  
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dense clumps via fragmentation of gas that is allowed
to cool. The average smoothing length, havg, in each of
the three realisations is sufficiently small to satisfy the
above mentioned resolution criterion at the length-scale
of fragmentation, λfast, defined by Eqn. (2).
In SPH the ICM is modelled with special type of par-

ticles that interact with normal gas particles only via
the hydrodynamic force and are maintained at a fixed
temperature, Ticm, throughout the entire length of each
simulation. The temperature of ordinary gas particles,
on the other hand, was determined by solving the equa-
tion for internal energy, modified suitably using the
function below to account for cooling of the warm gas.
Gas particles were allowed to cool by employing a para-
metric cooling function(Λ), defined by Eqn. (3) below
and plotted in Fig. 2. The curve can be readily iden-
tified as the thermal equilibrium curve for gas in the
interstellar medium (e.g. Wolfire et al. 1995). We also
assume a constant background source of heating defined
by the heating function(Γ),

Γ = 2.0× 10−26erg s−1,

Λ(T )

Γ
= 107exp

(−1.184× 105

T + 1000

)

+ 1.4× 10−2√T exp
(−92

T

)

cm3,

(3)
(Koyama & Inutsuka 2002; Vázquez-Semadeni et al.
2007).
Identifying gas clumps

We employed the robust HOP algorithm suggested by
Eisenstein & Hut (1998) to identify clumps within the
density field. The algorithm proceeds by first identi-
fying the local density peaks in a given density field,
followed by a neighbour search for each of the identified
density peaks. For the purpose, we need three density
thresholds : ρpeak, ρsaddle and ρouter. An initial scan of
the density field was carried out and SPH particles with
density higher than, ρpeak ∼ 104cm−3, were identified
as density peaks, or in other words, the seed-particles
for clumps. This choice of the density threshold is suf-
ficiently large for the extant purpose of studying the
onset of core-formation. The density at the edge of a
fragment is denoted as, ρouter, and ρouter ∼ 0.2ρpeak.
The density field was then re-scanned with this density
threshold to identify immediate neighbours of the previ-
ously identified density peaks. Finally, two clumps were
merged together to form a contiguous object if a parti-
cle and its nearest neighbour appeared in two different
clumps and if the average density of these two particles
turned out to be greater than ρsaddle ∼ 0.1ρpeak. The
radius of a clump was calculated as, rclump = max(<
rc − ri >), i ∈ (1, Nclump) and c, the identifier of the
seed-particle for a clump. Finally, the mass of a clump
was calculated as, Mclump = Σclumpr

2
clump; Σclump, be-

ing the average surface density of a detected clump, and

Σclump ∼
1

Nclump

Nclump
∑

p=1

ρphp

where, hp and, ρp, are respectively the smoothing length
and density, of a particle belonging to a clump. The
summation in the expression above is over the number
of particles, Nclump, that constituted a clump.

3 Results

3.1 Evolution of the pressure-confined slab

Under confinement from external pressure, pext, the
gas-slab fragments to produce clumps, some of which
are isolated, many other appear contiguous 3. In the
absence of any external perturbations structure in the
density field is seeded purely by numerical noise. While
the slab in each of the three cases evolves in a mutually
similar fashion, in case 1, where the slab was initially
gravitationally super-critical, it also exhibits a tendency
to contract in the radial direction. In the remaining
two realisations the slab does not contract in the radial
direction, but fragments, though the fragmentation-
timescale successively increases in these two realisa-
tions, viz. 2 and 3. Shown in Fig. 3 are rendered images
of the mid-plane of the slab in case 2. That the slab soon
becomes flocculated can be seen from the picture on the
central-panel of this figure. On the right-hand panel in
this figure is the picture showing the fragmented slab at
the time of terminating calculations in this realisation.
At this epoch the slab is replete with filamentary struc-
ture and smaller cores appear to have begun forming
along the length of some of these filaments.
Rendered images in Fig. 3 also suggest that the frag-

mentation has probably been hierarchical, in the sense
that we observe formation of larger, contiguous clumps
that appear filament-like, which then sub-fragment to
form smaller cores. However, we could not track the
process further due to lack of adequate computational
resources. Indeed, during the early stages of fragmen-
tation some clumps do merge to form larger clumps.
Shown on the upper panel of Fig. 4 for instance, is the
rendered density plot of a small section of the frag-
mented slab. These pictures demonstrate the merger
of clumps to form a single contiguous object that inci-
dentally looks filament-like. But this is not to suggest
that filamentary objects form exclusively via merger of
smaller fragments. Observational evidence for such oc-
currence in molecular clouds has been reported; star-
formation in the Serpens molecular cloud, for instance,
appears to have been triggered due to collision between
two smaller clumps of molecular gas (e.g. Duarte-Cabral

3Clumps that appear contiguous will hereafter be described as
filamentary.
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Figure 3. Plot showing rendered density images of a projection of the mid-plane of the slab in case 2. Time measured in Myrs has
been marked on the top right-hand corner and spatial coordinates in units of parsecs.
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Figure 2. The thermal equilibrium curve showing a plot of gas
pressure against its density.

Hobbs et al. 2013), about the suitability of the classi-
cal SPH algorithm to investigate the fragmentation of
a cooling gas on account of its inability to handle the
mixing between hot and cold gas particles. It would
be appropriate to point out that the said problem re-
ported by these authors is in the extreme environment
of Galactic accretion where gas temperature is at least
five orders of magnitude higher than that in the present
work so that the supposed difficulty with the mixing
between two species of SPH particles could present a
problem. This is unlikely in the present work where we
are working with gas at a temperature not greater than
a few hundred Kelvin. On the contrary, SPH has been
routinely used to study problems such as the formation
of Giant molecular clouds (GMCs) in the galactic disk
via fragmentation of gas that is allowed to cool (e.g.
Dobbs et al. 2012; Bonnell et al. 2013), a problem that
is of a similar nature to the one at hands in this work,
but of course, on a much larger spatial scale. Neverthe-

less, in order to mitigate any such eventuality we use the
prescription of artificial conductivity suggested by Price
(2008). The Riemann artificial viscosity prescribed by
Monaghan (1997) is used in these calculations with the
corresponding viscosity parameter, α = 0.5.
The average initial smoothing length of a particle,

havg, is defined as

h3
avg ∼

3Vgas

32π

(Nneibs = 50

Ngas

)

;

Vgas is the volume of the slab. Each simulation in this
work was developed using 3.83×105 gas particles. For
the magnitude of the average smoothing length, havg,
listed in column 11 of Table 1, the resolution criterion
defined by Hubber et al. (2006), the SPH equivalent
of the well-known Truelove condition (Truelove et al.
1997), is readily satisfied down to the typical size of a
prestellar core (∼ 0.2 pc), at 104 cm−3 and 10 K. This
is good enough to study the formation of filaments and
clumps in the post-fragmentation gas-slab. Also, note
that the average smoothing length, havg, is at least an
order of magnitude smaller than the slab-height so that
there is sufficient spatial resolution along this direction
as well. However, although this choice of resolution is
sufficient to prevent artificial fragmentation on the scale
of a typical prestellar core in this work (at l ∼0.2 pc), it
is inadequate to achieve convergence in the calculation
of physical quantities such as energy and momentum of
the gas on this scale (see Federrath et al. 2014 & 2011).
To this end these authors have suggested a much more
stringent criterion, l

havg
! 30, to be able to satisfacto-

rily follow the dynamics on this scale. This adventure
would of course, demand at least an order of magnitude
increase in the number of gas particles. But we are not
particularly concerned about this matter as it is not our
intention to follow here the evolution of individual cores.
Our immediate interest lies in demonstrating the initial
stage of prestellar core-formation, i.e., the formation of
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TIとGIの成長率を調べた。ωとkの分散関係。	  
初期に重力的にsuperなcase	  1ではGIが発達。	  
速度、密度の分布やMss-‐size関係も調べている。	  
	  
	  
・・・	  
	  
	  
	  
	  
まとめると、	  
分子雲は安定で低温、安定で高温、不安定な3つが混ざって
いる。	  
フラグメントは熱的不安定で始まりフィラメントができ、質量降
着や合体で重力不安定を起こしてコアができる。	  
これらの不安定性によって、dense	  coreなどでよく観測される
ような弱い速度場が得られる。	  
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Ballesteros-Paredes, J, González, R. & Klessen, R., 2007,
ApJ, 657, 87
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Figure 6. Comparative plots of the growth rates of the gravita-
tional and the thermal instability in cases 1, 2 and 3 have been
shown on respectively, the top, middle and the lower panel.
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spatial region in these simulations and satisfies the Tru-
elove criterion for resolution so that artificial fragmen-
tation is unlikely. Although we have demonstrated here
the process of clump-formation using only a relatively
simple cooling function, a more realistic treatment of
the process in which molecular gas attains thermal equi-
librium would need the appropriate molecular chemistry
(see e.g. Glover et al. 2010). We leave this for a future
work.
At this point a comparison of rates at which the

TI and the GI grow, will prove useful in unravelling
the fragmentation process. It will help us understand
which of the two instabilities are responsible for clump-
formation in a MC. During fragmentation it is likely,
cooling at a given pressure and density, both have a
destabilising effect on gas within the slab. In this case
the TI grows approximately on the thermal timescale as
perturbations need not wait for a pressure equilibrium
to become unstable. The thermal timescale -

τTI ≡
Etherm(T )

(nΛ(T )− Γ)
, (7)

so that its growth-rate,

ωTI =
1

τTI
. (8)

The growth-rate, ωTI , given by Eqn. (8) above was cal-
culated by distributing the SPH particles on a 2563 grid
in the k-space. The average density weighted temper-
ature for each cell on this grid was then calculated
and followed by the evaluation of the cooling func-
tion, (nΛ(T )− Γ), for that cell. The expression for the
growth-rate of the GI on the surface of the slab, on the
other hand, from the usual Jeans-analysis, is

ωJ ≡ (4πGµn̄)1/2 (9)

(Jeans 1928), which is also similar to that suggested
by Elmegreen & Elmegreen(1978) and Ledoux (1951),
though the former suggest growth-rate higher by a fac-
tor of 2 than that given by Eqn. (9), and therefore, is
unlikely to alter conclusions drawn here.
Plotted on the upper, middle and the lower panel

of Fig. 6 are respectively, the measured growth rates
for the TI and the GI for cases 1, 2 and 3. It is clear
that in each of the three test cases the slab fragments
via a confluence of the TI and the GI. A common fea-
ture visible in these plots for cases 2 and 3 is the sub-
servience of the GI relative to the TI suggesting, the
fragmentation is largely driven by the TI, the growth
of which is the strongest in case 3. On the contrary,
the GI grows more strongly as compared to the TI in
case 1, where the initial distribution of gas in the slab
was gravitationally super-critical (See Col. 12 of Table
1). Realisation 3 is the one that has the highest initial
gas temperature and therefore departed strongly from
thermal equilibrium (equilibrium temperature, Teq ∼

30 K). The TI-induced fragmentation is hierarchical as
the slab first fragments on large spatial scales and then
trickles down to smaller spatial scales, i.e. higher wave-
numbers. Growth of either instability in each realisation
begins on the length-scale, Lfast, defined by Eqn. (2)
and can be seen from the plots shown in Fig. 6.
Fall in the growth-rate of the TI at a length-scale

indicates a lower rate of cooling at that length-scale
which means gas there is closer to acquiring thermal
equilibrium. The reduction in the growth-rate of the
TI, as is visible from these plots is impermanent and
picks-up as the slab continues to fragment. The situa-
tion in the fragmenting slab is dynamic so that pressure
adjustments happen quickly. The relatively large frag-
ments break up further as they continue to cool, a pro-
cess that is simultaneously associated with the steadily
rising strength of gravity. This is evident from the ob-
served rise in the growth-rate of the GI with passage
of time. Also, it appears, the TI-induced fragmentation
was not complete at the time of terminating these cal-
culations. However, in all the test cases its growth does
appear to be slowing at higher wave-numbers (smaller
spatial-scales ), as it should when fragments are ap-
proaching their equilibrium temperature. This slowing
is more prominently visible in the plots for Case 1 where
the slow-down is visible at all wave-numbers. As noted
earlier, we could not follow the later stages when these
smaller fragments would likely begin to collapse. In the
following section, we will separately examine some phys-
ical properties of the gas and the clumps detected in
these simulations.

4 Some diagnostic properties of gas

As we are concerned with the behaviour of gas in the
prestellar phase, it is crucial to examine the distribution
of its other physical properties. In this regard, we call
attention to the distribution of gas velocity and den-
sity before examining the properties of cores detected
in each realisation.
(1) The velocity probability distribution function

(PDF) Of significant importance to the process of frag-
mentation is the behaviour of the relatively cool gas,
typically found at a few ten Kelvin. We therefore de-
scribe as cold, gas cooler than 15 K, and warm, that is
at temperature higher than 15 K. This threshold of gas
temperature is suitable to study the kinematic proper-
ties of potential star-forming gas. Histograms showing
the distribution of gas velocity on either side of the tem-
perature threshold have been plotted on the upper and
the lower panel of Fig. 7 for each of the three reali-
sations. We note that apart from the variation in the
magnitude of velocity, the respective histograms show
little mutual variation. The magnitude of gas velocity
increases successively with increasing initial gas tem-
perature in the three realisations. Also, in each of these
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spatial region in these simulations and satisfies the Tru-
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τTI ≡
Etherm(T )

(nΛ(T )− Γ)
, (7)

so that its growth-rate,

ωTI =
1

τTI
. (8)

The growth-rate, ωTI , given by Eqn. (8) above was cal-
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ωJ ≡ (4πGµn̄)1/2 (9)
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unlikely to alter conclusions drawn here.
Plotted on the upper, middle and the lower panel

of Fig. 6 are respectively, the measured growth rates
for the TI and the GI for cases 1, 2 and 3. It is clear
that in each of the three test cases the slab fragments
via a confluence of the TI and the GI. A common fea-
ture visible in these plots for cases 2 and 3 is the sub-
servience of the GI relative to the TI suggesting, the
fragmentation is largely driven by the TI, the growth
of which is the strongest in case 3. On the contrary,
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was not complete at the time of terminating these cal-
culations. However, in all the test cases its growth does
appear to be slowing at higher wave-numbers (smaller
spatial-scales ), as it should when fragments are ap-
proaching their equilibrium temperature. This slowing
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earlier, we could not follow the later stages when these
smaller fragments would likely begin to collapse. In the
following section, we will separately examine some phys-
ical properties of the gas and the clumps detected in
these simulations.

4 Some diagnostic properties of gas

As we are concerned with the behaviour of gas in the
prestellar phase, it is crucial to examine the distribution
of its other physical properties. In this regard, we call
attention to the distribution of gas velocity and den-
sity before examining the properties of cores detected
in each realisation.
(1) The velocity probability distribution function

(PDF) Of significant importance to the process of frag-
mentation is the behaviour of the relatively cool gas,
typically found at a few ten Kelvin. We therefore de-
scribe as cold, gas cooler than 15 K, and warm, that is
at temperature higher than 15 K. This threshold of gas
temperature is suitable to study the kinematic proper-
ties of potential star-forming gas. Histograms showing
the distribution of gas velocity on either side of the tem-
perature threshold have been plotted on the upper and
the lower panel of Fig. 7 for each of the three reali-
sations. We note that apart from the variation in the
magnitude of velocity, the respective histograms show
little mutual variation. The magnitude of gas velocity
increases successively with increasing initial gas tem-
perature in the three realisations. Also, in each of these
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as

Mfrag =
2a0P (r = rflat)S(r = rflat)

(Gρ)3/2
, (6)

rflat, being the radius of the filament over which gas
density remains approximately uniform before turning
over in its wings.

3 Physical details

3.1 Initial conditions

In this demonstrative work we began by placing a non-
self gravitating uniform-density cylindrical distribution
of molecular gas in pressure equilibrium with its sur-
rounding medium. To this initial distribution of gas we
assigned a feducial temperature (see Table 1). In this
work the gas pressure and pressure exerted by the ex-
ternal medium are purely of thermal nature. While am-
bient physical conditions such as the turbulent Mach
number in a MC could possibly influence filament prop-
erties, we leave this aspect of the problem for future
investigation. Other free parameters in the set-up were,
the length of the cylinder, L= 5 pc, contrast, D=10,
between the initial gas density within the cylinder and
its surrounding medium, the average initial gas density
within the cylinder, n̄gas = 600 cm−3 and the initial
mass line-density, (Ml)init. This choice of gas density
is also consistent with densities found in a typical star-
forming cloud (e.g. André et al. 2013). The temperature
of the confining medium is calculated by using the con-
dition of pressure-balance at the surface of the cylinder.
The initial radius of the cylinder was calculated using
Eqn. (4) above. Though simple, this set of initial condi-
tions is suitable for the extant purposes of studying the
origin of the density profile and the temperature pro-
file of a typical filament and the formation of prestel-
lar cores along the length of this filament. Parameters
used in the realisations performed in this work have
been listed in Table 1. Sinusoidal density perturbations
along the length of the initial distribution of gas were
imposed in five simulations; see Table 1. These pertur-
bations were imposed by revising particle positions, xp,
to x′

p, such that the following expression was satisfied,

xp = x′
p +

ALJeans

2π
sin(kx′

p)

(Hubber et al. 2006), where the wave-number, k =
nπ

LJeans
, the integer, n = 1, 2 for respectively, the funda-

mental mode and the second harmonic; A = 0.1, is the
amplitude of perturbations.
The number of gas particles in a simulation are cal-

culated according to -

Ngas =
1

8
·
3

4π
·Nneibs ·

( Vinit

h3
avg(init)

)

,

where, Vinit, is the volume of the initial distribution
of gas, while the initial average smoothing length,
havg(init), was set equal to 0.25LJeans/χ; χ being the
resolution parameter listed in column 11 of Table 1 and
defined by Eqn. (10) below; the Jeans length, LJeans ∼
0.08 pc, at the density threshold(∼ 10−19 g cm−3),
adopted for representing prestellar cores in this work at
a temperature of 10 K. Particles representing the initial
distribution of gas were assembled by extracting a cylin-
der of unit size and length from a pre-settled glass like
distribution. This unit-cylinder was then stretched to
the desired dimensions and then placed in a confining
medium of external-pressure, modelled using the ICM
particles. The envelope of ICM particles had a thickness,
30havg(init), along each spatial dimension of the cylin-
der. The ICM particles are special SPH particles that
exert only hydrodynamic force on the normal gas parti-
cles; gas particles on the other hand, exert both, gravi-
tational and hydrodynamic forces. The cylinder and its
confining medium were then placed in a box lined with
boundary particles that prevent SPH particles from es-
caping. Unlike the gas and the ICM particles, the bound-
ary particles are dead and do not contribute to SPH
forces. The layer of dead boundary particles was there
to simply hold the gas+ICM particles in the box and
prevent them from diffusing away. Particles within the
set-up were initially stationary as no external velocity
field was introduced.

3.2 Numerical method : Smoothed Particle
Hydrodynamics (SPH)

Simulations were performed using our well tested SPH

algorithm, SEREN, in its conservative energy mode
(Hubber et al. 2011). The SPH calculations in this work
also include contributions due to the artificial conduc-
tivity prescribed by Price (2008), to avoid any spurious
numerical artefacts possible due to the creation of a
gap between multi-phase fluids. An SPH particle, in this
work, had a fixed number of neighbours, Nneibs = 50.
Gas cooling was implemented by employing the cooling
function given by the equation below,

Λ(Tgas)

ΓCR
= 107exp

(−1.184× 105

Tgas + 1000

)

+

1.4× 10−2
√

Tgas

(−92

Tgas

)

cm3 (7)

(Koyama & Inutsuka 2002). Constant background heat-
ing due to cosmic rays is provided by the heating func-
tion, ΓCR = 2× 10−26 erg s−1. The temperature of an
SPH particle is calculated by revising its internal en-
ergy. The equilibrium temperature, Teq, attained by a
small SPH particle corresponds to equilibrium energy,
ueq, and the timescale, τ , over which energy is either
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epochs in realisation 2.
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Figure 8. Same as the plot in Fig. 3, but now for the cores that
form in the post-collapse filament in realisation 2.

distribution of gas density within the collapsing cylin-
drical cloud which, though remarkably similar to that
shown in Fig. 2 for the isothermal filament, is relatively
shallow (Plummer-like; p = 2 in Eqn. (11)). The radial
variation of the stability factor, S(r), within the collaps-
ing cylinder for this realisation has been shown in Fig. 6.
This plot is qualitatively similar to the one produced for
simulation 1 and shown earlier in Fig. 3. As with this
former plot, gas within the collapsing cylinder in this
case also always remains less than unity, S(r < R) < 1,
suggesting that gas is not in free-fall. Also, the filament
in this case is assembled on a timescale comparable to
that in the isothermal realisation. This is probably be-
cause, despite the gas-cooling, the collapsing gas is still
gravitationally sub-critical. A direct comparison of the
mass line-density, Ml(R), against the threshold for sta-
bility, (Ml)max, however, suggests otherwise. This is be-
cause, implicit in a comparison of this kind is the as-
sumption of isothermality and uniform distribution of
gas density within the post-collapse filament.
On the contrary, and as is evident from Fig. 7, the

gas temperature within the post-collapse filament is
hardly uniform. The cold central region of the filament
is cocooned by the relatively warm jacket of gas. The
innermost regions of this filament acquire an average
temperature of 10 K which is consistent with that re-
ported from observations of filamentary clouds in typ-
ical star-forming regions (see for e.g. Palmeirim et al.
2013; Arzoumanian et al. 2011; André et al. 2010). Fi-
nally, shown in Fig. 8 is the history of core-formation
in this filament. It is qualitatively similar to that for
the isothermal filament plotted in Fig. 4. To this end,
following the formation of the first core, the next set of
cores form relatively quickly. Also, the filament in the
second realisation, where gas was allowed to cool, be-
gins to form cores earlier than the isothermal filament
and in general, cores in the latter are somewhat less

PASA (2015)
doi:10.1017/pas.2015.xxx

Stability of filaments in star-forming clouds and the formation of prestellar cores in them 9

 100

 1000

 10000

 100000

 0.01  0.1  1

n/
[c

m
-3

]

r/[pc]

t=0.002 Myr
t=0.1 Myr
t=0.2 Myr
t=0.3 Myr
t=0.4 Myr
t=0.5 Myr
t=0.6 Myr
t=0.8 Myr

p=2

Figure 5. As in the plot shown in Fig. 1, this is the radial dis-
tribution of gas density within the collapsing filament at different
epochs in realisation 2.

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45

S(
r)

r/[pc]

t=0.01 Myr
t=0.2 Myr
t=0.4 Myr
t=0.9 Myr

Figure 6. As in Fig. 2, shown in this plot is the time-variation of
the stability factor, S(r), calculated for different radii at various
epochs of the collapsing filament in realisation 2.

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8

Te
m

p(
r)

/[K
]

r/[pc]

t=0.002 Myr
t=0.1 Myr
t=0.3 Myr
t=0.5 Myr
t=0.7 Myr
t=0.9 Myr

Figure 7. This plot shows the radial variation of density averaged
gas temperature at different epochs within the collapsing filament
in realisation 2.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 0.5  0.55  0.6  0.65  0.7  0.75  0.8  0.85  0.9  0.95

M
co

re
/[M

Su
n]

t/[Myr]

Figure 8. Same as the plot in Fig. 3, but now for the cores that
form in the post-collapse filament in realisation 2.

distribution of gas density within the collapsing cylin-
drical cloud which, though remarkably similar to that
shown in Fig. 2 for the isothermal filament, is relatively
shallow (Plummer-like; p = 2 in Eqn. (11)). The radial
variation of the stability factor, S(r), within the collaps-
ing cylinder for this realisation has been shown in Fig. 6.
This plot is qualitatively similar to the one produced for
simulation 1 and shown earlier in Fig. 3. As with this
former plot, gas within the collapsing cylinder in this
case also always remains less than unity, S(r < R) < 1,
suggesting that gas is not in free-fall. Also, the filament
in this case is assembled on a timescale comparable to
that in the isothermal realisation. This is probably be-
cause, despite the gas-cooling, the collapsing gas is still
gravitationally sub-critical. A direct comparison of the
mass line-density, Ml(R), against the threshold for sta-
bility, (Ml)max, however, suggests otherwise. This is be-
cause, implicit in a comparison of this kind is the as-
sumption of isothermality and uniform distribution of
gas density within the post-collapse filament.
On the contrary, and as is evident from Fig. 7, the

gas temperature within the post-collapse filament is
hardly uniform. The cold central region of the filament
is cocooned by the relatively warm jacket of gas. The
innermost regions of this filament acquire an average
temperature of 10 K which is consistent with that re-
ported from observations of filamentary clouds in typ-
ical star-forming regions (see for e.g. Palmeirim et al.
2013; Arzoumanian et al. 2011; André et al. 2010). Fi-
nally, shown in Fig. 8 is the history of core-formation
in this filament. It is qualitatively similar to that for
the isothermal filament plotted in Fig. 4. To this end,
following the formation of the first core, the next set of
cores form relatively quickly. Also, the filament in the
second realisation, where gas was allowed to cool, be-
gins to form cores earlier than the isothermal filament
and in general, cores in the latter are somewhat less
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distribution of gas density within the collapsing cylin-
drical cloud which, though remarkably similar to that
shown in Fig. 2 for the isothermal filament, is relatively
shallow (Plummer-like; p = 2 in Eqn. (11)). The radial
variation of the stability factor, S(r), within the collaps-
ing cylinder for this realisation has been shown in Fig. 6.
This plot is qualitatively similar to the one produced for
simulation 1 and shown earlier in Fig. 3. As with this
former plot, gas within the collapsing cylinder in this
case also always remains less than unity, S(r < R) < 1,
suggesting that gas is not in free-fall. Also, the filament
in this case is assembled on a timescale comparable to
that in the isothermal realisation. This is probably be-
cause, despite the gas-cooling, the collapsing gas is still
gravitationally sub-critical. A direct comparison of the
mass line-density, Ml(R), against the threshold for sta-
bility, (Ml)max, however, suggests otherwise. This is be-
cause, implicit in a comparison of this kind is the as-
sumption of isothermality and uniform distribution of
gas density within the post-collapse filament.
On the contrary, and as is evident from Fig. 7, the

gas temperature within the post-collapse filament is
hardly uniform. The cold central region of the filament
is cocooned by the relatively warm jacket of gas. The
innermost regions of this filament acquire an average
temperature of 10 K which is consistent with that re-
ported from observations of filamentary clouds in typ-
ical star-forming regions (see for e.g. Palmeirim et al.
2013; Arzoumanian et al. 2011; André et al. 2010). Fi-
nally, shown in Fig. 8 is the history of core-formation
in this filament. It is qualitatively similar to that for
the isothermal filament plotted in Fig. 4. To this end,
following the formation of the first core, the next set of
cores form relatively quickly. Also, the filament in the
second realisation, where gas was allowed to cool, be-
gins to form cores earlier than the isothermal filament
and in general, cores in the latter are somewhat less
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by taking a transverse section through the mid-plane of
the filament. The inwardly propagating compressional
disturbance is evident from the density plots at early
epochs of the collapse. As the gas is steadily accumu-
lated in the central plane of the cylinder, the density
of gas there rises and eventually develops a profile that
matches very well with the one suggested by Ostriker
(1964),

ρ(r) =
ρc

[

1 +
(

r
rflat

)2]p/2
; (11)

with p = 4. Here ρc ≡ ρ(r = rflat); rflat being the ra-
dius at which the density profile develops a knee. The
density of this filament falls-off relatively steeply in the
outer regions which is consistent with that reported by
Malinen et al. (2012) for typical filamentary clouds in
the Taurus MC. Furthermore, this figure also shows,
rflat ∼ 0.1 pc, which is comparable to the radius of typ-
ical filaments found in eight nearby star-forming clouds
in the Gould-Belt (e.g. Arzoumanian et al. 2011; Andre
et al. 2014).
Another interesting conclusion that can be drawn

from this realisation is that about the stability of a fil-
amentary cloud. It can be seen from Fig. 2 that the
centrally assembled, post-collapse dense filament at the
epoch when calculations for this realisation were termi-
nated, has a radius on the order of 0.1 pc, the point
at which the density-profile develops a knee. An aver-
age density of ∼ 10−19 g cm−3, the threshold for core-
formation in these calculations, would suggest a mass
line-density, Ml ∼ 50 M⊙ pc−1, for this post-collapse
filament which is significantly higher than, (Ml(Tgas =
25K))max ∼ 41 M⊙ pc−1. The filament would therefore
be expected to be in free-fall and should collapse rapidly
to form a singular line. However, such is not to be the
case and Fig. 3 shows that the collapsing cylindrical
cloud, or indeed the post-collapse filament, in fact, re-
mains sub-critical at all radii, r < R. We will discuss
later in §5.1 the implications of this finding for the clas-
sification of observed filamentary clouds in typical star-
forming regions.
In Fig. 3 we have shown the radial variation of the sta-

bility factor, S(r), defined by Eqn. (3), and integrated
over the radius of the collapsing cylindrical cloud. For
the purpose, using the Sturges criterion for optimal
bin-size (Sturges 1926), we divided the cylindrical dis-
tribution of gas into a number of concentric cylinders
having incremental radii in the radially outward direc-
tion. Number of these concentric cylinders is given by,
Ncyl = (1 + ln(Ngas)); Ngas being the number of gas
particles in a realisation. The innermost cylinder would
therefore have the smallest radius and radii of successive
cylinders in the outward direction would be incremented
by a small increment, dr. Thus, if ri is the radius of the
ith cylinder, then the radius of the (i + 1)th cylinder is

simply, ri+1 = ri + dr; dr ≪ R. The initial distribution
of gas in this case was characterised by S(R) ∼ 1.
Evident from the plot shown in Fig. 3 is the fact

that the gravitational state of the collapsing cylinder
does not vary during the process. Within the cylinder
gas always remains gravitationally sub-critical so that,
S(r < R) < 1, although it does rise steadily close to the
centre where the density is the highest in the post-
collapse filament. In other words, shells of gas within
the collapsing cylinder though self-gravitating, are not
essentially in free-fall. That this must be the case is also
evident from the density plots shown in Fig. 1. From
these plots it can be seen that gas inside the collapsing
cylinder has a relatively small velocity in comparison
with that in the outer regions that is pushed in by the
compressional wave. Also, the observed outside-in type
of collapse lends greater credence to the conclusion that
gas within the collapsing cylinder must be gravitation-
ally sub-critical, for had it been super-critical, the col-
lapse would have been of the inside-out type, i.e., the
innermost regions of the cylinder would have collapsed
rapidly followed by the outer regions.
We had presented a similar argument in an earlier

work (Anathpindika & di’ Francesco 2013), where hy-
drodynamic models developed to explain why some
prestellar cores failed to form stars despite having
masses well in excess of their respective Jeans mass,
were discussed. In that work it was demonstrated that
cores could indeed contract in the radial direction with-
out becoming singular (i.e., a free-fall collapse was not
seen in these cores), if the mass of infalling gas at radii
within the core was smaller than the local Jeans mass, or
equivalently, we had suggested that the Jeans condition
had to be satisfied at all radii within a collapsing core
for it to become singular (protostellar). In the present
work we have used the mass line-density instead of the
thermal Jeans mass to discuss the stability of a cylindri-
cal volume of gas. We observe, the collapsing cylinder
appears to evolve through quasi-equilibrium configura-
tions where thermal pressure provides support against
self-gravity and a radial free-fall does not ensue. In-
terestingly, we observe that prestellar cores can indeed
form in a filamentary cloud that is not in radial free-fall.
These cores acquire mass by accreting gas and shown
in Fig. 4 is the accretion history of these cores.
Realisation 2 is a repetition of the previous simulation

but the gas temperature was now calculated by solving
the energy equation and further, the energy of a gas
particle was corrected according to Eqn. (9) to account
for gas cooling/heating. As with the isothermal cylin-
drical cloud in the previous realisation, the marginally
super-critical initial distribution of gas in this case also
begins to collapse in the radial direction. And, as in the
previous case the inwardly propagating compressional
wave assembles a dense filament of gas along the axis of
the initial cylindrical cloud. Shown in Fig. 5 is the radial
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Figure 9. Upper-panel: Rendered image showing a projection of
the mid-plane of the post-collapse filament(t=1.) in realisation 6
(only a small volume of the medium confining the filament has

been shown on this plot). Fine black blobs on top of the image
represent the positions of cores in the post-collapse filament at
the time of termination of calculations. Perturbations, in this re-
alisation, were imposed on the length-scale LJeans, defined by
Eqn. (5). Not all density perturbations have condensed at this
epoch, but those that are relatively closely spaced are separated
on a scale on the order of LJeans ∼ 0.08 pc.Lower-panel: Same as
the picture shown in the upper- panel, but now for the realisation
4 that was developed with a somewhat lower resolution, though
sufficient to avoid artificial fragmentation along the length of the
post-collapse filament.

Figure 10. Similar to the plot shown in Fig. 8, but with pertur-
bations now imposed on the length-scale, LJeans/2 (the second
harmonic), in realisation 7. Again, not all density perturbations
have condensed at this epoch, but those that are relatively closely
spaced are separated on a scale on the order of LJeans/2 ∼ 0.04
pc.

massive than those in the former. This is the result of a
higher mass line-density of the cooling filament relative
to the isothermal filament in the earlier realisation.
In realisation 1, for instance, where no external per-

turbations were imposed, we observed that the separa-
tion between cores in the post-collapse filament was on
the order of the corresponding Jeans length. Next, we
use the same set of initial conditions as those for reali-
sation 2 in this next set of four realisations namely, 4,
5, 6 and 7, but now by imposing perturbations on the
initial distribution of gas as described in §3.1. Perturba-
tions for realisation 4 were imposed on the scale of the
fragmentation length defined by Eqn. (5), which at 10
K and average density, ∼ 10−19 g cm−3, the threshold
for core-formation, is LJeans ∼ 0.08 pc. We define this
as the fundamental mode of perturbation. In the next
realisation, numbered 5 in Table 1, we imposed the sec-
ond harmonic of this perturbation. We repeat this set
of two calculations with a higher number of particles,

labelled 6 and 7 respectively, in Table 1. As with the gas
in realisation 2 that was subject to cooling, in this case
also, we observe that the initial distribution of gas col-
lapsed radially to form a thin filament aligned with the
central axis of the cylinder. Shown in Figs. 9 and 10 are
the rendered images of the post-collapse filaments that
form in realisations 6 and 7, those that have the best
resolution in this set of calculations. For comparison
purposes we have also shown a plot of the post-collapse
filament from realisation 4 on the lower-panel of Fig.
9. The physical parameters for this realisation are the
same as those for realisation 6, but was developed with
a slightly lower, albeit sufficient resolution to prevent
artificial fragmentation (Truelove criterion satisfied). A
comparison of the plots on the two panels of Fig. 9
suggests little qualitative difference between the out-
comes from the respective realisations. We must, how-
ever, point out that while the satisfaction of the resolu-
tion criterion defined by Eqn. (10) above is sufficient to
ensure there is no artificial fragmentation, as is indeed
seen in this work, it is unlikely to be sufficient to obtain
convergence in calculations of energy and momentum of
the collapsing gas (Federrath et al. 2014). In fact, be-
low we compare the sink-formation timescales and the
magnitude of gas-velocity in the radial direction within
the post-collapse filament.
Evidently, cores in the post-collapse filament indeed,

appear like beads on a string. However, we note that not
all density perturbations had collapsed to form cores
when calculations were terminated. A few more would
be expected to form in this filament, but the extant
purpose of demonstrating a Jeans-type fragmentation
of this post-collapse filament is served with the set of
cores that can be seen on either rendered image. Finally,
shown in Figs. 11 and 12 are the accretion histories
for cores that form in realisations 6 and 7, respectively.
There is not much difference between the timescale of
fragmentation, as reflected by the epoch at which the
first core appears in either realisation. Although, the
formation of cores after the first one, in realisation 7 is
somewhat delayed and form over a timescale of 105 yrs,
as against those in case 6 which form relatively quickly
after the first core appears. However, it is likely that
a more significant difference between timescales would
be visible for a higher harmonic. Also evident from the
comparative plots shown in Fig. 11 is the absence of
convergence in the timescale of sink-formation and the
mass of sink-particles in the two realisations likely due
to inadequate numerical resolution as was discussed in
§3.3. Crucially, the number of sink particles remains the
same irrespective of the choice of resolution which, it
was argued previously is sufficient to prevent artificial
fragmentation even for the realisation with the lowest
realisation in this work. Also, the accretion histories for
sink-particles in either case are qualitatively similar.
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Stability	  of	  filaments	  in	  star-‐forming	  clouds	  and	  the	  forma)on	  of	  prestellar	  cores	  in	  them	  
S.	  Anathpindika	  and	  J.	  Freundlich	  (2015)	

•  ガスの温度を上げて初期にsub-‐cri)calな場合も調べた。	  
à細くなるのではなく押しつぶされた。	  

•  高密度フィラメントを作るためには少なくともcri)cally	  stable	  (S(R)~>1)でなければなら
ない。	  

•  S(R)~1の状態は10	  Kの等温一様密度を仮定すると重力的にsuper-‐cri)calに見える。	  
•  自由落下していなくても軸上にコアはできる。	  
•  フィラメントで観測されるPlummer密度分布は地場なしでも作れる。	  
•  解析的にもPlummer密度分布から自由落下しないとわかる。	  
•  観測的にもフィラメントで自由落下でないインフォールを示すフィラメントの例がある

(DR21,	  Perseus	  MC,	  Serpens	  MC)。	  
•  自由落下でないとすると、極端に強い減光を示すフィラメントがないことや、フィラメン
トの幅がどの領域でも同じことを説明できる。	
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Figure 14. Radial distribution of the density averaged gas tem-
perature within the post-collapse globule in realisation 8 at the
time of termination of calculations (t = 2.5 Myrs).

Figure 15. A rendered density image showing a projection of
the mid-plane of the elongated globule in simulation 8. Time in
the top left-hand corner of the image is marked in Myrs (t = 2.5
Myrs ).
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Figure 16. Gas within the post-collapse globule shown in Fig.
14 exhibits a weak velocity field. The inwardly directed gas in the
outer regions of the globule as it is being squashed has negative
velocity on this plot.

tral regions of the dense filament in case 1, gas away
from the central axis is significantly warmer. The rel-
atively large gas temperature renders it gravitationally
sub-critical and so, it is unable to collapse radially to as-
semble a thin dense filament along the axis of the initial
distribution. Instead, it begins to be squashed from ei-
ther side and proceeds to form an elongated spheroidal
gas-body as can be seen in the rendered density image
shown in Fig. 15. Overlaid on this image are density con-
tours that readily reveal evidence of sub-fragmentation
to form smaller cores along the cold central region of
the globule; velocity vectors on this image indicate the
direction of local gas-flow within the elongated globule.
The magnitude of this velocity field has been plot-

ted in Fig. 15. Note that the magnitude of this velocity
field is consistent with that derived for typical cores
(e.g. Motte et al. 1998; Jijina et al. 1999). However, the
local direction of the velocity field is unlikely to reveal
much about the boundedness of a core which reinforces
our suggestion made in an earlier work related to mod-
elling starless cores. There it was shown, a core could
remain starless despite exhibiting inwardly pointed ve-
locity field which usually, is indicative of a gravitational
collapse (Anathpindika & diFrancesco 2013). Formation
of sub-structure within this globule can be identified
with the aid of density contours. This indicates the on-
set of sub-fragmentation. The fragments, at this epoch
though, have not reached the density threshold for cores
adopted in this work.

5 Discussion

Prestellar cores usually appear embedded within dense
filamentary clouds. Understanding the morphology of
these clouds is therefore crucial towards unravelling the
details of the star-forming process. In the present work
we explore the possibility of formation of prestellar cores
along the length of a filamentary cloud. To this end
we developed hydrodynamic simulations starting with
a cylindrical distribution of gas and separately studied
its evolution when it was gravitationally sub-critical and
super-critical. We identify two possible modes of evolu-
tion : one, when the initial cylindrical distribution of gas
is either marginally super-critical(S(R) ! 1), or even
critically stable(S(R) ∼ 1), a thin dense filament forms
as a result of radial collapse of the initial distribution
of gas. The post-collapse filament continues to accrete
gas during in-fall and prestellar cores form along the
length of this filament via a Jeans-like instability. In
literature this mode has been identified as a tendency
to form a spindle (e.g. Inutsuka & Miyama 1998); and
two, when the initial distribution of gas is gravitation-
ally sub-critical(S(R) <1), it tends to get squashed and
forms a spheroidal globule that is in approximate pres-
sure equilibrium with its confining medium. The rela-
tively cooler regions of this globule show evidence for

PASA (2015)
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Mopra	  CO	  Observa)ons	  of	  the	  Bubble	  HII	  Region	  RCW120	  
Loren	  Anderson	  et	  al.	  (2015)	

•  よく知られたHII	  regionの円状バブル構造は一様膨張を示す。	  
•  しかし、球殻では説明できず<10	  pcの薄いシート内でできた2次元のリングとするものも。	  
•  バブルの幾何は誘発的星形成の理解にとって重要(2Dリングではあまりできない)。	  
•  RCW	  120	  (d=1.3	  kpc)は20のClass	  I/IIを含むがバブル(D=3.8	  pc)の中心に2個しかない

à2Dリングか?	  

•  Mopraで12CO,	  13CO,	  C17O,	  C18O。速度分解能は0.7	  km/s。	  
•  Hαで見える吸収は手前にあるはずで、球状膨張していれば青方偏移しているはず。	  
•  吸収部(Absorp)on)、吸収なし(No	  Absorp)on)、両方(Interior)、PDRでスペクトルを比較。	  

– 22 –

Fig. 1.— H↵ emission of RCW120 from SuperCosmos (Parker et al. 2005). The map covers

the same area as our Mopra observations, and is 200 square, centered at (`, b) = (348.282�,

0.498�), and oriented in Galactic coordinates. The north and west directions are indicated.

The location of the ionizing source (from Martins et al. 2010) is identified with a small green

cross and the location of “Condensation 1” is identified with a green circle. Absorption

across the face of the H II region is clearly shown, as is di↵use extended H↵ emission outside

the main ionized zone.

– 28 –

Fig. 7.— Left: Apertures on top of C18O (red) and SuperCosmos H↵ (blue) images of

RCW120. Right: The same, for GLIMPSE 8.0µm data in blue. We call the green aper-

ture “Absorption”, the interior white aperture “Interior,” the space between the two white

apertures “PDR,” and the space between the Absorption and Interior apertures “No Ab-

sorption.” There is excellent morphological agreement between the absorption seen in the

H↵ data and the C18O emission across the face of RCW120 (enclosed by the Absorption

aperture). The GLIMPSE 8.0µm data show that the PDR is enclosed by our PDR aperture.

↑Hαで黒く吸収が見える。	



Mopra	  CO	  Observa)ons	  of	  the	  Bubble	  HII	  Region	  RCW120	  
Loren	  Anderson	  et	  al.	  (2015)続き	

– 29 –

Fig. 8.— Spectra from the four apertures defined in the text and in Figure 7. So the

line profiles can be better seen, we normalized all spectra to a peak corrected antenna

temperature, T ⇤
A, of 1K.

à❌4つとも似ていた(-‐10	  km/sの凹みはセンスとしては逆)。	  
•  チャネルマップでは、blueからredで内側、PDR、内側と明るいはず。à❌	  
•  moment	  2で内側ほど速度分散が大きいはずà❌	  
•  PV図で環状に見えるはずà❌	  
•  しかし、吸収が見えるので2Dではないはずで、速度分解能が足りないのだろう。	  
•  Stromgren半径を用いた球殻膨張の解析解。膨張速度は~1.2-‐2.3	  km/s。	  
•  乱流速度1.5	  km/s、膨張速度1.0	  km/sのモデルが合う(1.5	  km/sでは合わない)。	  

– 30 –

Fig. 9.— Second moment (intensity-weighted velocity dispersion) maps of 13CO (left) and

C18O (right). Contours show integrated intensity values from Figure 4, and have values

of 14, 18, and 22K km s�1 for 13CO and 0.7, 1.2, and 2K km s�1 for C18O. The velocity

dispersion is not higher toward the interior of RCW120, and therefore there is no signature

of expansion in the second moment maps.

– 31 –

Fig. 10.— Position-velocity diagrams created by integrating the data cubes along one spatial

direction. The top row shows 13CO and the bottom row shows C18O. In the left column are

longitude-velocity diagrams and in the right column are latitude-velocity diagrams.

– 12 –

therefore does not indicate expansion. It is largely the emission from this cloud that appears

as the second component in the aperture photometry spectra (Figure 8). It is therefore not

too surprising that the spectra from the various apertures do not show much di↵erence.

The brightest emission in the position-velocity diagrams, and especially that of the C18O

longitude-velocity diagram, has a curved shape. Because the PDR extends across the entire

frame, this does not indicate that the interior gas is necessarily red-shifted with respect to

that of the PDR. Rather, nearly all the emission in Figure 10 is from the PDR, because the

interior emission is rather faint by comparison.

We illustrate these two features in Figure 11, which shows 13CO emission at �12 km s�1

(left panel), �6 km s�1 (right panel) on top of GLIMPSE 8.0µm emission mainly from the

PDR. The �12 km s�1 emission is seen toward the left of the field, and outside the PDR on

the bottom of the field. The �6 km s�1 emission is strongest outside the PDR on the left

and right sides of the field. It is this �6 km s�1 emission that is causing the curved shape in

the longitude-velocity diagrams.

6. Discussion

We find no conclusive evidence of expansion in the Mopra molecular data. This sug-

gests that RCW120 is a two-dimensional structure, or that it is spherical but expanding

at a rate lower than that detectable in our data. The presence of absorption across the

face of RCW120 from material associated with the region, however, implies that the two-

dimensional geometry cannot be correct. It is also possible that RCW120 is only half a

bubble, which would reduce our estimated expansion by a factor of two. Below, we assess

the theoretical expansion rate of RCW120, assuming spherical symmetry.

Spitzer (1978) derived an expression for the time evolution of an H II region:

R(t) = RS
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4RS

◆

4/7

, (3)

where R is the H II region radius, RS is the initial Strömgren radius, ci is the sound speed in

the ionized material, and t is the elapsed time since the Strömgren radius formed, in seconds.

Therefore,
dR
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= ci
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The Strömgren radius, the initial equilibrium size between ionization and recombination, is:
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Fig. 12.— Synthetic 13CO spectra, generated using the radiative transfer code MOLLIE.

The curves show simulated spectra for a position along the PDR and toward the center of

RCW120, for expansion velocities of 1.0 and 1.5 km s�1. The 1.0 km s�1 expansion speed

is consistent with the observed spectra shown in Figure 8, while the 1.5 km s�1 expansion

speed is not.
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•  8.0	  µmで見るとPDRの外にダスト温度がエンハンスされた場所がいくつもある。	  
•  東西のエンハンスは-‐8.9	  km/s	  (青コントア)のCOの隙間に、南は-‐6.0	  km/s	  (赤コントア)
のCOのクランプの間にある。	  

•  北東に開いている部分も-‐6	  km/s	  (赤コントア)のCOがないところに合う。	  
•  北東も含め、バブルは多孔質になっていて光子が漏れている。(Anderson	  et	  al.	  2010
の確認)。	

– 35 –

Fig. 14.— (Left) Dust temperature map of RCW120 derived from Herschel data, show-

ing temperature enhancements outside the PDR. Red contours show 13CO emission at

�6.0 km s�1 (antenna temperature values of 1.4 and 2.0K), while blue contours show 13CO

emission at �8.9 km s�1 (antenna temperature values of 2 and 3K). Locations of enhanced

dust temperature are indicated with green lines, and correspond to deficits in the CO emis-

sion. (Middle) Same, for GLIMPSE 8.0µm data. (Right) Same, for SuperCosmos H↵ data.



Resolved	  photometry	  of	  the	  binary	  components	  of	  RW	  Aur	  
S.	  An)pin	  et	  al.	  (2015)	
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Aur A dimming. It was not possible to answer this question due to the lack of resolved
photometry of this double system.

According to the AAVSO database (http://www.aavso.org), in a period from April
2011 to the end of April 2014 RW Aur demonstrated its usual (pre-dimming) behavior,
e.g. its V magnitude varied in an irregular way around the average value of 10.m5. Then
the star was not observed till October, 23 when it appeared that RW Aur dimmed again
down to V ≃ 12.6m.

2 Observations and results

Multicolor imaging of RW Aur was performed on November 13/14, 2014 with a newly
installed 2.5 meter telescope (Fequiv = 20 m) of the Caucasus observatory of Lomonosov
Moscow State University at the mount Shatzhatmaz1 in course of test precommissioning
observations aimed at checking the image quality provided by the instrument. The tele-
scope was equipped with a mosaic CCD camera manufactured by Niels Bohr Institute
based on two E2V CCD44-82 detectors (pixel size 15 µm) and a set of standard Bessel
UBV RcIc filters from Asahi Spectra Co.

In course of observations the image quality with FWHM between 0.5 and 0.7 arcsec
was routinely obtained confirming the excellent optics quality of the instrument, delivered
by the REOSC company of Safran group, France (Poutriquet et al. 2012). The binary was
clearly resolved (see Fig. 1): the wings of a brighter component image contribute < 7 %
to the central intensity of a fainter component in all bands. This time of year at the site
is known to be characteristic of exceptionally stable atmospheric turbulence conditions
(Kornilov et al. 2014), so this result was not unexpected. The exposure time varied from
5 sec in the Ic band to 300 sec in the U band, the middle date of measurements is JD
2456975.56.

Figure 1. Images of RW Aur binary in the UBV RI photometric bands. The primary component, RW

Aur A, is placed in the origin of the coordinate system.

Primary data processing and PSF photometry were performed in a standard way in the
ESO-MIDAS environment with the DAOPHOT program package (Stetson 1987). Stars
127 and 129 from the AAVSO chart for RW Aur were used as BV RcIc photometric
standards. The U − B colors for these standards and transformation of magnitudes and
colors from the instrumental to the standard UBV RcIc system were made based on quasi-

1Webpage of the observatory, in Russian: http://lnfm1.sai.msu.ru/kgo/. An English report can be found at the
following link:
http://phys.org/wire-news/180021829/lomonosov-moscow-state-university-opens-new-observatory-in-the-c.html .
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simultaneous observations of Landolt standard fields (Landolt 2009) using formulae from
Hardie (1964). The results of our measurements are presented in Table 1.

Table 1: UBV RI photometry of RW Aur
U B V Rc Ic

RW Aur A 14.26 ± 0.3 14.50 ± 0.06 13.80 ± 0.05 13.18 ± 0.07 12.46 ± 0.1
RW Aur B 14.97 ± 0.3 14.26 ± 0.05 12.92 ± 0.03 11.97 ± 0.07 11.01 ± 0.1

The results are non-trivial, as follows from the comparison of our data with that
of White & Ghez (2001) obtained 20 years ago (see Fig. 2). First of all, during our
observations RW Aur A became ≃ 3m fainter in all spectral bands (the dot-dashed curve
at the left panel of the figure) which may be interpreted as gray extinction. A better
fit can be obtained assuming that the extinction is a sum of two components: a gray
extinction with AV = 2.87 and a selective standard one (Savage & Mathis, 1979) with
AV = 0.44 – see open circles in the panel. It seems natural to explain current RW Aur
A dimming as a result of an eclipse of the star by dust particles, with predominantly
large enough size r to produce gray extinctions up to at least 0.7 µm, which means that
r > 1 µm (Krügel 2003).

Figure 2. UBV RI-photometry for A and B components of RW Aur for two epochs: the thin lines are

for HST observation (Nov. 1994), the thick lines are for our observation. The dash-dotted line

corresponds to the HST data shifted down by 3.m1 and up by 0.m7 for A and B components, respectively.

The circles are obtained from HST data by applying a sum of gray extinction with ∆m = 2.87 and

selective extinction with AV = 0.44 using a standard reddening curve.

Our results indicate that RW Aur B is also a variable star: at the moment of our
observations it was brighter than 20 years ago at ∆m ≃ 0.m7 in each of UBV RI band
(gray brightening). Explanation is the same as for RW Aur A, but in the opposite sense:
in 1994, RW Aur B was eclipsed by a cloud that consisted of dust particles with size
r > 1 µm and now the cloud has passed away from the line of sight.

•  新しい望遠鏡のテスト観測が上手くいったというレポート。	  
•  RW	  Aur:	  Aも伴星(B)もCTTS。変光星。	  
•  Shatzhatmaz山にあるCaucasus	  observatory	  of	  Lomonosov	  Moscow	  State	  Universityに
新しく作られた2.5m望遠鏡でRW	  Aurをマルチカラーイメージング。U,	  B,	  V,	  Rc,	  Icフィル
ター。	  

•  分解能は0.5-‐0.7”で、連星を分解。	  
•  Aは20年前より3等暗いßAv=2.87とAv=0.44の2成分gray	  ex)nc)on。ダストによる食だ
ろう。	  

•  Bは0.7等明るい。Bは94年に食があり、Aとは逆センス。	  

Aが左上、Bが右下。	
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Nadia	  Balucani,	  Cecilla	  Ceccarelii	  and	  Vianney	  Taquest	  (2015)	
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Figure 1. Scheme of the added reactions that form DME, MF
and methoxy (boxes with grey large contours).

presence of some COMs -notably methoxy (CH3O), methyl
formate (HCOOCH3, MF) and dimethyl ether (CH3OCH3,
DME)- in regions where the dust temperature is less than
30 K: pre-stellar cores (Bacmann et al. 2012; Vastel et al.
2014) and cold envelopes of low mass protostars (Oberg et
al. 2010; Cernicharo et al. 2012; Jaber et al. 2014). Two re-
cent models have been published trying to explain these new
observations, assuming that the detected COMs are present
inside the cold and dense core (Vasyunin & Herbst 2013,
hereinafter VH2013; Chang & Herbst 2014).

More recent observations towards the pre-stellar core
L1544 (Bizzocchi et al. 2014; Vastel et al. 2014) added a
crucial information: the methanol emission originates from
the outer shell of the cold core, where the H2 density is
⇠ 3 ⇥ 104 cm�3 and the temperature is ⇠ 10 K, and not
from the inner and denser region, as previously assumed.
Therefore, methanol is ejected from the grain mantles into
the gas because of some non-thermal ice desorption, as it
was previously claimed for water (Caselli et al. 2012). Fi-
nally, Vastel et al. (2014) argued that the COMs emission
detected in L1544 also comes from the same outer shell and
speculated that this is likely the case also for the other cold
sources where COMs have been detected (Bacmann et al.
2012; Oberg et al. 2010; Cernicharo et al. 2012).

Following these last findings and building up on the
VH2013 model, we propose here a new model where gas
phase reactions, triggered by the non-thermal desorption of
methanol from the ices, play a major role in the formation
of methoxy, MF and DME in cold regions. Specifically, we
consider a set of gas phase reactions, which were previously
overlooked or whose coe�cients we have refined based on
recent experimental and theoretical works.

2 MODEL AND ADOPTED CHEMICAL
NETWORK

2.1 The model

We used the GRAINOBLE code (Taquet et al. 2012, 2014)
to compute the mantle species from hydrogenation of CO

and O. Briefly, GRAINOBLE couples the gas-phase and
grain-surface chemistry with the rate equations approach
introduced by Hasegawa et al. (1992), and takes into ac-
count the multilayer and porous nature of the ice mantles.
Species accrete on the grain surfaces and are desorbed by
cosmic ray-induced heating of grains (Hasegawa & Herbst
1993) and by a non-thermal process that injects into the
gas phase 1% of the species formed on the surface, follow-
ing a process called “chemical desorption” (Garrod et al.
2007). We followed the chemical composition evolution of a
gas with a H density of 6 ⇥ 104 cm�3 and a temperature
of 10 K (to simulate the conditions in L1544; Vastel et al.
2014). We started with a gas having the initial abundances
quoted by Wakelam & Herbst (2008) for the di↵use clouds
(their Table 1, column EA2; note that hydrogen is initially
molecular). We follow the chemical evolution for 106 yr.

In addition to this “standard” model, we run a few more
models to evaluate the impact on the results when some cru-
cial parameters are changed. Specifically, we considered the
following cases: (i) a 0% or 10% non-thermal desorption frac-
tion, the latter chosen based on the experiment by Dulieu et
al. (2013), although new experiments by Minissale & Dulieu
(2014) suggest a dependence of this value on the substrate
and other parameters; (ii) a gas with a 5 times larger den-
sity, and with 20 K temperature; (iii) a high and low Cl
and F abundances to evaluate their impact on the results,
as some important reactions introduced in this work depend
on them (see next §); (iv) the rate coe�cient of reaction (2)
of Table 1 reduced by a factor 10 (see below).

2.2 The chemical network

The surface chemical network is based on the one presented
by Taquet et al. (2013) but does not include the formation
of deuterated species. We used the binding energies listed
in Taquet et al. (2014) and the energy barrier for the CO
and H2CO hydrogenation recently computed by Rimola et
al. (2014).

For the gas phase chemistry, we used the
OSU2009 network (Harada & Herbst 2008;
http://faculty.virginia.edu/ericherb) as a basis, and
added a set of new reactions for the formation of MF, DME
and methoxy, and involving atomic chlorine and fluorine
for the conversion of DME into its radical CH3OCH2. The
scheme of the chemical reactions added in this work is
shown in Fig. 1 and their list is reported in Table 1. We
comment the novelties of the adopted network, for each
species, in the following.
Methoxy is mostly formed by reaction 1. This reac-
tion was also considered by VH2013, with a rate coef-
ficient equal to 4 ⇥ 10�11 cm3s�1. We instead adopted
the value calculated by Shannon et al. (2013) at 20
K, 3 ⇥ 10�10 cm3s�1, which, according to their sugges-
tion, is likely a lower limit. Note that the reactions in-
volving the methoxy reported by VH2013 in Table 1
are not in line with the cited NIST Chemical Kinet-
ics Database (http://kinetics.nist.gov/kinetics/Search.jsp),
where the rate coe�cients are di↵erent from those quoted
by VH20131.

1 The rate coe�cients reported by VH2013 for the reactions
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•  複雑な有機分子(COMs)の生成は、水素を含む分子が<20	  Kの粒子表面ででき
て加熱されて気相へ出て反応する”warm	  gas-‐phase”から、~30	  Kなった粒子表
面でCOMsもできる”grain	  surface”が主流になった。	  

•  しかし、観測は30	  K以下でCOMsを検出ß高密度コア内でできると説明ßL1544
ではコアの外側(~10	  K,	  3x104	  cm-‐3)で検出。↓	  

•  蟻酸メチル(MF)とジエチルエーテル(DME)を低温下気相反応で作る新しいモデ
ルを提唱。	  

•  既存のchemical	  networkにMF,	  DME,	  メトキシ基を追加。	  
•  10	  K,	  6x104	  cm-‐3を基準に比較。	  
•  L1544観測に対して他のモデルでは大きく出てしまうメトキシ基、MF、DMEの上
限(2x10-‐10,	  2x10-‐10,	  2x10-‐9)に合う。	  

•  DMEとMFは別の観測で6桁に渡る相関が示されており、今回加えた反応で説
明できる。	

Complex organic molecules in cold gas 3

Reaction Rate coe�cient References &
(cm3 s�1 at 10 K) Notes

(1) OH + CH3OH ! CH3O + H2O 3.0⇥10�10 1
(2) CH3O + CH3 ! CH3OCH3 + photon 3.0⇥10�10 see text
(3) O + CH3OCH2 ! HCOOCH3 + H 2.0⇥10�10 2, 3
(4) F + CH3OCH3 ! CH3OCH2 + HF 2.0⇥10�10 2
(5) Cl + CH3OCH3 ! CH3OCH2 + HCl 2.0⇥10�10 4

Table 1. List of the added reactions that form DME, MF and methoxy. References: 1- Shannon et al. 2013; 2- Hoyermann & Nacke
1996; 3- Song et al. 2005; 4- Wallington et al. 1988.

DME is mainly formed by reaction 2. The rate coe�cient
for the radiative association of methyl and methoxy is not
kwown. Recent theoretical work by Vuitton et al. (2012)
suggests that radiative association can be very e�cient
when two relatively large radicals interact and form a stable
molecule, if two-body exothermic channels are not available
to the system. VH2013 quote the presence of a competitive
exothermic channel leading to H2CO + CH4 and, therefore,
employed a rate coe�cient at 10 K of 2.6 ⇥ 10�11 cm3s�1.
However, a recent study by Sivaramakrishnan et al. (2011)
has clearly pointed out that the reaction CH3O + CH3 !

H2CO + CH4 is a direct abstraction process, not correlating
with the bound intermediate CH3OCH3. For this reason, we
have increased the rate coe�cient for reaction 2 by an order
of magnitude, as there are no alternative two-body reaction
channels and the hot DME formed after the association of
CH3 and CH3O can only dissociate back or stabilize by ra-
diative association. Yet, we have run also a model with the
reaction 2 rate coe�cient a factor ten smaller to evaluate
the impact on the results.
MF is formed by reaction 3, namely the oxidation of
CH3OCH2. This radical is formed by several reactions in-
volving DME (Fig. 1) and common atomic and radical
species, such as atomic chlorine and fluorine following re-
actions 4 and 5. The employed rate coe�cients for reactions
3, 4 and 5 have been determined by Hoyermann & Nacke
(1996) and Wallington et al. (1988) at 298 K. Reactions 3
to 5, however, do not have an entrance barrier and we can
retain their value also at much lower temperatures (as a mat-
ter of fact, a moderate increase of the rate coe�cient with
decreasing temperature is expected in this case). These re-
actions, well characterised in laboratory experiments, were
not included in previous astrochemical models. We empha-
sise that they provide a direct link between DME and MF,
being the former a precursor of the latter.

In addition, the standard loss mechanisms of COMs
present in OSU (such as the reactions with H+, He+ etc)
have all been retained and we have added similar loss path-
ways (with similar rate coe�cients) also for the new species,
such as CH3OCH2, which are not present in OSU. In ad-
dition, we considered the standard reactions of atomic F
(Neufeld et al. 2005) and employed the recent determina-
tion of the rate coe�cients for F + H2 by Tizniti et al.
(2014). As for the reactions of atomic Cl, we note that the

CH3O + H and CH3O + O are erroneous: the NIST values
are 3⇥ 10�11 and 2.5⇥ 10�11 cm3s�1, respectively, rather than
1.6⇥ 10�10 and 1.0⇥ 10�10. In addition, the dominant reaction
channel for CH3O + H is the one leading to H2CO + H2 and not
the one leading to CH3 + OH, as claimed by VH2013.

Cl + H2 reaction is endothermic (Balucani et al. 2004, and
references therein) and cannot occur in the conditions of the
ISM (Neufeld et al. 2009). Other reactions between chlorine
and small saturated molecules are known to be very inef-
ficient. Therefore, Cl is left to react with larger molecules,
such as those of interest here. Please note that the Cl role in
the COMs chemistry has been overlooked so far, although
it can (only) react with large molecules.

3 RESULTS

Figure 2 shows the evolution with time of the abundances
of methoxy, DME and MF, plus CH3 and methanol. In the
standard case, the methoxy, DME and MF gaseous abun-
dances reach a peak of ⇠ 2 ⇥ 10�10, ⇠ 2 ⇥ 10�11 and
⇠ 5 ⇥ 10�12, respectively, at ⇠ 105 yr and then decrease
to lower values because they freeze-out onto the grain man-
tles. The peak occurs at ⇠ 105 yr because of the formation
of methanol on the grains, which occurs when CO starts to
freeze-out onto the grain mantles. A fraction of the methanol
is then released in the gas phase and this triggers the re-
actions of Fig. 1, which form methoxy, DME and MF. In
the same panel, we also show the predicted abundances ob-
tained without considering the new reactions of Table 1. As
expected, the predicted abundances of DME and MF are
respectively about three and one order of magnitude lower.

The panel b of Fig. 2 shows the impact on the abun-
dances when the chemical desorption is varied. The increase
by a factor 10 causes a proportional increase of gaseous
methanol and methoxy, but a larger increase of DME and
MF abundances, because methoxy is the bottleneck to the
formation of DME. Caused by the dominance of reactions
4 and 5, the MF abundance increases by the same factor
than DME. Conversely, putting the chemical desorption to
zero kills the Fig. 1 gas phase reactions as standard cosmic-
ray induced desorption is not e↵ective to desorb methanol
from the ices (as GRAINOBLE considers layer and not bulk
chemistry in mantles).

The increase of density by a factor of 5, shown in in
the panel c of Fig. 2, causes a shorter time of residence
of the molecules in the gas phase but only slightly a↵ects
the absolute abundance of the species. On the contrary, the
increase of the temperature to 20 K causes a decrease of the
methoxy, DME and MF peak abundances. This is due to
the higher abundance of gaseous atomic H (whose density
is about 1 cm�3 at 10 K). At 20 K, the density of atomic
H increases by one order of magnitude due to the higher
evaporation rate.

The decrease by a factor 10 of the rate coe�cient of
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Figure 2. Predicted abundances (with respect to H nuclei) of MF (HCOOCH3), DME (CH3OCH3) and methoxy (CH3O) as a function
of the time, plus some species that intervene in their formation, CH3 and methanol (CH3OH). The upper left panel (a) refers to the
standard case (dashed lines) and the case without the new reactions of Table 1 (dotted lines). The upper right panel (b) is the same than
(a) but with a chemical desorption rate equal to 0 (dotted lines) and 10% (dashed lines) respectively. The lower left panel (c) shows a
gas with a H density of 3⇥ 105 cm�3 (dotted lines) and temperature 20 K (dashed lines). The lower right panel (d) shows the standard
case but with the rate of reaction 2 of Table 1 10 times lower (dotted lines) and with low (see text) Cl and F abundances (dashed lines).

reaction 2 leads to a similar decrease of the DME abundance.
It also leads to the MF abundance forming earlier (because
of other reactions than reaction 3 of Table 1) than DME and
reaching a similar low abundance. Finally, decreasing the Cl
and F elemental abundance (to the low values quoted by
Graedel et al. 1982) results in a similar behavior of the MF
abundance, as reactions 4 and 5 of Table 1 do not form
enough CH3OCH2. Note that F is quickly (⇠ 103 yr) locked
into HF, while Cl remains mostly atomic until the freeze-out
kicks on (⇠ 105 yr). Therefore, reaction 5 of Table 1 plays
a major role than reaction 4 in the formation of CH3OCH2

and, consequently, in the formation of MF from DME.

4 DISCUSSION

Whether the proposed new model reproduces the COMs
abundances observed in cold objects depends on the inter-
pretation of where their emission comes from. Vastel et al.
(2014) and Bizzocchi et al. (2014) showed that methanol
emission originates in a shell at the border of the condensa-
tion of the pre-stellar core L1544. These authors claim that
methanol is non-thermally desorbed from the grain mantles

and that, given the lower gas density, the rate of desorption
overrun the rate of freezing-out. Since the same argument in
principle applies also to the COMs, Vastel et al. (2014) sug-
gested that COM emission originates from the same outer
shell. If this is true, the derived abundance of the COMs
detected by Vastel et al. (2014) would be 20 times larger
than if they originated in the cold and dense inner part of
the L1544. Evidently, a similar factor may a↵ect the COMs
abundance derived in the other cold regions (Bacmann et
al. 2012; Cernicharo et al. 2012).

Vastel et al. (2014) estimated a gaseous methanol abun-
dance in the FUV-illuminated shell of ⇠ 6 ⇥ 10�9, and an
upper limit to the methoxy, DME and MF abundances of
⇠ 2 ⇥ 10�10, ⇠ 2 ⇥ 10�10 and ⇠ 2 ⇥ 10�9, respectively.
These numbers agree very well with the predictions of our
standard model. On the contrary, the 10% chemical desorp-
tion model predicts too large abundances. Unfortunately,
the upper limit on the MF does not allow to put constraint
on the role of Cl and F, nor on the value of the reaction 2 rate
coe�cient. Although we cannot directly compare our predic-
tions with the absolute abundances quoted by Bacmann et
al. (2012) and Cernicharo et al. (2012) because the assumed
H2 column densities may be overestimated, the DME over
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