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ABSTRACT

We present large-scale trends in the distribution of star-forming objects revealed by the Hi-

GAL survey. As a simple metric probing the prevalence of star formation in Hi-GAL sources,

we define the fraction of the total number of Hi-GAL sources with a 70 µm counterpart as

the ‘star-forming fraction’ or SFF. The mean SFF in the inner galactic disc (3.1 kpc < RGC <

8.6 kpc) is 25 per cent. Despite an apparent pile-up of source numbers at radii associated

with spiral arms, the SFF shows no significant deviations at these radii, indicating that the

arms do not affect the star-forming productivity of dense clumps either via physical triggering

processes or through the statistical effects of larger source samples associated with the arms.

Within this range of Galactocentric radii, we find that the SFF declines with RGC at a rate

of −0.026 ±0.002 per kiloparsec, despite the dense gas mass fraction having been observed

to be constant in the inner Galaxy. This suggests that the SFF may be weakly dependent on

one or more large-scale physical properties of the Galaxy, such as metallicity, radiation field,

pressure or shear, such that the dense sub-structures of molecular clouds acquire some internal

properties inherited from their environment.
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1 IN T RO D U C T I O N

Molecular gas is a dominant component in the interstellar medium

(ISM) and the principal location of star formation. Clouds of molec-

ular gas take on a hierarchical structure throughout the Milky Way,

where the densest clumps of gas account for roughly 5–10 per cent

of the total mass in a typical cloud (Battisti & Heyer 2014;

Ragan et al. 2014). With the exception of the central molecular

zone (CMZ), this appears to be a universal property of molecular

clouds on average, regardless of a cloud’s proximity to a spiral arm

where, globally, molecular gas is concentrated (Eden et al. 2012,

2013).

The conditions of gas in molecular clouds in the Milky Way is

often characterized by CO emission, and large sections of the Galac-

tic plane have now been surveyed in a number of CO transitions

and isotopologues. For example, Roman-Duval et al. (2010) use the

Galactic Ring Survey 13CO (1–0) data and find a steep decline in

the Galactic surface mass density of molecular clouds with Galac-

tocentric radius (RGC), which extends to the outer Galaxy until a

truncation point of the molecular disc at RGC = 13.5 kpc (Heyer

et al. 1998). The excitation temperature of CO declines with RGC,

which may link to interplay between the slow decline of the cooling

rate (due to lower metallicity) and more rapid decline of the heating

⋆E-mail: S.Ragan@leeds.ac.uk

rate (attributed to a decrease in star formation rate, SFR) with RGC

(Roman-Duval et al. 2010).

Thermal emission from interstellar dust grains which follow the

gas distribution provide a secondary tracer of ISM structure and

properties. Sodroski et al. (1997) derive a dust temperature gradient

with RGC, owing in part to the metallicity gradient in the Galactic

disc (Lépine et al. 2011) and to variations in the strength of the

interstellar radiation field with RGC. The links between these trends

and star formation, however, remain tenuous.

Data from the Herschel Hi-GAL survey (Molinari et al. 2010a)

provides a new high-resolution perspective on the distribution of

dust which is necessary to distinguish between active and quiescent

molecular clouds throughout the Galaxy and to quantify their star

formation activity in detail. In this paper, we examine global trends

in the properties of Hi-GAL sources with Galactocentric radius.

2 DATA

The Herschel key program Hi-GAL (Molinari et al. 2010a,b) sur-

veyed the plane of the Milky Way in five photometric bands avail-

able with the PACS (70 and 160 µm ; Poglitsch et al. 2010) and

SPIRE (250, 350 and 500 µm ; Griffin et al. 2010) instruments.

These wavelengths cover the peak of the spectral energy distri-

bution of thermal emission from dust grains in the temperature

range 8 K <Tdust < 50 K. Compact sources at these wavelengths

C© 2016 The Authors
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Figure 1. A bird’s eye schematic view of the Milky Way. The solid coloured

spiral features correspond to the HH14 four-arm spiral arm model based on

H II regions, where red is the Norma arm, yellow is the Perseus arm, green is

the Sagittarius-Carina arm, blue is the Scutum-Centaurus arm, and black is

the local arm. The grey ellipse represents the area influenced by the Galactic

bar. The dashed lines show the Reid et al. (2016) loci of the spiral arms,

colour-coded in kind as above. The star indicates the position of the Sun.

The grey shaded regions show the area bound by the longitude limits of the

current catalogue.

represent the regions in the Galaxy which have the cold, dense

conditions necessary for star formation.

We use the Hi-GAL compact source catalogue (Molinari et al.

2016), which covers the inner Galaxy longitudes of 14◦< l < 67◦and

293◦< l < 350◦. A schematic region of the Galaxy covered is shown

in Fig. 1. The spiral arms show the analytic four-arm model from

Hou & Han (2014, hereafter HH14) fit to H II regions (assuming R0

= 8.5 kpc and �0 = 220 km s−1) and the model from Reid et al.

(2016, hereafter R16). We will discuss the differences between spi-

ral arm models in Section 4.2. Catalogue sources from each band

were matched according to the method described in Giannini et al.

(2012), which uses spatial associations starting from 500 µm and

moving towards shorter wavelengths (a band-merged source cata-

logue will be published separately; Elia et al., in preparation). For

the following, we require sources to be detected in at least three ad-

jacent bands – either 160, 250 and 350 µm or 250, 350 and 500 µm –

and to have kinematic distance estimates derived using the rotation

curve-based methods described in Russeil et al. (2011), assuming

the distance between the Sun and Galactic Centre to be 8.4 kpc.

This results in 57 077 sources.

The presence of 70 µm emission is a reliable indicator of em-

bedded star formation activity (e.g. Ragan et al. 2012; Traficante

et al. 2015). Molinari et al. (2016) indicate that the 70 µm Hi-GAL

catalogue is complete to ∼95 per cent above 0.5 Jy, which we adopt

as the threshold for a source to qualify as 70 µm -bright. Due to dif-

ferences in angular resolution across the different Hi-GAL bands,

sources detected at longer wavelengths may be associated with more

than one 70 µm source. This affects ∼5 per cent of the catalogue

entries, and we take the sum of the 70 µm flux from all sources

associated with the entry. In the following, we explore the preva-

lence of Hi-GAL sources with 70 µm counterparts compared to the

distribution of all sources. Hereafter, we will refer to the fraction

of Hi-GAL sources with a 70 µm counterpart as the ‘star-forming

fraction’ or SFF.

3 G A L AC T I C - S C A L E T R E N D S

We show the overall distribution of Hi-GAL sources in the grey

histogram in the upper panel of Fig. 2(a), and again in the upper

panels of Figs 2(b) and 2(c) for the north (14◦ < l < 67◦) and south

(293◦ < l < 350◦), respectively. The counts in the 0.1 kpc-wide bins

are normalized by the area of the Galactocentric annuli at the given

radius, also accounting for the longitude limits of the catalogue.

We show the subset of sources with 70 µm counterparts with the

blue histograms in each upper panel of Fig. 2. We find that within

the area covered by the current catalogue (i.e. the inner Galaxy

excluding the CMZ), the overall mean SFF is 0.25, very similar

to the fraction of Bolocam Galactic Plane Survey sources with

associated young stellar objects (YSOs) (0.29) reported by Eden

et al. (2015).

The lower panels of each plot in Fig. 2 show the fraction of the

total number of sources that are bright at 70 µm , and the error

bars represent the propagated Poisson errors for the counts of each

population per bin. The blue points indicate bins which have more

than 100 total sources, which were used in the following analysis.

The distributions shown in Fig. 2 exhibit no significant peaked

deviations from the mean SFF, however, a gradual declining trend

in SFF with Galactocentric radius is evident. The Spearman rank

correlation coefficient for the total distribution (Fig. 2a) is ρS =

−0.91, thus we can conclude that a highly significant monotonic

trend exists.

We perform a weighted least squares linear fit to the relation

between SFF and RGC using Poisson error weighting. We restrict

the fit to RGC bins with at least 100 counts and find the following

expression as the best fit

SFF = (−0.026 ± 0.002)RGC + (0.406 ± 0.003) [kpc−1]. (1)

The overall negative gradient is robust in the northern and southern

subsamples, with slopes of −0.030 ± 0.004 per kpc in the north (fit

where N > 100 per 0.1 kpc-wide bin, 3.6 < RGC < 8.6 kpc) and

−0.021 ± 0.006 per kpc in the south (fit within the range 3.1 < RGC

< 7.7 kpc).

By separating the Hi-GAL sources into the northern and southern

Galactic subsamples, some of the spiral arm features in the RGC

distributions are recovered. In Figs 2(b) and 2(c), we show the

average positions of the spiral arms within the longitude limits

according to the most recent spiral arm models from the BeSSeL

project (R16), reflecting the RGC-dependent arm widths (Reid et al.

2014). In the top panel of Fig. 2(c), there is a clear peak in the total

source distribution at RGC ∼6.6 kpc which likely corresponds to the

Centaurus arm, and the peak at 4.5 kpc corresponds to the Norma

arm in our longitude range. Despite these arm features appearing

in the overall distribution (top panels), the SFF (bottom panels) do

not show any significant peaks (>3σ above mean) at these radii.

Our linear weighted least-squares fit to the full sample (Fig. 2a)

results in a slope of −0.026 ± 0.002 per kpc within the 3.1 < RGC

< 8.6 kpc range, which is of 10σ significance. However, this fit

is weighted with the Poisson error for each bin, which may not

adequately account for the dominant uncertainty in the distance

estimate. So we next test the significance considering the large

distance uncertainties. For simplicity, we first assume a uniform

fractional error for each distance estimate, i.e. the distance to each

MNRAS 462, 3123–3129 (2016)
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Figure 2. (a) Top panel: histogram of total number of Hi-GAL sources per

unit area as a function of the Galactocentric radius (in kiloparsecs) overlaid

(blue) with the subset of these sources with 70 µm counterparts (Sν > 0.5 Jy).

Bottom panel: the fraction of the total sources with 70 µm counterparts. The

error bars reflect the Poisson statistical errors. Blue points are bins which

have >100 total sources and were used in the fits; grey points denote bins

with <100 sources and were excluded. The solid horizontal line at SFF =

0.25 is the mean fraction of the sample, and the standard error of the mean

is shown in the grey shaded region. The weighted linear least-squares fit is

shown over the range of Galactocentric radius bins with 100 or more sources

in the red solid line. (b) Same as (a), but for the northern subsample. The

coloured horizontal lines show the range of RGC spanned by each spiral arm

(red: 3kpc (near)/Norma; blue: Scutum; green: Sagittarius-Carina; yellow:

Perseus) in our longitude range. The vertical blue and green shaded bars

correspond to the approximate locations of the tangent points to the Scutum

and Sagittarius arms; the red shaded bar marks the end of the near side

of the 3 kpc arm and start of the Norma arm. These reference points are

in rough agreement between the two spiral arm models considered. The

widths of these regions reflect the RGC-dependent arm width calculated in

Reid et al. (2014). (c) Same as (a), but for the southern subsample. The

coloured horizontal lines show the range spanned by each arm (see above

for b), and the vertical shaded regions show the location (and arm width) of

the tangents to each arm [red: Norma; blue: Centaurus; green: Carina (R16);

cyan: Carina (HH14)].

Figure 3. Distribution of slopes when randomly sampling (N =

10 000 times) within the distance estimation error. Different fractional errors

are shown in the different colours: 50% (yellow), 40% (orange), 30% (red),

20% (blue) and 10% (grey). The key shows the mean and standard deviation

of each distribution.

source is certain within ± 10%, 20%, 30%, 40% or 50%. Next,

for each individual source in the catalogue, we simulate a new RGC

by randomly sampling within a normal distribution of width the

size of the assumed error bar. With the set of new distances for all

catalogue entries, we perform a weighted least-squares linear fit.

We repeat this exercise 10 000 times and record the new slope for

each simulation.

The mean and dispersion of the simulated slope distributions of

the SFF versus RGC relation assuming a 50%/40%/30%/20%/10%

error in heliocentric distance is still a significant result in all cases.

We summarize the distributions of the slopes in Fig. 3, where the

slope and 1σ error are given for each fractional error assumption.

4 D I SCUSSI ON

4.1 What does the SFF mean?

Hi-GAL sources detected at the four longest Herschel wave-

bands – 160, 250, 350 and 500 µm – are equivalent to the

submillimetre-continuum sources detected in surveys such as AT-

LASGAL (Schuller et al. 2009) or the JCMT Plane Survey (Moore

et al. 2015). For the most part, such objects have virial ratios clus-

tered around the critical value (Urquhart et al. 2014b) and there-

fore at least half are potentially star-forming clumps. As explained

above, we take it that those that have 70 µm emission are already

actively star-forming. The SFF may therefore be considered as the

fraction of dense clumps with embedded YSOs. If all the infrared

(IR)-dark clumps detected by Hi-GAL were to evolve into IR-bright

sources, the SFF would give the relative time-scales of the pre-stellar

and protostellar stages, but this is not necessarily the case. Those

not currently forming stars may either go on to form stars in the

future or may dissipate without doing so.

The SFF must be somewhat related to the evolutionary state of

clumps, as traced by e.g. the ratio of their IR luminosity (LIR)

to mass (cf. Molinari et al. 2008; Urquhart et al. 2013), and has

some dependence on the average clump mass, since the highest

mass clumps have an undetectably short IR-dark lifetime (Motte

et al. 2007; Urquhart et al. 2014b). The mean SFF is therefore

MNRAS 462, 3123–3129 (2016)
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set by the relative time-scale of the IR-bright protostellar stage to

that of the pre-stellar stage, multiplied by the average fraction of

productive dense cores. The measured mean SFF value of 0.25

happens to be consistent with equal time-scales and 50 per cent of

clumps being eventually star-forming (see also Moore et al. 2015).

Relative variations in SFF indicate changes (in both, but presumably

mainly the latter) and/or variations in the time gradient of the SFR

on time-scales similar to the clump lifetime (∼105 yr; if SFR is

increasing, SFF will be low, since there will be more bound starless

clumps, and vice versa).

The SFF is therefore a quantity related to the current star forma-

tion efficiency (SFE) within dense, potentially star-forming clumps,

being the fraction of dense clumps that are forming stars within the

time-scale set by submillimetre and far-IR detection. The SFF does

not, however, tell us the actual conversion efficiency of clump mass

into stellar mass, and is thus not a star-forming efficiency, strictly

speaking. A change in SFF with location may indicate a spatial

variation in environmental factors influencing the probability that

a clump will form stars. Such factors may include the availability

of dense molecular gas (Roman-Duval et al. 2016), turbulent pres-

sure (Wolfire et al. 2003), local magnetic-field strength (Heiles &

Troland 2005), or the presence of a triggering agent such as a wind-

or radiation-driven bubble (Bertoldi 1989; Bisbas et al. 2009).

4.2 The SFF associated with spiral arms

Our knowledge of the spiral structure of the Galaxy comes from

high-resolution surveys of the Milky Way plane, which have in-

formed various efforts to model Galactic structure (Dame et al. e.g.

2001; Roman-Duval et al. 2010; HH14; Reid et al. 2014; R16; Vallée

e.g. 2014b). The Milky Way has either two or four arms (depending

on the choice of tracer; Robitaille et al. 2012) and exhibits spatial

offsets between tracers of cold molecular gas and those of active

star formation (e.g. Vallée 2014a). While these studies have shown

that the spiral arms are undoubtedly where material is concentrated

in the Galaxy, studies of SFE metrics across the Galactic plane have

found no compelling evidence of variation associated with the spi-

ral arms (Eden et al. 2012, 2013, 2015; Moore et al. 2012), though

small number statistics were a limitation to these studies.

Nevertheless, we find similar signatures in our results. Fig. 2

shows that in terms of total number of sources (top histogram pan-

els), there are enhancements at the spiral arm radii. In the north,

the Scutum tangent at RGC ∼ 4.5 kpc, the Sagittarius arm within

the range 5.5 < RGC < 6.5 kpc show clear peaks in total distribu-

tion. The southern Norma (RGC ∼ 4.7 kpc) and Centaurus (RGC ∼

6.5 kpc) tangents are also peaks in total source surface density. One

of the largest discrepancies between competing spiral arm models

is the path of the Carina arm. If it lies within the range 7 kpc <RGC

< 8 kpc as R16 suggest, it is not a peak in overall source surface

density or SFF. The HH14 model puts the Carina arm about 1–2 kpc

further from the Galactic Centre in RGC, in which case the current

catalogue misses the tangent longitude and the Carina arm is too

poorly sampled for our consideration in this paper.

Turning to the lower panels in Fig. 2 (SFF versus RGC), we see

that the SFF at these radii do not exhibit compelling peaks (i.e. >3σ

deviation from the mean SFF), with the possible exception of one

bin near the northern Sagittarius arm tangent (RGC ∼ 6.5 kpc) where

the SFF is ∼0.31 (∼2σ ), however, since the adjacent bins lack any

elevation in SFF, this peak should be taken cautiously. Otherwise

and interestingly, if anything, the SFF exhibits weak depressions in

SFF at the Perseus, (southern) Centaurus and Carina arm radii.

Figure 4. The star-forming fraction (SFF) as a function of heliocentric

distance in kiloparsecs. The result of a linear weighted least-squares fit to

the trend is shown in the green solid line, the slope of which is +0.007

±0.001 per kpc.

That the Sagittarius arm (at RGC ∼ 6–6.5 kpc in the north) may be

unremarkable in SFF versus RGC is of particular interest. This arm

is prominent in CO (3–2) and therefore has abundant molecular

gas content at these longitudes (Rigby et al. 2016). It is also a

strong feature in the rms source distribution (Urquhart et al. 2014a),

gas temperature (Roman-Duval et al. 2010) and the ratio of IR

luminosity to clump mass (LIR/Mclump; Moore et al. 2012; Eden

et al. 2015) suggestive of enhancement in the SFE, albeit on the

kiloparsec scales probed by earlier surveys. This, however, may

be a consequence of local variations (e.g. a few high-luminosity

sources) which are not captured by the SFF metric, which is based

strictly on source count surface densities.

The lack of significant change in SFF across the spiral arms indi-

cates that the arms have little effect on the star-forming productivity

of dense clumps or on the average evolutionary state of star-forming

clumps, and no change in the latter across the spiral arms where the

line of sight is along a tangent. The latter might be surprising since

a lag between dust/gas-traced and star-traced arms is predicted by

the density-wave theory of spiral arms and has been reported sev-

eral times in qualitative studies of nearby face-on galaxies, but not

supported by more recent observational work (see Foyle et al. 2011,

and references therein).

4.3 Potential biases in measuring the SFF

As Hi-GAL provides us with an unprecedented number of uniformly

surveyed sources, we expect that any bias in our findings is distance-

related. Our study considers sources out to D ∼20 kpc heliocentric

distance, but given the longitude limits, this translates to a much

smaller range of RGC, such that 96 per cent of these sources fall

within the 3.1 kpc < RGC < 8.6 kpc range used in the above analysis.

The SFF as a function of heliocentric distance is shown in Fig. 4.

There is a shallow but statistically significant slope of +0.007 ±

0.001 which suggests a distance-related bias affecting the sample.

There are several possible effects at work here. First, the phys-

ical size corresponding to the resolution element increases with

distance, such that (assuming a uniform distribution of sources on

average) the number of sources overlapping with the beam will in-

crease with distance and also the likelihood that one of those sources

is 70 µm-bright, tending to increase the SFF with heliocentric dis-

tance (see Fig. 5 and Table 1). Secondly, the typical spectral energy

distributions of both starless and protostellar Hi-GAL sources (e.g.

Giannini et al. 2012) are intrinsically brighter at wavelengths longer

than 160 µm . If a 70 µm counterpart is detected, it is typically a

‘weaker’ (i.e. fewer σ above rms) detection (see fig. 3 in Moli-

nari et al. 2016). Thus, at large distances, sources are more readily

MNRAS 462, 3123–3129 (2016)



Star formation with Galactocentric radius 3127

Figure 5. SFF plotted as a function of RGC using sources from 2 kpc-wide

heliocentric distance bins specified in the upper left of each panel. The best-

weighted least-squares linear fit is shown in the red line, the slope (m) of

which is shown in each panel. Further statistics can be found in Table 1.

Table 1. SFF versus RGC in variable heliocentric distance ranges.

D range Ntot mean SFF slopea

(kpc) (kpc−1)

4 < D < 6 5865 0.226 −0.015 ± 0.007

5 < D < 7 5832 0.227 −0.037 ± 0.006

6 < D < 8 7937 0.214 −0.030 ± 0.009

7 < D < 9 9802 0.217 −0.042 ± 0.007

8 < D < 10 10 845 0.247 −0.053 ± 0.006

9 < D < 11 10 529 0.264 −0.045 ± 0.007

10 < D < 12 9981 0.274 −0.024 ± 0.008

a Slope of the SFF versus RGC relation in 2 kpc-wide heliocentric distance

bins, as shown in Fig. 5, fit within the range 3.1 kpc < RGC < 8.6 kpc.

detected at longer wavelengths, resulting in an increasing fraction of

genuine protostellar sources being misclassified as starless, effec-

tively reducing the SFF with distance. Another potential related bias

is the effect of distance on the average observed clump mass and

luminosity of sources. At large distances, a higher fraction of the

sources will be higher mass, which have shorter IR-dark lifetimes

(Urquhart et al. 2014b). In any case, the gradient of this relationship

is only one-third of that in the relationship of SFF with RGC and

cannot be the cause of the latter, especially since the relationship

between RGC and D is not a one-to-one correlation.

We can get a sense of the impact this shallow distance bias may

have on the trend with RGC by looking at the SFF versus RGC using

objects confined to narrow heliocentric distance bins. The SFF as a

function of RGC using sources within 2 kpc intervals1 of heliocentric

distance is shown in Fig. 5. As expected from Fig. 4, the mean

SFF increases slightly as the distance centre moves outwards. We

note that not only do all distance intervals show a significant anti-

correlation, also the most populated distance intervals (covering

distances between 7 and 11 kpc) exhibit a steeper slope than the full

sample value by a factor of ∼2, lending credibility to the overall

robustness of the trend.

4.4 What drives the gradient in SFF with RGC?

It is far from clear what the physical origin of a gradual decline in

SFF with RGC over 5 kpc might be. Since star formation is observed

to be closely correlated with dense gas (e.g. Lada, Lombardi & Alves

2010), one might expect the SFF to be greater where the fraction of

dense gas is higher. On kiloparsec scales, Roman-Duval et al. (2016)

show that the fraction of ‘dense’ gas – defined as the fraction of

mass in 13CO out of the ‘total’ molecular mass (traced by 12CO +
13CO emission) – does decline with RGC, roughly from 0.9 to 0.6

over the 3 kpc < RGC < 8 kpc range (a gradient of −0.06 kpc−1,

Fig. 6a). Within individual molecular clouds, however, the fraction

of gas at even higher densities – defined as the ratio of total mass in

compact sub-millimetre clumps of dust emission to the total mass

of the host cloud traced by 13CO – shows no dependence on RGC

(Fig. 6b; see also Eden et al. 2013; Battisti & Heyer 2014). This

suggests that once molecular clouds form dense structures (which

we observe as sub-millimetre or Hi-GAL clumps), the prevalence

of star formation (or SFF) is governed by other internal properties,

perhaps inherited from their environment. Below, we focus our

discussion on the known large-scale radial properties that have been

observed in the Galactic disc including metallicity, radiation field,

thermal and turbulent pressure and rotational shear.

The known negative metallicity gradient in the Galactic disc,

when traced by H II regions and OB stars, is in the region of 0.06–

0.07 dex kpc−1 within the approximate RGC range covered in this

study (Chiappini, Matteucci & Romano 2001; Lépine et al. 2011),

which translates to a reduction by a factor of 2 over 5 kpc, while the

measured SFF slope of −0.026 kpc−1 produces only a 13 per cent

decline in 5 kpc. Reduced metallicity implies lower dust-to-gas ra-

tio and reduced CO/H2 abundance, and so less efficient cooling and

turbulent energy dissipation. This might be expected to result in

less efficient star formation. However, Glover & Clark (2012) pre-

dict that, while the fraction of total molecular cloud mass traced by

CO may decrease, the SFR within clouds has little sensitivity to the

1 The selection of the 2 kpc width was made to ensure a good sample size

(N > 5000) was available.
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Figure 6. (a) The ratio of dense (13CO-emitting) gas surface density to

the total (12CO + 13CO) gas surface density (from fig. 12 of Roman-Duval

et al. 2016). The black line shows the mean, and the light grey shaded area

represents the total error budget. (b) The median dense gas mass fraction

(DGMF, defined as the ratio mass traced by sub-millimetre dust emission to

the mass in the parent cloud traced by 13CO) reported in Battisti & Heyer

(2014) as a function of RGC plotted with the standard error of the DGMF in

each 0.5 kpc-wide bin. (c) The SFF gradient with RGC from Fig. 2.

metallicity. Hocuk et al. (2016) also suggest that grain surface chem-

istry has only a small effect on star formation in molecular clouds.

We cautiously note that the SFF traces star formation within clumps

and not clouds and is independent of measured clump masses.

A radial decrease in radiation-field strength (in both photon in-

tensity and hardness) should offset, to some extent, the reduced

shielding that a declining metallicity produces via reduced dust and

CO abundance (Sandstrom et al. 2013), so the destruction rate of

both these will be less than expected from reduced metallicity alone

(Glover & Clark 2012). Other potential effects of the radiation field

related to star formation include changes in the ionization fraction,

a decrease in which may reduce magnetic-field support of clumps

against gravity, and in thermal energy input to the ISM, but both

effects are more likely to produce a positive SFF gradient than the

observed negative one.

Wolfire et al. (2003) estimate the typical thermal pressure in the

Galactic plane interval 3 kpc < RGC < 18 kpc to be Ptherm/k ≃

1.4 × 104 exp (−R/5.5 kpc) K cm−3 in the 3 kpc < RGC < 18 kpc

range i.e. a shallow declining exponential. They predict a similar but

flatter turbulent pressure gradient (∝ exp (−R/7.5 kpc)) between 3

and 10 kpc. The SFF gradient with RGC is much shallower, however,

the Wolfire et al. (2003) relation predicts a factor of 3.6 reduction

in the pressure between 3 and 10 kpc, corresponding to a linear

gradient of 0.5 < P > per kpc. Rigby (2016) find that, while the

average thermal pressure in the denser parts of molecular clouds

traced by 13CO (J = 3 → 2) is similar to that of the neutral gas, the

turbulent pressures are higher by one or two orders of magnitude.

On the other hand, the negative SFF gradient appears inconsistent

with the proposition that increased turbulent pressure produces a

raised density threshold for star formation (Kruijssen et al. 2014).

Rotational shear might be another suspect, contributing to tur-

bulent pressure and the specific angular momentum of clouds and

clumps, both of which may affect star formation productivity. How-

ever, shear has been shown to have little effect on SFE within

clouds (Dib et al. 2012). While shear is high at inner RGC, it de-

creases rapidly with increasing RGC and is relatively flat and low

beyond 3 kpc, where the SFF decreases steadily. Again, the gradient

appears to be in the wrong sense with high SFF where the shear is

also higher.

As part of their investigation into the low SFE in the CMZ,

Kruijssen et al. (2014) suggest that the gravitational stability of

the Galactic disc is increased inside ∼4 kpc, due to the ratio of

Toomre Q parameter to gas surface density. We might therefore

expect the SFE (i.e. the conversion of total gas mass to stars) to

decrease within this radius, but it is not clear how this might relate

to the rate of production of stars in dense clumps measured by the

SFF. Koda, Scoville & Heyer (2016) show that the molecular gas

fraction increases steadily with decreasing RGC, but we see in Fig. 2

that the surface density of mass in dense clumps falls rapidly within

4 kpc (Bronfman et al. 1988; Urquhart et al. 2014a). The production

of molecular clouds from neutral gas therefore is more efficient at

small RGC where the H2/H I ratio is nearly 100 per cent (Koda et al.

2016). The fraction of molecular gas in the form of dense clumps

within these clouds, while more or less steady, on average outside

∼4 kpc, albeit with very large, apparently random variations from

cloud to cloud (Eden et al. 2012, 2013), falls sharply inside this

radius.

Of the above mechanisms that might have a connection to the star

formation productivity of these dense clumps traced by Hi-GAL,

most should affect the SFF in the opposite sense than is observed.

Therefore, the connection between the several kpc-scale consistent

gradient in SFF and environmental conditions is obscure, not least,

because the dense clumps, once formed, might be expected to go

on to form stars independent of their environment.

5 SU M M A RY

We have examined Galactic-scale trends in the distribution of Hi-

GAL sources as a function of Galactocentric radius. We use the frac-

tion of sources with a 70 µm counterpart (the so-called star-forming

fraction, or SFF) as a measure of the prevalence of star formation

in sources throughout the Galaxy. The mean SFF is 25 per cent in

the range 3.1 kpc < RGC < 8.6 kpc and decreases steadily as a

function of RGC. A weighted least-squares linear fit to the relation

between SFF and RGC yields a slope of −0.026 ± 0.002 per kpc.

Splitting the catalogue between the north and south yield similar

(and robust) trends of −0.030 ± 0.004 and −0.021 ± 0.006 per kpc,

respectively. Heliocentric distance-based biases cannot account for

the magnitude of the trend.

In the considered RGC range, the spiral arms appear as features in

the overall distribution of sources, but no convincing signal in SFF

is evident at these RGC locations. This is consistent with analogous

efforts studying in trends in evolutionary stage (e.g. as probed by

LIR/Mclump) or clump formation efficiency, suggesting the SFF may

be tied to these quantities. One notable difference in our study

compared to these previous works is that we find no distinction is

SFF at the Sagittarius spiral arm. In previous studies, it is seen as a

peak in massive star formation signposts and gas temperature, but

the SFF has no such peak. We speculate that this can be explained
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by the fact that the SFF does not account for local high-luminosity

sources. Further study is needed on the source property distribution

around the Sagittarius and all spiral arms in order to determine their

role in Galactic-scale star formation.

The SFF exhibits a negative gradient with RGC despite the DGMF

showing no such trend over the same RGC range, indicating that the

SFF may be weakly dependent on one or more large-scale envi-

ronmental quantities, such as metallicity, radiation field, thermal

pressure, turbulent pressure or shear, each of which exhibits some

dependence on RGC. Considered individually, most of the Galactic-

scale trends in these quantities would imply a positive gradient in

SFF with RGC rather than the observed negative trend. The interplay

of these physical quantities across the Galaxy is clearly complex,

and the SFF can serve as a useful benchmark for Galactic-scale sim-

ulations that test these phenomena. Moreover, further observational

work, including an extension of this study to a larger range of RGC,

will aid in understanding what drives this Galactic-scale trend.
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