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Fig. 17. Top: total mass in form of prestellar cores as function of ambient
cloud column density in Orion B (blue histogram). Bottom: distribu-
tion of background column densities for the 490 robust prestellar cores
(blue histogram). The vertical dashed lines mark Abg

V ∼ 3 and 7 mag.
The overlaid gray histograms show the same distributions excluding the
cores lying in the northern region L1622, which are at a more uncertain
distance (see Sects. 1 and 3.5.2 for details).

gas filaments (Ostriker 1964; Inutsuka & Miyama 1997), and
to a threshold volume density nth

H2
∼ 3 × 104 cm−3. Alterna-

tively, under the extreme assumption that the background cloud
structure is completely isotropic, one can derive another con-
version between column density and typical volume density
(cf. Fig. A.1d of Bron et al. 2018), which leads to a signifi-
cantly lower value of only ∼103 cm−3 for the threshold volume
density. Obviously, only an order-of-magnitude estimate of the
threshold volume density can be derived. Because the Herschel
data indicate that the local background around each core is
highly anisotropic (e.g., filamentary), we nevertheless tend to
favor our higher estimate of the threshold volume density (i.e.,
∼3 × 104 cm−3).

4.6. Lifetime of prestellar cores in Orion B

As our Herschel survey provides an essentially complete census
of prestellar cores in the Orion B clouds, the core statistics can be
used to set constraints on the typical lifetime of prestellar cores
and the timescale of the core formation process. We may derive a
rough lifetime by comparing the number of prestellar cores found
here with Herschel to the number of Class II YSOs detected in

the mid-IR by Spitzer in the same region. The same approach
was first used by Beichman et al. (1986) based on IRAS data.
Our findings will hold, assuming that (1) all prestellar cores will
evolve into YSOs in the future, and (2) star formation proceeds
at a roughly constant rate, at least when averaged over the entire
Orion B cloud complex.

The three HGBS tiles imaged with Herschel around
NGC 2023 and 2024, NGC 2068 and 2071, and L1622 (see, e.g.,
Fig. 2) were also observed by IRAC as part of the Spitzer Orion
survey (Megeath et al. 2012) and thus provide a common field
where Herschel and Spitzer source counts can be directly com-
pared. The various numbers of dense cores and YSOs identified
by the two surveys in this common field are as follows:

– Herschel starless cores: 1032; above the mass completeness
limit of 0.4 M�: 338

– Herschel candidate prestellar cores: 538; above 0.4 M�: 333
– Herschel robust prestellar cores: 361; above 0.4 M�: 312
– Spitzer Class II YSOs: 312; corrected for incompleteness:

427
– Spitzer entire sample of Class 0/I–flat spectrum–Class II

YSOs: 428; corrected for incompleteness: 586.
For our lifetime estimates, we used the numbers of Spitzer
sources corrected for incompleteness with the help of Chandra
data and other techniques as described in detail in Megeath et al.
(2016). In practice, the corrected numbers of Spitzer sources
were derived by multiplying the uncorrected number counts by a
factor of 1.37, based on Table 1 of Megeath et al. (2016).

If we adopt a reference lifetime of 2 Myr for Class II
YSOs (Evans et al. 2009), the comparison between Herschel
and Spitzer source counts leads to lifetimes ranging from 2 ×
312/586 ≈ 1.1 Myr to 2 × 538/427 ≈ 2.5 Myr for the prestel-
lar core phase, depending on whether we consider only robust
prestellar cores above our mass completeness limit of 0.4 M�
or all candidate prestellar cores, and all Spitzer YSOs up to
Class II or only YSOs nominally classified as Class IIs. Our
best estimate of the prestellar core lifetime in Orion B is thus
tOrionB
pre = 1.7+0.8

−0.6 Myr, derived from the ratio 361/427 of the total
number of Herschel prestellar cores to the number of Spitzer
Class II YSOs corrected for incompleteness. This is slightly
longer than, but consistent within errors with, the prestellar life-
time estimate derived by Könyves et al. (2015) in the Aquila
cloud, tAquila

pre = 1.2 ± 0.3 Myr.
As a result of non-uniform incompleteness effects between

the Spitzer and the Herschel sample, the uncertainties in these
lifetimes are admittedly rather large (at least a factor of ∼2).
Additional sources of errors possibly affecting the above life-
time estimate are: (1) Megeath et al. (2012) used infrared spectral
index values uncorrected for extinction (in Aquila, the compared
Spitzer sources had been dereddened), (2) the classification of
cores and YSOs is somewhat uncertain, and (3) the two initial
assumptions mentioned above (i.e., prestellar nature of the cores
and steady state) may not entirely hold.

5. Summary and conclusions

Using SPIRE and PACS parallel-mode data from the Herschel
Gould Belt survey, we obtained an extensive census of dense
cores in the Orion B star-forming region. We analyzed both
the physical properties of the cores and the connection with
interstellar filaments. Our main results and conclusions can be
summarized as follows:
1. As in other HGBS clouds, the high-resolution (∼18�� or
∼ 0.03 pc) Herschel column density map of Orion B shows
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a highly filamentary distribution of matter and the column
density PDF features a prominent power-law tail above AV ∼
3 mag.

2. Based on multi-scale, multi-wavelength core extraction with
the getsources algorithm we identified 1768 starless dense
cores, 804 candidate prestellar cores, 490 robust prestellar
cores, and 76 protostellar cores in the ∼19 deg2 field that
was imaged with both SPIRE and PACS at five wavelengths
between 70 µm and 500 µm. The ∼80% mass completeness
level for candidate prestellar cores was estimated to be at
an observed core mass of ∼0.4 M�. The candidate prestel-
lar cores have an estimated median mass ∼0.5 M�, a median
deconvolved FWHM diameter ∼0.03 pc, a median aver-
age column density ∼4 × 1021 cm−2, and a median average
volume density ∼3 × 104 cm−3.

3. The identified dense cores are closely associated with fila-
mentary structures. A very high fraction of prestellar cores
(60–90%) were found within the 0.1 pc inner portion of the
filaments extracted with both DisPerSE and getfilaments.
Considering the deep raw sample of filaments extracted with
DisPerSE, we find that almost all dense cores (>90%) lie
within – stronger or fainter – elongated filamentary struc-
tures. Filaments may provide a more optimal environment
for the growth of prestellar cores than spheroidal clumps.

4. The most massive prestellar cores in our sample (with
masses between M ∼ 2 M� and ∼10 M�) tend to be spatially
segregated in the highest column density portions of the
Orion B cloud, at equivalent visual extinctions Abg

V
>∼ 15–30.

In particular, the distribution of median prestellar core mass
as a function of background column density (Fig. 12) shows
that both the median core mass and the dispersion in core
masses increase roughly linearly with background column
density. This suggests that the prestellar core mass function
(CMF) may not be strictly universal but may depend on the
local column density in the ambient cloud. This also suggests
that intermediate-mass and high-mass protostars may form
only (or at least preferentially) in the dense inner portions of
molecular clouds, supporting the notion of primordial mass
segregation in stellar protoclusters.

5. The global differential CMF derived for the whole sample
of 804 candidate prestellar cores (or 490 robust prestellar
cores) peaks at ∼0.5 M� (in ΔN/ΔlogM format), which is
just above the estimated 80% completeness limit of ∼0.4 M�
in Orion B. The best power-law fit to the high-mass end of
the prestellar CMF has a slope of –1.27 ± 0.24, compared
to the Salpeter slope of −1.35 (Fig. 13).

6. Splitting the global sample of Orion B prestellar cores in
a subsample of cores observed at high background column
densities (Abg

V ≥ 15) and a subsample of cores observed at
low and intermediate background column densities (Abg

V <
7), we found that the CMF of the high-AV subsample
peaks at an order of magnitude higher mass (∼3.8 M�) than
the lower AV subsample (∼0.4 M�) (Fig. 14). This result,
which cannot be explained by differential incompleteness
effects, further illustrates the presence of significant mass
segregation in the prestellar core population of the cloud.

7. The Herschel data in Orion B confirm the presence of a col-
umn density transition around Abg

V ∼ 5−10, for the formation
of prestellar cores (Fig. 16). Coupled to the close connec-
tion observed between cores and filaments (point 3), this is
consistent with the view that dense filamentary structures
with line masses near or above the thermal value of the crit-
ical mass per unit length of isothermal cylinders provide the

most favorable local environment for prestellar cores to grow
within molecular clouds.

8. The typical lifetime of Herschel prestellar cores in Orion B
was estimated to be tOrionB

pre = 1.7+0.8
−0.6 Myr, which is consistent

within error bars with the prestellar core lifetime tAquila
pre =

1.2 ± 0.3 Myr derived by Könyves et al. (2015) in the Aquila
cloud.
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Appendix A: Catalog of dense cores identified
with Herschel in the Orion B cloud complex

With our Herschel SPIRE and PACS parallel-mode imaging sur-
vey of the Orion B cloud complex, we identified a total of 1844
dense cores, including 1768 starless cores and 76 protostellar
cores. The master catalog listing the observed properties of all
of these Herschel cores is available in Table A.1. A template of
this online catalog is provided below to illustrate its form and
content.

The derived properties (physical radius, mass, SED dust tem-
perature, peak column density at the resolution of the 500 µm
data, average column density, peak volume density, and average
density) are given in Table A.2 for each core. A portion of this
online table is also provided below.

The end of the catalog of observed core properties also
includes 26 additional tentative cores which are possible extra-
galactic contaminants (see Sect. 3.5.2). The derived properties
of these objects are not provided in Table A.2.

Fig. A.1. Example blow-up Herschel images at 70–160–250–350–500 µm and high-resolution column density map for a (bound) prestellar core.
Ellipses represent the estimated major and minor FWHM sizes of the core at each wavelength; they are shown as solid or dashed curves depending
on whether the core is significantly detected or not, respectively, at a particular wavelength. See Table A.2 for the physical radius of the core and
other derived properties. An angular scale of 30�� (∼0.058 pc at d = 400 pc) is shown at the bottom right. North is up, east is left. Similar image
cutouts are provided online for all selected starless cores.

Fig. A.2. Same as Fig. A.1 for a protostellar core. See Table A.2 for its derived properties. Similar image cutouts are provided online for all selected
protostellar cores.
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Table A.2. Derived properties of dense cores identified in HGBS maps of Orion B (template, full table only provided at the CDS).

rNO Core name RA2000 Dec2000 Rcore Mcore Tdust Npeak
H2

Nave
H2

npeak
H2

nave
H2

αBE Core type Comments

HGBS_J* (h m s) (◦ � ��) (pc) (M�) (K) (1021 cm−2) (1021 cm−2) (104 cm−3) (104 cm−3)
(1) (2) (3) (4) (5) (6) (7) ± (8) (9) ± (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

· · ·
204 054126.7-014453 05:41:26.78 –01:44:53.2 2.1e-02 3.9e-02 8.80 2.07 11.1 0.6 59.0 68.2 233.9 24.8 38.2 242.5 0.0 2
· · ·

428 054202.9-020745 05:42:02.93 –02:07:45.2 1.8e-02 3.7e-02 6.17 1.17 11.5 0.5 56.9 54.4 235.6 24.3 32.5 292.7 0.1 3
· · ·

682 054316.0-025859 05:43:16.09 –02:58:59.0 2.9e-02 4.6e-02 0.05 0.02 15.7 1.7 0.2 0.3 0.7 0.1 0.1 0.5 11.4 1
· · ·

Notes. Table entries are as follows: (1) core running number; (2) core name = HGBS_J prefix directly followed by a tag created from
the J2000 sexagesimal coordinates; (3) and (4): right ascension and declination of core center; (5) and (6): geometrical average between
the major and minor FWHM sizes of the core (in pc), as measured in the high-resolution column density map after deconvolution
from the 18.2�� HPBW resolution of the map and before deconvolution, respectively. (NB: both values provide estimates of the object’s outer
radius when the core can be approximately described by a Gaussian distribution, as is the case for a critical Bonnor-Ebert spheroid); (7)
estimated core mass (M�) assuming the dust opacity law advocated by Roy et al. (2014); (9) SED dust temperature (K); (8) and (10) statis-
tical errors on the mass and temperature, respectively, including calibration uncertainties, but excluding dust opacity uncertainties; (11) peak
H2 column density, at the resolution of the 500 µm data, derived from a graybody SED fit to the core peak flux densities measured in a common
36.3�� beam at all wavelengths; (12) average column density, calculated as Nave

H2
= Mcore
πR2

core

1
µmH

, where Mcore is the estimated core mass (col. 7), Rcore the
estimated core radius prior to deconvolution (col. 6), and µ = 2.8; (13) average column density calculated in the same way as for col. 12 but using
the deconvolved core radius (col. 5); (14) beam-averaged peak volume density at the resolution of the 500 µm data, derived from the peak column

density (col. 11) assuming a Gaussian spherical distribution: npeak
H2
=

�
4 ln 2
π

Npeak
H2

FWHM500
; (15) average volume density, calculated as nave

H2
= Mcore

4/3πR3
core

1
µmH

,
using the estimated core radius prior to deconvolution; (16) average volume density, calculated in the same way as for col. 15 but using the
deconvolved core radius (col. 5); (17) bonnor-Ebert mass ratio: αBE = MBE,crit/Mobs (see text for details); (18) core type: 1-starless, 2-prestellar,
3-protostellar, or 0-tentative core. The latter is a likely extragalactic source (see comments); (19) comments: “no SED fit”, “tentative bound”,
“N region”.

Appendix B: Automated post-selection of reliable
core candidates

The getsources source extraction algorithm (Men’shchikov
et al. 2012), which analyzes fine spatial decompositions of the
original images across a wide range of scales and at all observed
wavebands, is a powerful technique to extract most candidate
dense cores in spatially-varying backgrounds. At the same time,
however, this technique tends to extract irregularities in the emis-
sion maps used for detection which must be discarded by the
user at the post-selection stage, that is after the initial selection
criteria described in Sect. 3.5.1 have been automatically applied.

The criteria of Sect. 3.5.1 are applied to the raw output
catalog from getsources. At this stage, the properties of candi-
date cores are derived directly from getsources measurements
without going back to the observed maps themselves. After the
initial selection steps, there may still be a significant number
of spurious sources in the selected core list which do not cor-
respond to real emission peaks or do not appear like genuine
cores in the maps. These spurious sources can only be elimi-
nated by revisiting their locations in the Herschel maps, which is
done here with a separate automated script. This “post-selection”
script is run on the same input observed maps with 3�� pixels as
used for the getsources extractions.

The automatic post-selection script, written in IDL, works
without any free parameter. It performs further source selection
and elimination according to the following steps:

1. The script prepares a close-up view of each core from the
input source list at the standard HGBS wavelengths (70, 160,
250, 350, 500 µm), and in the high-resolution column density
plane (see Figs. A.1, and A.2 for examples). Another example
of a core at 500 µm is provided in Fig. B.1. The input source
list of the post-selection stage is the output of the core selection
procedure detailed in Sect. 3.5.1.

Fig. B.1. Close-up view of a post-selected prestellar core at 500 µm
(shown in Fig. A.1) illustrating the post-selection procedure. At each
wavelength, the map colorscale is optimized for the immediate neigh-
borhood of the core; the lowest and highest map values in the considered
box are blanked by black and white colors, respectively. The source cen-
ter position is marked by a cross, and the FWHM ellipse automatically
derived by getsources is plotted.

2. Annular masks are created inside and outside of the
FWHM ellipse of a given source at each wavelength, which are
expanded (or shrunk) versions of the FWHM elliptical footprint,
scaling with radius, not with area. The division and numbering
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Fig. B.2. Left: examples of annular masks created inside and outside of the FWHM ellipse of each core at each wavelength. The example mask
image shown here is at 500 µm and belongs to the prestellar core of Fig. B.1. Inside out, the division of the masks along the core radius is the
following, considering the FWHM ellipse as 100%: region 1: <60% interior of the FWHM radius, region 2: 60–80%, 3: 80–100%, 4: 100–120%,
5: 120–140%, 6: 140–160%, 7: 160–180%, 8: 180–200%. Region A: <80% (regions 1+2), B: <100% (1+2+3). Right: the first maximum (i.e., the
highest intensity pixel) in each mask is shown by a green-shaded diamond in the example image. The panel size, marked source center, and FWHM
sizes are the same for each pair of mask image and observed image.

of these masks are illustrated in the left panel of Fig. B.2. We
split the immediate neighborhood of each candidate core into the
following masks, labeled by their linear sizes measured in units
of the FWHM size (taken to be 100%). Region (1): elliptical
area corresponding to a shrunk version of the FWHM foot-
print, within its 60% linear size; (2): region between the 60%
and the 80% ellipse; (3): 80–100% mask; (4): 100–120% mask,
(5): 120–140% mask; (6): 140–160% mask; (7): 160–180%
mask; (8): 180–200% mask. Region A: elliptical area enclosed
within the 80% ellipse (1+ 2); region B: area enclosed within
the FWHM elliptical contour (i.e., <100% mask = 1+ 2+ 3).

3. In the next step, maxima are found in the observed images
(at 160–250–350–500 µm, and at NH2 ) under the correspond-
ing rings of masks (see right panel of Fig. B.2). The panel
size, marked source center and FWHM sizes are the same for
a pair of observed image and mask image at each wavelength.
The location of the maximum value (i.e., the highest intensity
pixel) in each consecutive annular mask map sections under
the masks are is marked by a green-shaded symbol whose
size increases with radius from nominal source center. At the
same time, the script also locates the second and third inten-
sity maximum points within each annular mask (not shown in
Fig. B.2).

4. At this stage, when a core is post-selected at a cer-
tain observed wavelength, its counter flag (cntCoreλ) at that
wavelength is assigned a value of 1, that is, cntCoreλ = 1. The
default 0 value of cntCoreλ flips to 1 if:

I. the first maximum intensity values under the consecutive
masks are decreasing outward from core center,

OR
II. the maximum intensity inside the FWHM area (region B) is

higher than in the next mask outward (region 4),
OR
III. at least two of the secondary maxima in regions 1, 2, and 3

are larger than the first maximum in region 4,
OR
IV. the value of the third maximum in region 1 is larger than

the first maxima in regions 2 and 3.
AND
V. the aspect ratio of the core ellipse is ≤3.

More precisely, at a certain wavelength, a candidate core is
post-selected (kept) if at least one of the criteria from [I.] to
[IV.] is satisfied, and if criterion [V.] is fulfilled at the same
time.

5. The script then loops over the list of candidate cores to
be post-selected, and analyzes each wavelength in turn. The final
post-selection of a core is granted if cntCoreλ = 1 in at least
three bands among the 160–250–350–500 µm images plus the
high-resolution column density map.

In the case of Orion B, the fraction of discarded sources after
applying the above procedure was ∼30% of the input source list.

Our primary intention was to automate the post-selection
checks of cores directly from the information contained in the
observed Herschel maps, mimicking what a human eye would
do. This script greatly facilitates the post-selection evaluation,
but a final visual inspection is still recommended. As it was pri-
marily designed for resolved dense cores, this procedure is not
optimal for point-like sources or protostars.
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Appendix C: Completeness of HGBS prestellar core extractions in Orion B

Fig. C.1. Left: ratio of measured to true core mass as function of measured core mass for the simulated core extractions. The error bars are ±1σ
where σ is the standard deviation of the mass ratio in each mass bin. The median mass ratio is ∼0.75 for observed core masses between ∼0.3 M�
and ∼0.8 M� (as indicated by the horizontal blue line). The horizontal dashed line indicates a mass ratio of 1, as expected for perfect core mass
estimates. Right: difference between measured SED temperature and true mass-averaged dust temperature as function of measured core mass for
the simulated core extractions. The error bars are ±1σ where σ is the standard deviation of the temperature difference in each mass bin. The
median temperature difference is approximately +2 K between ∼0.3 M� and ∼0.8 M� (as marked by the horizontal blue line), close to the fiducial
completeness limit. The horizontal dashed line indicates no temperature difference, as expected for perfect core temperature estimates.

To assess the completeness of the present HGBS census of
prestellar cores in Orion B, we used both simulated data and
the simple model described in Appendix B.2 of Könyves et al.
(2015).

To simulate core extractions, we constructed clean maps of
the background cloud emission at Herschel wavelengths (plus
a column density map), by subtracting the compact sources
identified with getsources from the observed images (see
Sects. 3.4 and 3.5). We then injected model Bonnor-Ebert-like
cores within the clean-background maps to produce synthetic
Herschel and column density images of the region. We used a
population of 711 model starless cores with the following piece-
wise power-law mass distribution: ΔN/ΔlogM ∝ M+1.35 from
0.1 M� to 0.4 M�, ΔN/ΔlogM ∝ M0 from 0.4 M� to 0.9 M�,
and ΔN/ΔlogM ∝ M−1.35 from 0.9 M� to 20 M�. The posi-
tions of the model cores in a mass versus size diagram similar
to that shown in Fig. 7 were consistent with critical Bonnor-
Ebert isothermal spheres at effective gas temperatures ∼ 7–20 K.
The far-infrared and submillimeter continuum emission from
the synthetic Bonnor–Ebert cores at all Herschel wavelengths
was simulated using an extensive grid of spherical dust radia-
tive transfer models generated with the MODUST code (e.g.,
Bouwman et al. 2000; Bouwman 2001). Accordingly, each syn-
thetic prestellar core had a realistic dust temperature profile with
a significantly lower dust temperature in its central inner part, as
observed in resolved starless cores (cf. Roy et al. 2014). The syn-
thetic cores were randomly distributed within the portions of the
observed field where Nbg

H2
≥ 5 × 1021 cm−2 (or AV >∼ 5), with-

out any mass segregation. Compact source extraction and core
selection and classification were subsequently performed with
getsources in the same manner as for the real observations
(see Sects. 3.4 and 3.5).

As stated in Sect. 3.8 and illustrated in Fig. 8, the results of
these Monte–Carlo tests indicate that the present Herschel cen-
sus of prestellar cores in Orion B is ∼80% complete down to
∼0.5 M� in true core mass.

The above Monte–Carlo simulations were used to estimate
the accuracy of the derived parameters such as core mass,
radius, and dust temperature by comparing the measured values
after core extraction to the intrinsic values of the model cores.
Figure C.1 (left) shows that the measured core masses typically
underestimate the true core masses by ∼25% on average, and
Fig. C.1 (right) suggests that the derived SED temperatures typ-
ically overestimate the true mass-averaged dust temperatures of
the cores by typically ∼2 K, around the fiducial completeness
limit of ∼0.4 M� in observed mass. A similar comparison for the
core sizes (Fig. C.2) indicates that the measured sizes (prior to
deconvolution) are within ∼5% of the true core sizes on aver-
age. Since the core masses are underestimated when the dust
temperatures are overestimated, the slight bias of the derived
masses (Fig. C.1 left) can be interpreted as a direct consequence
of the temperature overestimation (Fig. C.1 right). The latter is
because the dust temperature derived from SED fitting exceeds
the mass-averaged dust temperature of starless cores owing to the
presence of an internal dust temperature gradient rising outward
(see, e.g., Roy et al. 2014). Accounting for the ∼25% effect on the
derived masses, we estimate that the ∼80% completeness limit at
∼0.5 M� in true core mass is located at ∼0.4 M� in observed core
mass.

Figure C.3 confirms that the prestellar CMF can be reliably
determined down to a fiducial completeness limit of ∼0.4 M�
in observed mass. A Kolmogorov–Smirnov (K–S) test shows
that the derived CMF (blue histograms in Fig. C.3) is statis-
tically indistinguishable (at the ∼90% confidence level) from
the input mass function (red curve in Fig. C.3) above 0.4 M�.
We also point out that the mass function of extracted candi-
date prestellar cores (light blue histogram in Fig. C.3) starts to
deviate from the mass function of robust prestellar cores (dark
blue histogram) below ∼0.4 M�, implying that the selection of
bona fide self-gravitating starless cores becomes quite uncer-
tain below the fiducial completeness limit. Indeed, the sample
of candidate prestellar cores includes a significant number of
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Fig. C.2. Ratio of measured to (convolved) intrinsic core size as func-
tion of measured core mass for simulated core extractions. The error
bars are ±1σ where σ is the standard deviation of the size ratio in
each mass bin. The horizontal dashed line indicates a size ratio of 1,
as expected for perfect core size estimates.

Fig. C.3. Synthetic prestellar core mass function (CMF) derived from
simulated source extractions (blue histograms) compared to the input
mass function of 711 model cores (red curve) constructed as described
in the text. The light blue and dark blue histograms show the mass
functions of the extracted candidate and robust prestellar cores, respec-
tively. The estimated 80% completeness level of our Herschel census
of prestellar cores in Orion B is indicated by the vertical dashed line at
0.4 M� (in observed core mass).

non-self-gravitating or spurious objects below this limit. Con-
versely, the sample of robust prestellar cores becomes severely
incomplete.

As the rms level of background emission fluctuations (often
referred to as “cirrus confusion noise”) generally increases with
column density (cf. Kiss et al. 2001 and Fig. B.4 in Könyves
et al. 2015), the completeness level of our census of prestellar
cores is background dependent and becomes worse in areas with
higher background cloud emission. To estimate the variations
of the completeness level in the observed field, we used the
simple model of the core extraction process and completeness
problem presented in Appendix B.2 of Könyves et al. (2015) for

Fig. C.4. Model completeness curves of Herschel prestellar core extrac-
tions in Orion B for five values of background cloud column density
expressed in units of visual extinction from Abg

V = 5 to Abg
V = 40.

the Aquila cloud. This model, scaled to the distance of Orion B,
allowed us to estimate individual completeness curves as a func-
tion of background column density, as shown in Fig. C.4. A
global completeness curve (shown by the dashed blue curve in
Fig. 8) was then computed as a weighted average of the individ-
ual completeness curves using the observed distribution of mass
in the cloud as a function of background column density (cf.
Fig. 4 here and Appendix B.2 of Könyves et al. 2015 for further
details).

Appendix D: Spatial clustering of prestellar cores
in different mass regimes

D.1. Clustering of dense cores

The spatial clustering of dense cores can be defined and inves-
tigated with many methods (e.g., Kirk et al. 2016b; Gutermuth
et al. 2009). Here, we used dendrograms (Rosolowsky et al.
2008) to define groups or clusters of cores. We utilized the
IDL functions CLUSTER_TREE and DENDRO_PLOT sepa-
rately for the robust prespellar core sample in the northern,
middle, and southern tiles, separated by the declination lines
at Dec2000 = 1◦31�55��, and Dec2000 = −0◦28�38��. Based on the
column density distribution in the entire field, this seems to be
a valid choice. A clear and simple example of a hierarchical
clustering is shown in Fig. D.1 for the northern region L1622.

In this figure, the labeled individual cores are arranged in
the bottom of the dendrogram. In the jargon they are referred to
as leaves, marked by the lowest vertical lines, and they have no
substructures. The horizontal lines connect leaves, then higher
hierarchy levels, making branches. The point where a vertical
line originates from a horizontal one is called a “node”. Its height
represents the distance (in parsec) between the left and right
branches. The elements (i.e., cores) of these branches can also
be called clusters.

In order to select clusters for our analysis, the dendrogram
trees were inspected, and cores within 3 pc separation of each
other in a branch were selected. We required a minimum num-
ber of 12 core elements. If a bigger cluster had significant
sub-branches, we split it again into smaller clusters, typically
at ∼1.5 − 2 pc distances. Their properties can be studied sep-
arately, or together in larger clusters. This way, we found one
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Fig. D.1. Dendrogram tree used for selecting cores in L1622. The leaves represent the list of cores in the northern part of Orion B (Dec2000 >
1◦31�55��). The 16 cluster members in this case were selected from leaves 6 to 37, marked by the blue rectangle. The red vertical connections
projected on the Y axis show the distance between leaves and branches (see text for details).

Fig. D.2. Clusterings of robust prestellar cores in NGC 2068 and 2071 of Orion B, defined mainly using dendrograms. The selected clusters are
displayed in different colors, overplotted on the column density map of NGC 2068 and 2071. The left panel shows a bigger cluster (N2 in yellow),
where cores were selected within 3 pc distances from one another in a branch of the dendrogram tree around NGC 2068 and 2071 (see text). A
similar dendrogram tree is shown in Fig. D.1 for L1622. The middle panel displays subclusters of the N2 group. The cores within these smaller
clusters are closer to each other than ∼1.5 − 2 pc. In the right image, an arbitrary column density level of about 2 × 1021 cm−2 defines a group of
cores in the region of NGC 2068 and 2071.

cluster containing 16 robust prestellar cores around L1622 in the
north of Orion B (see Fig. D.1). The left and middle panels of
Fig. D.2 (and Fig. D.3) display the various clusters of robust
prestellar cores in the NGC 2068 and 2071 regions based on the
above selection from their dendrogram trees. The number of core
elements in these clusters are as follows: cluster N1: 43 cores,
cluster N2: 100, N22: 36, N211: 44, N212: 20.

The CLUSTER_TREE function was run with the LINKAGE
keyword (=2) which uses a weighted pairwise average. The dis-
tance between two leaves and clusters is defined as the average
distance for all pairs of objects between each cluster, weighted
by the number of objects in each cluster. We chose this method
because it works well both for homogeneous clusters and for
chain-like clusters. We indeed trace rather elongated, and more
compact (sub)clusters as well.

Although these clustering properties stem only from the
extracted core positions, the resulted clusters correlate very well
with underlying column density features, including filaments,
along which most of the cores are found. If we compare Fig. 9
(left panel) and Fig. D.2, we find eye-catching chains of cores
along filaments. Using this idea, we also set an arbitrary column
density level of about 2 × 1021 cm−2 to select another group
of cores in the region of NGC 2068 and 2071 (right panel of
Fig. D.2). With various clusters over the same region we can
test if certain trends of core properties hold on different spatial
scales.

D.2. Mass segregation of dense cores with the MST method

Figure 12 in Sect. 4.2 indicates that the most massive prestel-
lar cores in our sample are spatially segregated in the highest
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Fig. D.3. Alternative groupings of robust prestellar cores in NGC 2068 and 2071. The left panel shows the N2 cluster, the middle panel the N0 =
N1 + N2 clusters (see left panel of Fig. D.2), and the right panel all cores lying above ∼2 × 1021 cm−2 in this area (see right panel of Fig. D.2).
Black open diamonds mark the 3 (left and middle panels) or 10 (right panel) most massive prestellar cores in these clusters.

column density portions of the Orion B complex. This mass seg-
regation can also be quantified using the minimum spanning tree
(MST) technique (e.g., Allison et al. 2009; Parker & Goodwin
2015). We applied this technique to the clusters of dense cores
defined with the help of dendrograms in Appendix D.1. The
MST method compares the minimum spanning tree of a given
number N of the most massive cores with that of a randomly dis-
tributed population of cores. The observed and random MSTs are
constructed from graphs where the shortest possible separations
are calculated between cores, without allowing closed loops. If
mass segregation is present, the MST length of the most massive
cores in the sample should be significantly shorter than that of a
random population of cores. The degree of mass segregation can
be quantified via the mass segregation ratio, ΛMSR, defined as
the ratio of the average MST length for N randomly chosen cores
to the MST length for the N most massive cores in the sample
(Allison et al. 2009; Parker 2018). TheΛMSR should significantly
exceed 1 when mass segregation is present.

Figure D.4 shows a mass segregation ratio plot, in which
MST calculations were applied to the N2 cluster of NGC 2068
and 2071 (see left panel of Fig. D.2). With a sliding window of
three cores, the N2 cluster shows an explicit positive mass segre-
gation (ΛMSR > 6), where the most massive cores in this region
with M > 10 M� are more concentrated spatially than cores with
lower masses (left panel of Fig. D.3). However, comparing and
contrasting the panels of Fig. D.3 with the summary table of
mass segregation properties in various core clusters (Table D.1),
it does not appear obvious that the three most massive cores
in the N2 cluster are much more concentrated than the –same–
three most massive cores in the N0 (=N1+N2) cluster (see mid-
dle panel of Fig. D.3). After carefully inspecting the values in
Table D.1, the overall result in NGC 2068 and 2071 provides
only marginal evidence for other than a random distribution of
core masses, even though in one case the segregation of the
most massive cores is strong (i.e., Fig. D.4). Further caveats and
assumptions of the ΛMSR method are discussed in detail in, for
example, Parker (2018).

Finding some degree of mass segregation at the prestellar
core stage in Orion B would lend support to the idea of primor-
dial mass segregation in stellar protoclusters. Mass segregation
at birth may be expected since protostellar sources embedded
in denser filaments can accrete longer before feedback effects
stop further gas inflow. This effect differs from the dynamical
mass segregation quickly affecting evolved stars in revealed star
clusters (e.g., Kroupa 2008).

Using published dense core samples from both the HGBS
and ALMA (Atacama Large Millimeter Array) observations,
Dib & Henning (2019) performed structure and mass segrega-
tion studies that they linked to the star formation activity of their
set of clouds. They claim that the level of core mass segregation
is positively correlated with the surface density of the star forma-
tion rate in the cloud. They attribute this correlation to a depen-
dence on the physical conditions that have been imprinted by the
large scale environment at the time these clouds started to form.

Based on dense cores in Orion B from JCMT’s SCUBA-2
observations, Kirk et al. (2016b) and Parker (2018) analyzed the
clustering and mass segregation properties by various methods.
While Kirk et al. (2016b) found segregation of massive cores
in NGC 2068 and 2071, and in NGC 2023 and 2024, accord-
ing to Parker (2018), only a mild mass segregation is present
in the NGC 2068 and 2071 regions. Our above findings seem
to approach these latter results. However, we issue here a word
of caution: the conclusions on mass segregation may depend
somewhat on the chosen cluster and the exact method of analysis.

D.3. Core masses versus core surface density

As we have shown in Sect. 4.2, the presence of prestellar cores is
strongly correlated with the local column density in the ambient
cloud. This relationship is perhaps not surprising as dense cores
require sufficient gas (at high column- and volume density) to
form in the first place. In this appendix we present some initial
results on the distributions of cores relative to each other (which
will be investigated in more detail in a later paper).
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Fig. D.4. Mass segregation ratio, ΛMSR, as function of core mass in the
N2 cluster of NGC 2068 and 2071, including 100 robust prestellar cores
(see left panel of Fig. D.2). The tool used to derive ΛMSR is described in
Allison et al. (2009). A sliding window of three cores (N = 3) was set
in this case.

Table D.1. Mass segregation results with ΛMSR method (based on
Allison et al. 2009) in various core clusters of NGC 2068 and 2071.

N = 2 N = 3 N = 5 N = 10

N11 0 0
N1 0 0
N2 4 2 2
N22 0 0
N211 0 0
N212 0 1 0
N0 (N1+N2) 0 1 2
N22+N211 1 1 0
robust pre >2 × 1021 cm−2 0 2 3
cand. pre >2 × 1021 cm−2 0 2 3

Notes. This table summarizes results on mass segregation using various
core samples that are listed in the left column (see Fig. D.2 and text for
details). The assigned numbers in the table from 0 to 4 correspond to
a range of No to Strong in properties of mass segregation. In a given
cluster we analyzed the spatial distribution of cores against the N = 2, 3,
5, 10 highest mass cores in that cluster, provided that this was reasonable
based on the size of the cluster (table cells are empty if not).

We consider the sample of 423 robust prestellar cores, with
masses >0.4M� above the completeness limit (see Sect. 3.8).
The core surface number density, Σcores, is defined from the
radius containing the 6 nearest neighbors, r6, as Σcores = 6/r2

6
(cf. Casertano & Hut 1985). Very low values of Σcores indicate
that cores are relatively isolated, very high values of Σcores that
there are many cores close-by.

From the results of Sect. 4.2, we know that the most mas-
sive cores are in the areas with the highest background column
density. An interesting related question to ask is whether the
highest-mass cores are also found in regions of highest core sur-
face density. In Fig. D.5, we show a plot of core surface number
density (using arbitrary angular area units) against core mass.
It is immediately obvious that there is no strong correlation
between core mass and core surface density.

We can analyze Fig. D.5 more quantitatively using a Gini-
like statistic (Gini 1912; Ward-Duong et al. 2015, see the latter

Fig. D.5. Distribution of core surface number densities (in angular area
units) against core mass (in M�). The sample of robust prestellar cores
was used above 0.4 M�.

Fig. D.6. Cumulative distribution function of core positions (open cir-
cles) in ordered list of 423 core surface densities. Top: positions of
62 cores with masses >3 M�. Bottom: 19 most massive cores (>7 M�).
See text for explanation.

for an astrophysical application). In an ordered list of cores by
surface density we can quantify if a subset of cores (e.g., those
with the highest masses) are consistent with being randomly dis-
tributed in the list (i.e., looking for a bias in what surface density
those cores are found at).

As an example, the upper panel of Fig. D.6 shows the posi-
tions in an ordered list of all 423 core surface densities (the
x-axis), and a cumulative distribution function (CDF) of the
positions of the 62 cores with masses >3M� (open circles). If
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the cores with masses >3M� were randomly distributed in the
list then we would expect them to roughly follow the diagonal
line (i.e., be equally likely to be anywhere in the list). The clear
deviation from randomness can be quantified by calculating the
area under the actual distribution and comparing it to a large
ensemble of samples of 62 cores taken randomly from the list. If
the distribution were random we would expect the area under
the CDF to be 0.51 ± 0.03 (1σ error), while the actual area
is 0.38. More usefully dividing the true by the expected values
we have a quantity Σ+cores = 0.76 ± 0.03 (formally 5σ from ran-
dom, although the distribution of random areas is not normally
distributed in the tails). More qualitatively, this discrepancy is
because cores >3M� are very unlikely to be at low core surface
densities (only 25% of them are in the lowest 50% of core sur-
face densities), and very likely to be at high core surface density

Appendix E: Additional figures

Fig. E.1. Left: map of the ratio of AV-converted column density from HGBS data to visual extinction from Bontemps et al. Right: map of the ratio
of AV-converted column density from HGBS data to visual extinction from Lombardi et al. The median values of both ratio maps are ∼0.5 (see
Sect. 3.1 for details).

(a third of them are in the top 20% of core surface densities).
A strong correlation between core mass and local core surface
density was also found based on the SCUBA-2 data in Orion B
(Kirk et al. 2016b).

However, if we take only the 19 most massive Herschel
cores >7 M�, as shown in the lower panel of Fig. D.6, we
find that the most massive cores are completely consistent with
being randomly distributed in core surface density with Σ+cores =
0.95 ± 0.05 (where unity is consistent with random). This is
telling us that all cores with >3M� have a strong bias to be in
regions of high core surface density, the trend is not following a
simple higher-mass higher-core surface density relationship, and
the very highest-mass cores could be “different” in some way
and certainly show no signatures that could be easily interpreted
as “mass segregation”.
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Fig. E.2. L1622 cloud and its surroundings. The gray background image shows the mask of filamentary network traced by getfilaments
(Men’shchikov 2013). Within the getfilaments mask the color scale represents column density values in the column density map (Fig. 2 left).
Angular scales up to 100�� are shown, which corresponds to ∼0.2 pc at d = 400 pc. Left: overplotted thicker blue skeletons mark the robust filament
crests from the DisPerSE (Sousbie 2011) sample (see Sect. 3.2 for details). The latter sample together with the thin cyan crests make the DisPerSE
raw sample of filaments. Right: overplotted blue crosses mark robust prestellar cores in the northern region.

Fig. E.3. Ratios of SCUBA-2 to HGBS core mass estimates for matched
starless and protostellar pairs within 6��. The SCUBA-2 core masses
were re-derived assuming either 1) the dust temperatures estimated from
Herschel SED fitting (T SED

d ), or 2) a uniform dust temperature of 20 K
for all cores. In each panel, the median ratio is marked by a red dashed
line (see details in Sect. 3.6).
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