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Abstract We present a pilot HI survey of 17 Planck Galactic Cold Clumps (PGCCs) with the Five-hundred-
meter Aperture Spherical radio Telescope (FAST). HI Narrow Self-Absorption (HINSA) is an effective
method to detect cold HI being mixed with molecular hydrogen H2 and improves our understanding of
the atomic to molecular transition in the interstellar medium. HINSA was found in 58% PGCCs that we
observed. The column density of HINSA was found to have an intermediate correlation with that of13CO,
following log(N(HINSA)) = (0.52 ± 0.26) log(N13CO) + (10 ± 4.1). HI abundance relative to total
hydrogen [HI]/[H] has an average value of4.4 × 10−3, which is about 2.8 times of the average value
of previous HINSA surveys toward molecular clouds. For clouds with total column densityNH > 5 ×

1020 cm−2, an inverse correlation between HINSA abundance and total hydrogen column density is found,
confirming the depletion of cold HI gas during molecular gas formation in more massive clouds. Non-
thermal line width of13CO is about0 − 0.5 km s−1 larger than that of HINSA. One possible explanation
of narrower non-thermal width of HINSA is that HINSA region is smaller than that of13CO. Based on an
analytic model of H2 formation and H2 dissociation by cosmic ray, we found the cloud ages to be within
106.7 − 107.0 yr for five sources.
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1 INTRODUCTION

Cold molecular cores/clumps are the cradles of star for-
mation. Statistical properties of prestellar cores/clumps are
beneficial for understanding the general evolution progress
of star formation. The Planck Catalogue of Galactic cold
clumps (PGCCs) released by Planck satellite (Planck
Collaboration et al. 2016) contains 13 188 sources with
dust temperature ranging from 5.8 to 20 K. These cold
clumps, identified based on the 5′ beam of Planck, con-
tain low-mass cores to large molecular clouds, providing

us a chance of investigating star formation in various s-
cales, from 0.1 to tens of pc.

Spectral observations toward PGCCs provide extra
kinematic and chemical properties compared to multi-band
continuum observations. Molecular line surveys have been
taken in CO(1-0) (Wu et al. 2012; Liu et al. 2012, 2016,
2018), C2H (N = 1 − 0) and N2H+ (J = 1 − 0) (Liu et
al. 2019), HCO+ and HCN (J = 1− 0) (Yuan et al. 2016).
These molecular transitions are collisionally excited with
critical densityncrit & 103 cm−3, making them tracers of
dense gas. With multiple tracers, the age of a cloud can
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be modeled through chemical reaction networks to repro-
duce the observed line ratio, e.g., [C2H]/[N2H+] (Pan et
al. 2017; Liu et al. 2019). Such estimate, however, is hard-
ly quantitative calculation and model dependent, due to the
complexities of reaction networks and incomplete knowl-
edge of key parameters, such as densities.

HI could also be a tracer of cloud age. When a cloud
cools and evolves, the abundance of HI in the cloud de-
creases with time. Cosmic ray dissociation maintains a s-
mall content of HI even in the central, dense region of
molecular clouds, where HI is shielded from being dis-
sociated by UV photons and cools through collision with
H2 (Solomon & Werner 1971; Goldsmith & Li 2005). The
cold HI appears as absorption against its bright HI back-
ground and correlates with molecular emission. It is called
HI Narrow Self-Absorption (HINSA), and has been widely
detected toward dark clouds in the Taurus/Perseus region
and nearby molecular clouds (Li & Goldsmith 2003) and
molecular clouds (Krčo & Goldsmith 2010). HINSA is a
special case of HI Self-Absorption (HISA), which is com-
mon and has been introduced as an effective tool to study
Galactic HI distribution (e.g., Gibson et al. 2000; Dickey
et al. 2003; Kavars et al. 2003). HISA usually arises in
cold neutral medium (CNM) from different mechanism-
s, e.g., temperature fluctuations, thus may not match with
molecular emission. For the case of HINSA, it is closely
associated with molecular clouds in terms of sky position,
velocity, and non-thermal line width. With HINSA analy-
sis, a “ring” of enhanced HI abundance was clearly seen
toward dark cloud B227 (Zuo et al. 2018).

With an instantaneous effective area of 300 m di-
ameter, the Five-hundred-meter Aperture Spherical radio
Telescope (FAST, Nan et al. 2011) located in the south-
west of China is the most sensitive radio telescope in HI

band. FAST began its commissioning after 2016 Sep 25.
Its commissioning progress was reviewed in Jiang et al.
(2019). The 19 beam receiver was installed on FAST in
mid May of 2018. Spectral back-end for the 19 beam re-
ceiver was installed in late July, 2018.

In this paper, we introduce pilot spectral observation-
s with 19 beam receiver of FAST. The paper is struc-
tured as follows: Observation information is described in
Section 2. Analysis of deriving physical parameters is
shown in Section 3. The results and discussion are present-
ed in Section 4. We summarize our conclusion in Section 5.

2 OBSERVATIONS AND DATA ARCHIVE

2.1 Observations of HI

We selected our sources from the catalogue of Wu et al.
(2012) and its follow-up survey projects, in which more

than 674 PGCCs were observed inJ = 1− 0 transition of
CO and its isotopes. Two criteria were applied: (1) position
of the source is within FAST sky coverage but is out of sky
coverage of Arecibo 305 m telescope; (2) strong CO emis-
sion is detected toward the source. Position distribution of
observed 17 PGCCs is shown in Figure 1.

The FAST observations were conducted between 2018
December 16 and 2019 January 2. We observed the HI

1420.4058MHz transition with the central beam of the
19-beam receiver on FAST, which corresponds to a beam
width (Full Width at Half Maximum; FWHM) of 2.9 ar-
cmin. The pointing error is∼0.15 arcmin at 1420 MHz
(Jiang et al. 2019).

Single pointing observations of PGCCs were taken
with the narrow mode of spectral back-end. This mod-
e has 65 536 channels in 31.25 MHz bandwidth, resulting
in velocity resolution of 0.1 km s−1 at 1.420 GHz. Each
source was integrated for 10 minutes with a sampling rate
of 1.0066s. For intensity calibration, noise signal with am-
plitude of∼ 11K was injected under a period of 2.0132s,
which is synchronized with sampling rate.

After intensity calibration, spectral baseline was re-
moved by applying a linear fitting of line-free range within
[−300,300]km s−1. During observations, system temper-
ature was around 18 K. Reduced root mean square (rm-
s) of the final spectrum is∼ 35 mK, which is consistent
with theoretical sensitivity calculation. FAST’s currentset-
up does not include a local oscillator (LO), and therefore
neither Doppler tracking nor frequency switching are avail-
able.

In order to test the validity of our data reduction, the
PGCC source G089.29+03.99 located within the sky cov-
erage of Arecibo telescope was observed. The observed
spectrum with FAST is expressed in antenna temperature
(TA) while the data of GALFA-HI (Peek et al. 2011, 2018)
is expressed in brightness temperature (TB). We define a
ratioR to convert measuredTA to TB, R =TB/TA. A val-
ue ofR = 1.15 is used for comparing observation results
of G089.29+03.99. As shown in Figure 2, we have consis-
tent spectrum for FAST and Arecibo.

At H I band, telescope efficiency of FAST is almost
a constant value of∼ 0.6 when zenith angle (ZA) is less
than 26.4◦ and decreases linearly when ZA is greater than
26.4◦ (Jiang et al. 2019). This implies anR value of 1.67
within ZA< 26.4◦. This value is larger than required con-
version value of 1.15 between FAST and Arecibo toward
G089.29+03.99. Three main effects may contribute to this
difference.

1. The GALFA-HI map was not sampled at the center po-
sition precisely of the PGCC source G098.29+03.99,
while we pointed directly at the source.
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Fig. 1 Spatial distribution of observed 17 PGCCs. Sources with andwithout HINSA detection are labeled with cyan circles and red
triangles. Sky coverage of FAST within zenith angle (ZA) of 26.4 and 40 degree is shown withyellow andgrey color. The Galactic
plane and Galactic center (GC) are shown with ablue solid line and ared circle, respectively.

Fig. 2 HI spectra for PGCC source G089.03–41.2.Blue andred
color represents data from GALFA-HI and FAST, respectively.
The amplitude of FAST data has been multiplied by a factor of
1.15.

2. The flux for the GALFA-HI map was bootstrapped
using the Leiden/Argentine/Bonn (LAB) survey
(Kalberla et al. 2005). This means that while on a large
scale the flux of the map is very accurate, there may be
small-scale fluctuations.

3. The GALFA map was partially corrected for stray ra-
diation, while we did not.

We appliedR = 1.67 and corrected its dependence of
ZA to deriveTB from TA.

2.2 CO and Dust Archive Data

The 12CO(1–0) and13CO(1–0) data were obtained un-
der single pointing mode for investigating dynamic evo-

Fig. 3 An example of HINSA fitting toward G089.75–02.16.Top
panel: black andred solid lines are the observed HI and the recov-
ered HI background spectrumTHI, respectively.Bottom panel:
The profile of absorption temperatureTab (blue), 12CO (green)
and13CO spectrum (red).

lution of PGCCs with PMO 13.7m and TRAO-14m tele-
scopes (Wu et al. 2012; Liu et al. 2016). Angular res-
olution of both PMO 13.7m and TRAO-14m is∼1 ar-
cmin (FWHM) at 115 GHz. The back-end of PMO 13.7m
provides bandwidth of 1 GHz and frequency resolution
of 61 kHz (0.16 km s−1 for 12CO and 0.17 km s−1 for
13CO). The back-end of TRAO-14m provides bandwidth
of 125 MHz and frequency resolution of 15 kHz. This fre-
quency resolution leads to velocity resolution of 0.04 k-
m s−1 at 115.271 GHz. The spectral resolution of TRAO-
14m were smoothed to that of PMO 13.7m.

The dust temperature and dust reddening toward each
source were derived from Planck Collaboration et al.
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Fig. 4 Second derivatives ofTHI andTb profile for G089.75–
02.16. The velocity range is [0.5, 3.5] km s−1. The vertical
dashed line represents the central velocity of the HINSA com-
ponent.

Fig. 5 The NH2 (13CO)/NH2 (dust) ratio as a function of
NH2 (dust).NH2 (13CO) andNH2 (dust) are estimated molecular
hydrogen fromN(13CO) with converstion factor of 1.67×10−6

and dust (Planck Collaboration et al. 2016), respectively.Red and
green dashed lines represent averaged value and 1σ deviation,
respectively.

Fig. 6 Correlation between column density of HINSA and13CO.
Thered dashed line represents linear fitting of the data.

Fig. 7 The relation between HINSA abundanceNHINSA/NH

compared to total hydrogenNH. Thered andgreen dashed lines
represent fitting for the right 11 data points and all 13 data points.

Fig. 8 Non-thermal width of HINSA and13CO.

(2016), in which the data were smoothed into FWHM of
5 arcmin.

3 ANALYSIS

We start analysis by identifying molecular components in
velocity based on multiple gaussian fitting of molecular
spectrum. There are two factors:12CO profile may be af-
fected by self-absorption due to its large optical depth,
making it difficult to distinguish component numbers;
C18O has a relatively low abundance compared to12CO.
Its emission is weak and may be ‘missed’ under our obser-
vational sensitivity. Considering these factors, we identify
velocity components with13CO spectral data, whose emis-
sion is relatively optically thinner than12CO and strong
enough to be detected. A total of 23 components are iden-
tified toward 17 PGCCs. Each component is fitted with a
Gaussian function.

Next, we check if there exists a corresponding HI ab-
sorption feature toward each13CO emission component.
HI fluctuation is common in HI spectra. It may arise from
either kinematic effect of two HI clouds in different veloc-
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Fig. 9 Time dependence of HI abundance for various proton den-
sity (in cm−3). Thedashed lines represent different logarithmic
densities with index interval of 0.25. Five sources are plotted
with black diamonds. The cloud age of remaining eight sources
is calculated with measured HI abundance and the assumption of
steady state. They are shown withgrey triangles.

ity or absorption of cold HI cloud against brighter HI back-
ground. A feature of HI fluctuation is identified as HINSA
only when there is corresponding12CO or13CO emission.
This method of identifying HINSA through single point-
ing spectrum could not absolutely exclude the coincidence
between HI fluctuation from kinematic effect and13CO e-
mission. As discussed in Gibson et al. (2000), geometry
inspection of HI mapping would improve this situation.

For these identified HINSA components, we calculat-
ed excitation temperature and column density of atomic
and molecular content. They are shown as follows.

3.1 CO Excitation

For all observed PGCCs components, temperature ratio be-
tween12CO and13CO emission is around 2. This value is
much smaller than Galactic [12C/13C] ratio (∼ 60; Lucas &
Liszt 1998) in interstellar medium (ISM), leading to a rea-
sonable assumption that12CO is optically thick,τ12 ≥ 1.
Assuming a filling factor of 1, the excitation temperature
of 12CO equals brightness temperature of12CO.

The excitation temperature of13CO, T
13CO
ex is as-

sumed to be same ofT
12CO
ex . The optical depth of13CO,

τ13 is given by

τ13 = −ln(1−
T13
b

T12
b

) , (1)

under the assumption ofτ12 ≥ 1.
The column density of13CO is derived through the

following equation (Li 2002; Qian et al. 2012):

N
13CO
tot =3.70× 1014

×

∫

T 13
b

K

dυ

km s−1
fufτ13fb

1

fbeam
cm−2,

(2)

in whichT 13
b is brightness temperature of13CO,fτ13 is the

optical depth of13CO, fτ13 =
∫

τ13dυ/
∫

(1 − e−τ13)dυ.
The uncertainty ofN

13CO
tot was calculated by uncertainty

propagation of spectral rms of12CO and13CO data.
The above analysis of13CO is derived under the as-

sumption of local thermal equilibrium (LTE). Application
of non-LTE analysis leads to a consistent result with that
of LTE for PGCC (Liu et al. 2016).

3.2 Physical Parameters of HINSA

Li & Goldsmith (2003) proposed a three-component mod-
el of HINSA, which consists of warm HI background and
foreground gas with a central cold HI cloud along line
of sight. In this model, optical depth of background and
foreground HI gas areτb and τf , respectively. The fac-
tor p is defined asp = τf/(τf + τb). Kinematic distance
of each PGCC component was derived through Galactic
rotation curve (Brand & Blitz 1993). We combine kine-
matic distance and Galactic HI surface density distribution
(Nakanishi & Sofue 2003) to estimatep along sightline
of the PGCC. This is different from the formula adopted
in Li & Goldsmith (2003), which is reasonable for cloud
with high Galactic latitude but would be invalid for cloud
in the Galactic plane. Details of this calculation could
be found in section 4.2 of Tang et al. (2016).Tb(υ) and
THI(υ) represent observed HI brightness temperature spec-
trum and brightness temperature spectrum when central
cold HI cloud is absent, respectively. Absorption temper-
ature,Tab(υ) = THI(υ) − Tb(υ) could be described with
(Li & Goldsmith 2003):

T ab(υ) = [pTHI(υ) + (Tc − Tx)(1− τf )](1− e−τ ), (3)

whereTc is continuum temperature including cosmic mi-
crowave background (CMB, 2.73 K), Galactic synchrotron
radiation (∼0.7 K), and continuous emission from other
radiation mechanisms. The value ofTc is derived by the
equationT c = 2.7 + Tc408(νHI /408 MHz)−2.8, in which
Tc408 is continuum temperature around 408 MHz (Haslam
et al. 1982), andνHI is frequency of HI emission. Derived
value ofTc toward our targets ranges from 3.8 to 5.6 K.Tx

is the excitation temperature of HINSA component, and
depends on kinetic temperatureTk and effective temper-
ature of radiation field. The gas of observed PGCCs are
in molecular phase, resulting a reasonable assumption that
Tx = Tk. The value ofp is around 0.9. We follow Li &
Goldsmith (2003), the value ofτf is assumed as 0.1, which
implies a total optical depth of unity along Galactic sight-
line. This assumption would not significantly affect the re-
sult. The optical depth of HINSA,τ is an unknown param-
eter to be solved. Assuming a Gaussian broadening,τ is
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described in the formula ofτ = τ0e
−

(υ−υ0)2

2σ2 , in whichτ0
is peak optical depth at central velocity.

THI is recovered HI spectrum without absorption from
the central cold cloud. There are many methods to de-
rive THI, for instance, averaging nearby spectra without
this absorption cloud (e.g., Gibson et al. 2000) or fitting
observed profile with polynomial (e.g., Li & Goldsmith
2003). Considering complexity of HI emission around the
Galactic plane, the method of observing off positions or fit-
ting with polynomial may introduce significant uncertain-
ty. The method of polynomial fitting depends on the choice
of polynomial index.

HINSA and molecular hydrogen are believed to mix
well inside the cloud. Total velocity broadening of each
transition,σtot =

√

σ2
th + σ2

nt, in whichσth andσnt rep-
resent thermal broadening due to collision and non-thermal
broadening including turbulence, magnetic field and other
effects. Krčo et al. (2008) introduced a new method to de-
riveTHI by utilizing physical information (central velocity,
non-thermal linewidth and kinematic temperature) derived
from CO data to constrain fitting of HINSA profile. We
introduce this method for analysis in this paper. For each
HINSA component, four parameters of HINSA are fit-
ted with the following considerations (Krčo & Goldsmith
2010):

1. Central velocity. A maximum deviation of 10%
linewidth from central velocities of13CO is allowed.

2. Non-thermal linewidth. It is allowed within 50% devi-
ation from fitting13CO.

3. Kinematic temperature, which is derived from12CO
and is kept as a constant during fitting.

4. Optical depth. This is a relative free parameter without
priori information. Initial value of 0.1 with limitation
of [0, 10] is adopted during fitting.

Since the width of HINSA is narrow, a HINSA fea-
ture would become apparent in the second derivative of
observed spectrum (Kavars et al. 2005). The minimiza-
tion of the integrated squared sum of the second deriva-
tive would be sufficient to remove HINSA feature (Krčo
et al. 2008). We follow Krčo et al. (2008) to deriveTHI

by fitting a least minimum of second derivation of the in-
put spectrum. This method performs perfectly for simple
spectra but may lead to large deviation for complex spec-
tra. The above constraints of inputting parameters are in-
troduced to reduce uncertainty during fitting. An example
of HINSA fitting is shown in Figure 3. Corresponding sec-
ond derivatives ofTHI andTb profile is shown in Figure 4.
It is clearly seen that second derivatives at central velocity
becomes flat. Column density of HINSA is calculated by

(Li & Goldsmith 2003):

N(HINSA) = 1.95× 1018τ0Tx∆V cm−2, (4)

whereτ0, Tx and∆V are peak optical depth, excitation
temperature, and width of HINSA, respectively. The un-
certainty ofN(HINSA) is estimated through uncertainty
propagation during fittingτ0, Tk and∆V .

3.3 Total Column Density of Hydrogen

We obtained total column density of molecular hydrogen
NH2 and its uncertainty from Planck Collaboration et al.
(2016).NH2 toward each PGCCs is derived from color ex-
tinctionE(B − V ), which is based on multi-band contin-
uum emission. The obtained value ofNH2 consists con-
tribution from all gas components along line of sight of
PGCCs. For PGCCs with two or more components, we as-
sumeNH2 of each component is linearly correlated with its
column density of13CO. The column density of hydrogen
of each component is then calculated with

NH = N(HINSA) + 2NH2 . (5)

No estimates ofNH2 are given toward PGCCs
G089.62+02.16 and G093.16+09.61.NH2 of gas compo-
nents in these two sources are calculated from N(13CO).
Thus we have

NH = N(HINSA) +
2N(13CO)

X13CO/H2

(6)

= N(HINSA) +
2N(13CO)

X13C/12CX12CO/H2

, (7)

whereX13CO/H2
is 13CO/H2 ratio in a cloud. It contains

two parts,X13C/12C andX12CO/H2
. They are13C/12C and

12CO/H2 ratio, respectively. In previous research, the value
of these two parts are generally adopted as 1/60 and 1×104

in Galactic ISM (e.g., Liu et al. 2016).
We compare the validity of calculatingN(H2) by

adoptingX13CO/H2
= 1.67 × 10−6 for observed PGCCs

with N(H2) estimation from dust. As shown in Figure 5,
the adoption ofX13CO/H2

= 1.67 × 10−6 would overes-
timateNH2 by a factor of 6.2. This discrepancy may orig-
inate from variation of12C and13C in ISM with differen-
t environment. We adoptX13CO/H2

= (1.05 ± 0.36) ×

10−5 for calculatingNH in PGCCs G089.62+02.16 and
G093.16+09.61.

4 RESULTS AND DISCUSSION

A total of 17 PGCCs inside FAST sky coverage were sur-
veyed. We have detected 13 HINSA components toward
10 PGCCs, implying a HINSA detection rate of∼58%
in PGCCs. This detection percentage is smaller than that



N.-Y. Tang et al.: Pilot HI Survey of Planck Galactic Cold Clumps with FAST 77–7

of 77% in Taurus/Perseus region (Li & Goldsmith 2003,
hereafter LG03) and 80% of 48 molecular clouds (Krčo
& Goldsmith 2010, hereafter KG10). This deviation may
arise from limited sample number and different strategy of
sample selection.

We unbiasedly selected PGCCs without constraint on
visual extinction and presence of Young Stellar Objects
(YSOs), which could prevent cold gas from external and
internal heating. An embedded YSO is found to be located
inside PGCCs G108.84–00.81. Though LG03 stated that
the presence of YSOs would not significantly affect the
detection rate of HINSA, the statement should be checked
further by including molecular clouds with far distance. In
KG10, they selected sample clouds with peak visual ex-
tinctionAV > 6mag and without YSOs inside.

The spectra of sources with HINSA detection and
without HINSA detection are shown in Appendix A and
Appendix B, respectively. There are many reasons that
may be responsible for non-HINSA detection. For ex-
ample, the excitation temperature of the HI gas inside a
molecular cloud is comparable to that of background con-
tinuum temperature. As shown in Figure 1, there is no ob-
vious spatial difference between HINSA and non-HINSA
detection. The sample of 17 PGGCs is small. More sam-
ples are needed to further investigate this point.

The derived parameters of CO and HINSA of al-
l sources are shown in Table 1.

4.1 HINSA Column Density and Abundance

N (HINSA) of PGCCs has an average of 6.3× 1018 cm−2.
As a comparison, average value ofN(HINSA) in LG03
and KG10 are 7.2×1018 and 6.3×1018 cm−2. These re-
sults are consistent though we focus on a different category
of molecular cloud.

HINSA abundance,N(HINSA)/NH represents abun-
dance of cold HI in a cloud. The average HINSA abun-
dance in PGCCs is4.4× 10−3, which is about 3 times the
value derived in both LG03 and KG10. We notice thatNH2

is derived from Planck data with 5′ FWHM, which is larger
than that of HI (2.9′) and CO (1′) data we used. This would
lead to overestimation ofN(HINSA)/NH. As an estima-
tion, the peak column densityNpeak

H2
of PGCC would be

1.38 times the value ofNH2 (Planck Collaboration et al.
2016). Considering this uncertainty, the lower limit of av-
eragedN(HINSA)/NH would be3.2× 10−3.

The correlation betweenlog(N(HINSA)) and
log(N(13CO)) is investigated in Figure 6. An extra
uncertainty of 20% is considered due to flux calibration
of 13CO. As described in Section 3.2, the uncertainty of
fitting complex spectrum is difficult to estimate quantita-
tively and is not included in the error bar ofN(HINSA)

of Figure 6. The correlation can be expressed with

log(N(HINSA)) = a log(N13CO) + b, (8)

in whicha = 0.52± 0.26 andb = 10± 4.1. The Pearson
correlation coefficient is 0.52, indicating an intermediate
correlation between HINSA and13CO.

The uncertainty ofNH2 from dust could reach 50%
the value itself. It is larger than the uncertainty percent of
N(HINSA) andN(13CO). The uncertainties of HINSA
abundanceN(HINSA)/NH and total column densityNH

are significant and must be included during correlation
analysis. When uncertainty in bothX andY axes are con-
sidered, the correlation betweenN(HINSA)/NH andNH

are fitted with the following equation:

log(N(HINSA)/NH) = c log(NH) + d. (9)

As shown in Figure 7, there is a trend that HINSA
abundance decreases along increasing hydrogen colum-
n density. The fitted parameterc = −1.1 ± 0.32 and
d = 21±6.7when all data points are included. The slope of
−1.1±0.32 could not exclude the possibility that linear de-
crease of HINSA abundance is just due to division ofNH.
The two components,−3.73 km s−1 of G093.16+09.61
and 4.54 km s−1 of G107.64–09.31 show significant de-
viation. The13CO intensity of these two components are
low, which may lead to underestimation ofN (13CO), and
thus underestimation ofNH with the calculation method
we used in this paper. When these two components are ex-
cluded, the fitted parameters are given asc = −2.7 ± 1.0

andd = 54±22. The slope of−2.7±1.0 indicates that the
decreasing trend is physically meaningful. HINSA column
density will decrease in increasingNH. This result implies
that cold HI would be depleted in denser molecular cloud.
Since the two components with low13CO emission would
affect this analysis, more HINSA samples with accurate
estimation ofNH are needed to check this correlation.

4.2 Kinematic Environment

We investigated further the kinematic environment of
PGCCs. Thermal and non-thermal effects (e.g., turbulence)
are two main factors that lead to line broadening. Since
PGCCs are cold (∼ 5 − 25 K), the thermal broadening
width is small,∼ 0.3 km s−1. Unlike the thermal effect,
the non-thermal effect does not depend on kinetic temper-
ature and particle mass. In order to check the turbulence
effect on different species, we compare non-thermal width
of HINSA and CO in Figure 8. We found that non-thermal
width of 13CO is about0 − 0.5 km s−2 larger than that of
HINSA though spatial resolution of CO (∼ 1 arcmin) is s-
maller than that of HI (∼3 arcmin). The smoothing of CO
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Table 1 Derived Parameters of Observed Sources

Source RA(J2000) Dec(J2000) Comp

12CO 13CO HINSA
N (H)Tex Vcen ∆V N13CO Vcen ∆V NHINSA

(K) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (cm−2)

G089.29+03.99 20:50:43.20 50:25:38.7 1 15.95±0.31 –4.41±0.02 2.85±0.04 2.18±0.05 –4.70±0.02 2.48±0.12 4.0±0.5 20.15±6.32
G089.62+02.16 21:00:44.18 49:30:29.8 1 8.47±0.87 –1.39±0.44 1.85±0.17 0.28±0.04 –1.21±0.02 1.30±0.01 3.31±0.07 2.63±0.97

2 9.08±0.86 –0.16±0.07 1.27±0.05 0.65±0.07 –0.29±0.02 1.35±0.003 16.31±0.09 6.18±2.25
G089.64-06.84 21:37:58.08 43:11:7.8 1 18.07±0.27 12.86±0.01 1.33±0.02 1.56±0.04 12.77±0.01 0.91±0.01 3.90±0.14 13.01±7.79
G089.75-02.16 21:20:11.99 46:38:41.3 1 20.99±0.39 1.86±0.02 1.73±0.03 1.88±0.05 1.79±0.01 1.48±0.01 13.88±0.14 13.61±5.73
G090.76-04.57 21:34:00.72 45:36:504 1 17.81±0.24 10.13±0.02 1.82±0.05 0.86±0.03 10.21±0.01 1.50±0.02 7.21±0.30 5.43±2.54
G092.79+09.12 20:37:48.71 56:19:27.1 1 11.8±0.5 –2.53±0.03 1.63±0.07 0.81±0.05 –2.37±0.01 1.43±0.01 14.86±0.13 14.04±2.93
G093.16+09.61 20:36:31.44 56:54:48.6 1 8.43±0.49 –3.73±0.10 1.40±0.23 0.140±0.030 –3.61±0.01 1.00±0.03 0.68±0.04 1.34±0.55

2 9.19±0.49 –1.75±0.02 1.19±0.04 1.28±0.25 –1.68±0.01 1.21±0.01 4.81±0.06 12.23±4.88
G107.64-09.31 23:14:26.40 50:39:44.6 1 10.9±0.4 4.54±0.22 2.20±0.50 0.115±0.034 4.72±0.02 1.27±0.04 1.86±0.13 1.16±0.51

2 16.3±0.4 6.98±0.02 1.26±0.03 1.19±0.05 6.85±0.02 0.79±0.03 1.22±0.10 12.04±4.25
G116.08-02.40 23:56:45.11 59:44:20.0 1 16.52±0.32 –0.96±0.01 1.67±0.03 1.84±0.06 –1.00±0.01 1.54±0.02 7.14±0.23 11.22±5.02
G122.01-07.47 00:45:00.02 55:23:18.6 1 17.17±0.22 –52.18±0.02 1.23±0.04 0.59±0.03 –52.21±0.02 0.87±0.04 2.7±0.3 6.42±3.10

G089.36-00.69 21:12:24.00 47:23:32.3 1 7.43±0.28 –24.01±0.07 1.85±0.17 0.155±0.020 - - - 2.97± 0.84
2 17.77±0.27 2.29±0.02 2.71±0.03 3.19±0.05 - - - 61.23± 17.26
3 8.89±0.28 4.94±0.41 1.93±0.56 0.052±0.020 - - - 1.00± 0.28

G090.76-04.57 21:34:00.72 45:36:504 2 7.31±0.25 12.64±0.06 0.47±0.14 0.028±0.011 - - - 0.18±0.11
G093.22-04.60 21:44:44.88 47:13:3.4 1 17.16±0.25 3.60±0.01 1.52±0.02 2.04±0.04 - - - 32.9± 15.8
G093.31-11.68 22:09:44.88 41:42:30.2 1 15.32±0.39 –0.35±0.02 0.83±0.05 0.305±0.028 - - - 5.47±1.43
G093.36-12.07 22:11:11.52 41:25:35.8 1 8.52±0.37 0.24±0.16 0.86±0.37 0.036±0.020 - - - 4.09± 1.84
G101.14-15.29 22:54:59.75 42:35:51.7 1 15.45±0.43 –9.59±0.01 0.97±0.03 0.98±0.05 - - - 18.82± 6.39
G108.84-00.81 22:58:48.72 58:56:54.6 1 22.74±0.45 –49.67±0.02 3.27±0.04 4.73±0.10 - - - 86.8± 64.3
G121.93-07.67 00:44:28.34 55:11:24.4 1 17.01±0.21 –52.07±0.01 1.18±0.01 1.202±0.024 - - - 35.8± 13.2

data to same resolution of HI is expect to result in larger
linewidth of13CO, enlarging disparity between CO and HI

linewidth.
In order to check if this result is due to applying

constraints of non-thermal width while fitting HINSA in
Section 3.2, a wider limitation was chosen. We adopted
100% deviation from fitting13CO. Variation of fitted line
width under new limitation is less than 0.5% compared to
old one. Limitation of line width is used for deriving local
extreme solution and does not affect fitting result.

Line broadening caused by turbulence (∆V ) is found
to connect with cloud size (L) through a relation,∆V ∼

Lq. The value ofq is 0.38 when first proposed by Larson
(1981). Further observations toward giant molecular cloud-
s indicate a value of 0.5 (e.g., Solomon et al. 1987). This
relation implies that smaller regions are less turbulent. The
broader line width of13CO than HINSA may indicate that
HINSA lies in a smaller, interior region than13CO.

4.3 Transition between Atomic and Molecular Phase

The existence of cold HI in clumps is due to the balance
between H2 formation on dust grains and H2 dissociation
by external environment, e.g., illumination from cosmic
ray. HINSA abundance can be an effective indicator of
cloud evolution (Goldsmith & Li 2005). In order to com-
pare with an analytic model, we have to identify volume
density of total hydrogen. For PGCCs with both distance
estimationd (including kinematic distance derived rota-
tion curve) and cloud size in angular resolution∆θ, the

cloud size is estimated withL = d∆θ. For other PGCCs,
we adopt the fitting formula derived in Heyer & Brunt
(2004),σ = 0.9(L/1pc)0.56 km s−1 to calculate the size
of PGCCs. Average density is calculated withn̄H = NH

L .
We follow the analytic model in Goldsmith & Li

(2005). In a cloud with HI density ofnHI and H2 densi-
ty of nH2 , its HI density fractionx1 = nHI/(nHI+2nH2)

as a function of timet is given by

x1(t) = 1−
2k′n0

2k′n0 + ζH2

[1 − exp(
−t

τHI→H2

)], (10)

in which k′ is the formation rate coefficient of H2. ζH2

is the ionization rate of H2 by cosmic-ray. The value
of 5.2 × 10−17 s−1 has been adopted (van der Tak &
van Dishoeck 2000). The time constant between atomic
and molecular phaseτHI→H2 = 1

2k′n0+ζH2
. By adopting

x1 =N(HINSA)/NH andn0 = n̄H, cloud age could be
calculated from Equation (10).

A solution can be derived for only 5 of 13 PGCC com-
ponents. Figure 9 shows the evolution age as a function
of abundance of HI and total proton density. Cloud age
of these five clouds lies in the range106.7 yr 6 τcloud 6

107.0 yr. Besides, they are located in a transition phase be-
tween unstable and steady state.

Cloud has a density profile distribution with cloud ra-
dius, e.g., power law density profile (Shu 1977), which
results in a denser central region. The beam size of HI

(∼2.9 arcmin) and CO (∼1 arcmin) observations allows
us to only cover the central dense region of a PGCC clump.
The estimation of cloud density by simply dividing cloud
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size with column density would underestimate cloud den-
sity, leading to overestimate of cloud age. As discussed in
Section 4.2, we adopt peak proton density, which is 1.38
times the current value to estimate a lower limit of cloud
age. Lower limits of cloud age for five PGCC components
is in the range106.6 yr 6 τcloud 6 106.9 yr. These values
are about 23% smaller than that shown in Figure 9.

We are not able to find an available solution for the re-
maining eight components due to relatively low HI abun-
dance under its density. A possible reason is that cloud
size was overestimated, resulting in underestimation of to-
tal hydrogen density.

5 SUMMARY

In this paper, we have observed HI spectra toward 17
PGCCs with FAST. Thirteen HINSA components are
found for 10 sources. The abundance of cold HI in these
clouds varies from5.1× 10−4 to 1.3× 10−2 with an aver-
age value of4.4× 10−3.

We found that HINSA column density in PGCCs has a
intermediate correlation with13CO column density at log-
arithmic scale. This correlation follows a relationship of
log(N(HINSA)) = (0.52±0.26) log(N13CO)+(10±4.1).

When all data points are included, we could not ex-
clude the possibility that decreasing HINSA abundance
(N(HINSA)/NH) is due to division ofNH. If we only
consider HINSA components withNH > 5 × 1020 cm−2,
decreasing HINSA abundance as a function ofNH is phys-
ically meaningful. This confirms depletion of cold HI for
forming molecular gas in more massive PGCCs.

The non-thermal linewidths of 11 of 13 HINSA com-
ponents are narrower than that of13CO. This result may
implicate that HINSA was located in inner and smaller re-
gion than that of13CO.

We compare our results with an analytic model of
cloud evolution. Five of 13 HINSA components satisfy
cloud evolution at age range of 106.7 − 107.0 yr.

Due to a limited sample of this pilot survey with FAST,
there still exist some uncertainties in the above results. A
larger survey of HINSA features is necessary for improv-
ing these results.
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Appendix A: DETECTED HINSA TOWARD PGCCS

Fig. A.1 HI and CO spectra toward other nine PGCCs with
HINSA . Descriptions are the same as that of Fig. 3.
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Fig. A.1 Continued.
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Appendix B: NON-HINSA SPECTRA TOWARD
PGCCS

Fig. B.1 HI and CO spectra toward seven PGCCs without
HINSA. The observed HI spectrum and CO spectra are shown
in the top and bottom panels, respectively.
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