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Abstract In order to search for intensity fluctuations on the HCN(1–0) and HCO+(1–0) line pro-

files, which could arise due to possible small-scale inhomogeneous structure, long-term observations of

high-mass star-forming cores S140 and S199 were carried out. The data were processed by the Fourier

filtering method. Line temperature fluctuations that exceed the noise level were detected. Assuming the

cores consist of a large number of randomly moving small thermal fragments, the total number of frag-

ments is ∼ 4× 106 for the region with linear size ∼ 0.1 pc in S140 and ∼ 106 for the region with linear

size ∼ 0.3 pc in S199. Physical parameters of fragments in S140 were obtained from detailed modeling

of the HCN emission in the framework of the clumpy cloud model.
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1 INTRODUCTION

The regions where high-mass stars and stellar clusters are

born are highly turbulent and inhomogeneous (e.g., Tan

et al. 2014). The extent of turbulence is enhanced in the

vicinities of massive stars where gas due to various kinds

of instabilities could fragment into small-scale structures

down to the scales unresolved by modern instruments.

There is a great deal of indirect evidence for the existence

of small-scale unresolved inhomogeneities (fragments,

clumps) in regions of high-mass star formation. This fol-

lows from the fact that the observed molecular line pro-

files of different species are close to Gaussian profiles

without signs of saturation and their widths are much

higher than thermal ones (e.g. Kwan & Sanders 1986).

Nearly constant volume densities in clouds with strong

column density variations (e.g. Bergin et al. 1996) and

detection of C I emission over large areas correlated with

molecular maps (e.g. White & Padman 1991; Kamegai

et al. 2003) also imply a small-scale clumpy structure.

Important evidence for the existence of small ther-

mal fragments in high-mass star-forming regions is pro-

vided by anomalies in relative intensities of the hyperfine

components in HCN(1–0). This effect is connected with

an overlap of thermally broadened profiles for closely lo-

cated hyperfine components in the higher HCN rotational

transitions (mainly, J = 2 − 1) and is efficient at kinetic

temperatures >∼ 20 K (Guilloteau & Baudry 1981). Yet,

if the local profiles are broadened by microturbulence

and are suprathermal as in high-mass star-forming cores

(>∼ 2 km s−1), it becomes practically impossible to re-

produce the observed HCN(1–0) anomalies in the frame-

work of the microturbulent model (Pirogov 1999). On the

other hand, if the cores consist of small thermal frag-

ments with low volume filling factor moving randomly

with respect to each other, the observed HCN(1–0) pro-

files with intensity anomalies and high linewidths can be

easily reproduced (Pirogov 1999).

If the observed line profile is a sum of profiles of

randomly moving fragments, one should expect intensity

fluctuations to exist due to fluctuations in the number of

fragments along the line of sight at distinct velocities.

Martin et al. (1984) derived an analytical expression for

molecular line emission of a cloud consisting of a large

number of small identical fragments and Tauber (1996)

obtained an expression for the standard deviation of line

intensity fluctuations due to such a structure. Using their

approach, it is possible to derive parameters of a small-

scale structure from observations, mainly the total num-

ber of fragments in a telescope beam.

Previously, we performed long-term observations in

various molecular lines (HCN(1–0), CS(2–1), 13CO(1–
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0), HCO+(1–0) and some others) of high-mass star-

forming cores which show HCN(1–0) hyperfine anoma-

lies (S140, S199, S235) and photodissociation regions

(Orion, W3) (Pirogov & Zinchenko 2008; Pirogov et al.

2012). We detected residual fluctuations on line profiles

and estimated the total number of thermal fragments

in a beam using an analytical approach. By compar-

ing the results of detailed calculations of line emission

in a framework of the model that consisted of identi-

cal thermal fragments (clumpy model) with the observed

nearly Gaussian HCN(1–0) profiles, estimates of sizes

and densities of fragments were obtained for S140 and

S199. Yet, these results suffered from the drawback con-

nected with arbitrarily chosen parameters for the method

of extracting residual intensity fluctuations from line pro-

files. In this paper, based on the report given at the All-

Russian Astronomical Conference VAK-2017 (Samus &

Li 2018), new higher quality observational results for

the cores S140 and S199 in HCN(1–0) and HCO+(1–

0) lines are presented. The lines in these objects have

nearly Gaussian profiles, which is important for compar-

ison with the results of the clumpy model calculations.

To estimate standard deviations of residual line inten-

sity fluctuations that could be due to small-scale clumpy

structure, a new Fourier filtering method is used. This

approach helped to recalculate parameters of the small-

scale structure including the total number of fragments in

the beam for S140 and S199 and physical parameters of

fragments for S140.

2 ANALYTICAL MODEL

Considering a model cloud that consists of identical ran-

domly moving fragments with a low volume filling fac-

tor and assuming that the velocity dispersion of fragment

motions (σ) is much higher than the inner velocity dis-

persion (v0), Martin et al. (1984) obtained an expression

for a cloud’s optical depth (τ ) which is proportional to

Nc, the number of fragments in a column with the cross-

sectional area of a single fragment. Using this approach

for Nc
<∼ 10, Tauber (1996) derived an expression which

can be written as follows

∆TR

TR

=
τ

(eτ − 1)
√

K Ntot
v0

σ

, (1)

where ∆TR is a standard deviation of fluctuations of line

radiation temperature in some range near the line cen-

ter, TR is a peak line radiation temperature and K is a

factor depending on the optical depth distribution within

a fragment. For the Gaussian distribution, K is equal to

1. For the case of opaque discs, it is equal to π. Since

the contribution of emission from an ensemble of small

fragments is statistically independent of atmospheric and

instrumental noise, a standard deviation of temperature

fluctuations due to small fragments can be calculated

as: ∆TR =
√

∆T 2
L
− ∆T 2

N
, where ∆TL and ∆TN are

the observed standard deviations of temperature fluctu-

ations within and outside the line profile range, respec-

tively. Thus, knowing ∆TR, TR, kinetic temperature and

line optical depth (τ ), it is possible to estimate a number

of thermal fragments in the beam (Ntot). Yet, in order

to detect radiation temperature fluctuations due to such

a structure, observations with high signal-to-noise ratio

and with high spectral resolution are needed. Another

problem with this approach is connected with the correct

measurement of ∆TR.

3 THE RESULTS OF OBSERVATIONS

We carried out observations of two high-mass star-

forming cores, S140 and S199, in the HCN(1–0)

line at 88.6 GHz with the Institut de Radioastronomie

Millimétrique-30m (IRAM-30m) telescope in 2010 and

in the HCN(1–0) and HCO+(1–0) lines (at 88.6 GHz

and 89.2 GHz, respectively) with the Onsala Space

Observatory-20m (OSO-20m) telescope in 2017. In ad-

dition, we observed these sources in the H13CN(1–0)

and H13CO+(1–0) lines with the OSO-20m telescope

in 2017. The IRAM-30m beam at these frequencies is

∼ 29′′ and the OSO-20m beam is ∼ 41′′. System noise

temperatures were ∼ 130 − 180 K and ∼ 170 − 240 K,

and frequency resolutions were 39 kHz and 19 kHz in the

IRAM-30m and OSO-20m observations, respectively.

After several hours of integration in frequency switch-

ing mode, the noise rms was ∼ 0.01 K and ∼ 0.02 K

for the IRAM-30m and OSO-20m observations, respec-

tively. The observed profiles towards S140 and S199 con-

tain a “quiet” nearly Gaussian component (line widths

∼ 2.5 km s−1) and a high-velocity wing emission with

lower amplitude. For the purpose of our analysis, high-

velocity components were subtracted. The source coor-

dinates, distances and linear resolutions at ∼ 89 GHz are

given in Table 1.

In order to estimate standard deviations of radiation

temperature fluctuations on line profiles that could be due

to small-scale structure (∆TR), it is necessary to cor-

rectly remove the main component from line profiles.

As was pointed out by Tauber (1996), one of the pos-

sible methods is to do Fourier high-pass filtering. This

method is based on the idea that a small-scale structure

should produce a much broader Fourier (power) spec-

trum than the main line profile. After filtering, a noise-

like residual spectrum, probably with different standard

deviations within and outside the line range, is obtained.
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Table 1 Source List

Source α(2000) δ(2000) D Linear Resolution

(h) (m) (s) (◦) (′) (′′) (pc) (pc)

S140 (L1204) 22 19 18.4 63 18 45 764(27) (Hirota et al. 2008) ∼ 0.11 (IRAM-30m)
∼ 0.15 (OSO-20m)

S199 (IC1848) 03 01 32.3 60 29 12 2200(200) (Lim et al. 2014) ∼ 0.3 (IRAM-30m)

Previously (Pirogov & Zinchenko 2008; Pirogov et al.

2012) we used this method taking arbitrary filter bound-

aries to reject harmonics of power spectra corresponding

to the main line profile.

In Figure 1 the observed profiles and the correspond-

ing power spectra are shown on the left and right pan-

els, respectively. The power spectra contain features with

low amplitudes at inverse velocities higher than the main

Gaussian profile ranges (> 0.4−0.5 (km s−1)−1), imply-

ing small deviations from the Gaussians. Fitting the ob-

served profiles by 2–3 overlapping Gaussians (or triplets

in the case of HCN) with suprathermal widths, it is possi-

ble to reproduce some of the low-amplitude features for

inverse velocities up to ∼ 0.7 (km s−1)−1 (Fig. 1, right

panels). The spectral features at higher inverse velocities

could be attributed to the small-scale clumpy structure as

well as to atmospheric and instrumental noise.

4 FOURIER FILTERING AND THE ∆TR(FEFF)

DEPENDENCIES

In order to select an optimal boundary for the high-pass

Fourier filter (Feff ), the filtering has been done for differ-

ent values of Feff from 0.7 to 2 (km s−1)−1 and the ∆TR

values have been calculated for the 3 km s−1 line range

of the observed HCN(1–0) and HCO+(1–0) profiles (23

and 46 velocity channels for the IRAM-30m and OSO-

20m data, respectively). The results for S140 (OSO-20m)

are shown in Figure 2 (left). There is a sharp decrease in

∆TR with increasing Feff . For Feff
>∼ 1.3 (km s−1)−1

the dependencies become nearly linear. Similar behavior

is found for the IRAM-30m data.

For comparison, we performed test calculations of

the HCN and HCO+ excitation in the framework of a

model cloud that consisted of identical thermal fragments

with small volume filling factors moving randomly with

respect to each other with random velocities having a

Gaussian distribution. The line profile from each frag-

ment is a Gaussian with thermal width. A simplified

version of the 1D clumpy model described previously

(Pirogov 1999, Appendix; Pirogov & Zinchenko 2008)

is used. The model matches the conditions of the analyt-

ical approach and the model line intensities and widths

are close to the observed ones for S140. In order to speed

up test calculations, the number of fragments in the mod-

els was reduced. This led to higher values of model ∆TR

compared with the observed ones.

By varying the initial values of the random num-

ber generator, one could change the spatial distribution

and velocities of fragments. We performed a hundred

runs with different randomly-generated initial values for

two HCN and one HCO+ test models, and processed the

results in the same way as the data from observations,

namely, by filtering corresponding power spectra for dif-

ferent Feff values and calculating ∆TR for the 3 km s−1

line range.

There is a scatter in the ∆TR model values from

one model run to another. For each Feff , the mean ∆TR

value and dispersion have been calculated and the result-

ing 〈∆TR〉(Feff) dependencies are plotted in Figure 2

(right). They are close to linear and the 〈∆TR〉 value at

Feff = 0.7 (km s−1)−1 is nearly equal to the analyti-

cal estimate calculated from Equation (1) for the case of

opaque discs. The ∆TR(Feff) dependencies for individ-

ual model runs are also found to be more or less linear.

Therefore, it is probable that the values of ∆TR for

Feff
<∼ 1.3 (km s−1)−1 for S140 and <∼ 1 (km s−1)−1

for S199 are enhanced by some structures (processes)

other than randomly distributed thermal fragments (e.g.

gravitationally bounded compact cores, “tangled struc-

tures” (Hacar et al. 2016) or “cloudlets” (Tachihara et al.

2012)). In order to get an unbiased estimate of ∆TR

associated with thermal fragments, we calculated lin-

ear regressions for the observed ∆TR(Feff) dependen-

cies in the range where dependencies are nearly linear

and extrapolated them to lower Feff . Regression lines are

shown in Figure 2 (left). We took the ∆TR values calcu-

lated from regression lines at Feff = 0.7 (km s−1)−1 as

standard deviations of line temperature fluctuations pro-

duced by randomly distributed thermal fragments in the

beam. The uncertainty of these estimates is assumed to

be the same as the uncertainty in the model calculations

(∼ 25%).

5 TOTAL NUMBER OF FRAGMENTS IN THE

BEAM

Knowing ∆TR, TR, line width, optical depth and kinetic

temperature, it is possible to derive the total number of

thermal fragments (Ntot) within the telescope beam from
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Fig. 1 The observed HCN(1–0) and HCO+(1–0) profiles in S140 and in S199 (left panels) and the corresponding power spectra

(Fourier transform) for low amplitudes (right panels). Residual noise obtained after filtering power spectra with arbitrary value

Feff = 1 (km s−1)−1 and multiplied by a factor of 10 is shown under the observed profiles. Red dashed curves correspond to the

fits by overlapping Gaussian functions (triplets in the case of HCN(1–0)) and their power spectra.

Fig. 2 The standard deviations ∆TR calculated for the observed (left) and model (right) HCN(1–0) and HCO+(1–0) profiles for

different Feff values. The model ∆TR values are the mean values of a hundred model runs and error bars denote their standard

deviations. The dashed lines in the right panel correspond to analytical estimates of ∆TR derived from Equation (1). Stars on the

left panel represent the ∆TR values taken for calculations of total number of fragments in the beam.

Equation (1). Kinetic temperatures (TKIN) for S140 and

S199 are taken close to the estimates from Malafeev

et al. (2005) and Zinchenko et al. (1997), respectively.

Optical depths (τ ) are calculated from a comparison of

the HCN(1–0) and HCO+(1–0) line widths with the op-

tically thin H13CN(1–0) and H13CO+(1–0) line widths.

For the case of HCN(1–0), τ is an optical depth of the

F = 2 − 1 hyperfine component. For S140 HCN(1–0)
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Fig. 3 The S140 HCN(1–0) profile observed with IRAM-30m (left) and the profile calculated in a framework of the 1D clumpy

model (right). The residuals obtained by Fourier filtering with Feff = 1.3 (km s−1)−1 and multiplied by a factor of 40 are shown

under each profile. Dashed vertical lines mark the range for which ∆TR is calculated.

observed at IRAM-30m, the τ value is taken to be the

same as for the OSO-20m observations. Yet, this value

is probably underestimated. Detailed model calculations

(Sect. 6) reproduce the IRAM-30m HCN(1–0) profile

with τ ∼ 1, which lead to a ∼ 2.5 times lower value of

Ntot. The results are given in Table 2. The uncertainties

of Ntot defined mainly by the ∆TR and τ uncertainties

are at least ∼ 50%.

6 PHYSICAL PARAMETERS OF FRAGMENTS

IN S140

We used the 1D clumpy model (see Sect. 4) for detailed

modeling of the HCN(1–0) profile observed in S140 at

IRAM-30m (“quiet” component). The model calcula-

tions reproduce the observed HCN(1–0) profile in S140

very well (Fig. 3). By varying the density and kinetic

temperature of fragments, the product of HCN abun-

dance and the size of the cloud, and velocity dispersion

of relative motions of fragments, it is possible to fit in-

tensities of hyperfine components and widths. By vary-

ing the size of fragments and their volume filling fac-

tor, it is possible to fit the standard deviation of resid-

ual temperature fluctuations (∆TR). The observed and

model profiles and the residuals after Fourier filtering

with Feff = 1.3 (km s−1)−1 multiplied by a factor of 40

are shown in Figure 3. We added synthetic noise to the

model profile with dispersion equal to the observed one.

The model parameters of fragments are the follow-

ing: TKIN = 30 K, number density is 1.5 × 106 cm−3,

and the size and volume filling factor of fragments are

∼ 40 a.u. and ∼ 0.014, respectively. The optical depth

of the central component (F = 2 − 1) is about 1. The

total number of fragments is ∼ 2 × 106. This is compa-

rable with the analytical estimate for HCN(1–0) in S140

observed with IRAM-30m (Table 2) if one takes τ = 1.

7 DISCUSSION

New high sensitivity observations of the cores S140

and S199 confirmed the existence of residual intensity

fluctuations on line profiles found previously (Pirogov

& Zinchenko 2008; Pirogov et al. 2012). Using a new

method of Fourier filtering and comparing the data with

the results of detailed calculations of the HCN and

HCO+ excitation in a framework of the clumpy model, it

is shown that intensity fluctuations can be associated with

a large number of randomly distributed identical thermal

fragments moving randomly with respect to each other

with suprathermal velocities.

The total number of fragments in the beam for S140

derived from the IRAM-30m HCN(1–0) data and from

the OSO-20m data agree with each other if one takes

τ = 1 for the IRAM-30m data. The same value de-

rived from the HCO+(1–0) data is several times higher

(Table 2). This could imply the existence of interfrag-

ment gas of lower density which effectively absorbs the

HCO+ emission and reduces the corresponding ∆TR

value. In order to verify this assumption, calculations

in a framework of the model with interfragment gas are

needed. So far, the value ∼ 4 × 106 is assumed as a rea-

sonable estimate for the total number of thermal frag-

ments in S140. The uncertainty of this estimate is at least

50%. Following the analysis from Pirogov & Zinchenko

(2008), it can be shown that such fragments are unstable

and short-lived density enhancements which most prob-

ably arise due to turbulence in high-mass star-forming

cores.

The differences between the new and previous

(Pirogov & Zinchenko 2008) results for S140 and S199

are connected mainly with a new method of estimating

∆TR based on the regression analysis while the previous

estimates were based on Fourier filtering at an arbitrar-

ily chosen value of Feff = 0.7. The difference in line

ranges for which ∆TR has been calculated and the dif-

ference in τ also increases the value of the total number

of fragments in S199.

In general, the considered model is oversimplified

and the estimates obtained should be treated as mean

values for the regions with linear sizes ∼ 0.1 − 0.3 pc

in the considered cores. More realistic models should
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Table 2 Total Number of Thermal Fragments in the Beam

Source Line ∆TR (K) TR (K) τ TKIN (K) Ntot

S140 OSO-20m HCN(1–0) 0.023 15.9(0.1) 0.15(0.04) 30 ∼ 4 × 106

S140 IRAM-30m HCN(1–0) 0.017 17.6(0.1) ∼ 107

S140 OSO-20m HCO+(1–0) 0.013 21.9(0.1) 0.42(0.04) ∼ 2 × 107

S199(0,0) IRAM-30m HCN(1–0) 0.016 8.0(0.1) 0.7(0.2) 30 ∼ 106

be implemented which would combine 3D molecular

line radiation transfer in a clumpy medium (e.g. Juvela

1997; Park & Hong 1998) with inhomogeneous turbu-

lent cloud structures following from modern magnetohy-

drodynamics models (e.g. Haugbølle et al. 2018). On the

other hand, a possibility to resolve the considered small-

scale structure by an interferometer is not straightforward

(interferometric observations usually reveal compact ob-

jects in the field of view, but miss more diffuse and ex-

tended emission (see, e.g., Maud et al. 2013; Palau et al.

2018)). Long-term observations with high angular reso-

lutions using single-dish telescopes still seem to be im-

portant to search for intensity fluctuations on line pro-

files. An increasing sensitivity of modern receivers and

implementation of new broadband spectrometers make

it possible to detect residual intensity fluctuations on line

profiles of various molecules in a reasonable time for dif-

ferent positions in objects, which together with modeling

results should help to get more information about their

small-scale spatial and kinematic structure.

8 CONCLUSIONS

Long-term observations of the high-mass star-forming

cores S140 and S199 in HCN(1–0) and HCO+(1–0) lines

were carried out. In order to detect intensity fluctuations

on line profiles that could be due to their inner small-

scale structure, the profiles were processed by the Fourier

filtering method. The residual fluctuations of line radia-

tion temperature imply the existence of a large number

of randomly moving thermal fragments in the objects.

Using the analytical method, the total number of frag-

ments was calculated as being ∼ 4 × 106 for the re-

gion with linear size ∼ 0.1 pc in S140 and ∼ 106 for

the region with linear size ∼ 0.3 pc in S199. Physical

parameters of thermal fragments in S140 were obtained

from detailed modeling of the HCN excitation in the

framework of the clumpy model including their density

(∼ 1.5 × 106 cm−3), size (∼ 40 a.u.) and volume filling

factor (∼ 0.014). Such fragments should be unstable and

short-lived objects and are probably connected with an

enhanced level of turbulence in the core.
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