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A B S T R A C T 

We present a comprehensive analysis of dense cores and filamentary structures in the M16 Eagle Nebula using high- 
resolution ( 11 . 7 arsec ) surface density and temperature maps derived from Herschel observations. Using the hires al- 
gorithm for map construction and the getsf method for source and filament extraction, we identified 233 cores and 111 
filaments in this massive star-forming region. The filaments exhibit a median width of 0.4 pc – and a median linear density 
of 61 M� pc−1 , with 76 per cent being supercritical for gravitational fragmentation. Our radial analysis of the ∼60 pc 
diameter shell driven by the central NGC 6611 cluster reveals strong enhancements in structure formation: Filament 
formation efficiency (FFE) is 2.3 times higher within the shell (peaking at 22 per cent), while core density shows a 
concurrent 1.5-fold enhancement. The moderate correlation between core density and FFE ( r = 0 . 67 ) indicates coupled 
formation processes. Theoretical analysis demonstrates that observed surface densities exceed the critical threshold for 
fragmentation by a factor of ∼8, with a fragmentation time-scale ( ∼1.5–2.0 Myr) comparable to the shell’s dynamical age 
( ∼1.0–1.3 Myr), indicating we are observing fragmentation in progress. These results reveal a hierarchical fragmentation 

sequence – shell compression→ filament formation→ core formation – providing clear observational evidence for positive 
feedback where massive star formation triggers secondary structure formation in the surrounding molecular cloud. 

Key words: stars: formation – ISM: clouds – ISM: individual objects: M16 – ISM: structure – submillimetre: ISM. 
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 INTRODUCTION  

n the prevailing paradigm of star formation, filamentary struc- 
ures within molecular clouds play a central role as the primary
onduits for mass assembly and the birth sites of prestellar cores
P. André et al. 2010 , 2014 ; A. Men’shchikov et al. 2010 ; G.-Y.
hang et al. 2024 ). Observations, particularly from the Herschel 
pace Observatory, have established that dense cores are almost 
xclusively embedded within filaments, suggesting a hierarchical 
ragmentation sequence: clouds fragment into filaments, which 
ubsequently fragment into cores (V. Könyves et al. 2015 ; G.-Y. 
hang et al. 2020b ). While this framework is well established
n nearby, quiescent low-mass star-forming regions (F. Motte, P. 
ndre & R. Neri 1998 ; J. F. Alves, C. J. Lada & E. A. Lada 2001 ;
. M. Kirk, D. Ward-Thompson & P. André 2005 ), its application 
o more distant and dynamic massive star-forming complexes –
here stellar feedback from O- and B-type stars is a dominant
nergetic force – remains less constrained (e.g. E. J. Watkins et 
l. 2019 ). A critical unanswered question is how this filamentary
etwork itself originates and evolves under the influence of pow- 
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rful stellar winds and radiation (J. E. Pineda et al. 2023 ; A. Hacar
t al. 2025 ). 
Massive stars exert a profound feedback on their natal environ- 
ents (G. Garay & S. Lizano 1999 ; M. R. Krumholz et al. 2014 ).
his feedback is often dichotomized into disruptive effects that 
isperse gas and suppress star formation, and triggering mecha- 
isms that compress surrounding material and induce new gen- 
rations of stars (B. G. Elmegreen & C. J. Lada 1977 ; H. Zin-
ecker & H. W. Yorke 2007 ). A classic signature of positive feed-
ack is the ‘collect-and-collapse’ process, where an expanding 
hell of gas, swept up by an H ii region or stellar wind, becomes
ravitationally unstable and fragments into new dense structures 
A. P. Whitworth et al. 1994 ; B. G. Elmegreen 1994 ; J. E. Dale,
. A. Bonnell & A. P. Whitworth 2007 ). While numerous shell-
ike structures hosting young stellar objects have been identified 
L. Deharveng et al. 2010 ; A. Zavagno et al. 2010 ), conclusive ob-
ervational evidence linking the enhanced formation of the very 
laments and cores–the immediate progenitors of stars–directly 
o the dynamical compression of a shell has been challenging to
btain. 
The Eagle Nebula (M16) presents an ideal laboratory to inves- 

igate this link. It harbours the young cluster NGC 6611, whose
assive members power a prominent H ii region and are be-
ieved to have driven the formation of a large-scale shell structure
 ∼60 pc diameter) within the surrounding molecular cloud (J. J.
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/by/4.0/), which permits unrestricted reuse, distribution, and
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ester et al. 1996 ; M. W. Pound 1998 ; T. Hill et al. 2012 ; R. L.
arim et al. 2025 ). Previous studies of M16 with Herschel , as
art of the HOBYS key programme, have revealed its filamen-
ary nature and radial temperature gradient (T. Hill et al. 2012 ).
owever, a high-resolution, systematic census of its dense core
nd filament population, specifically in the context of quantifying
ormation efficiencies within the feedback-driven environment,
as been lacking. 
To analyse M16, we employ the multiscale source and filament
xtraction method getsf (A. Men’shchikov 2021a ), which sep-
rates the structural components of sources, filamentary struc-
ures, and background before applying a consistent extraction
ethod. A key feature distinguishing getsf from other extrac-
ion methods is that it has no free parameters. Its only user-
efined parameter is the maximum spatial scale of the sources
r filaments of interest, which is constrained by the observed
mages and sets an upper limit on the range of scales in the spatial
ecomposition. 
This paper is organized as follows. Section 2 describes the Her-

chel observations and data. Section 3 presents our methodology
or constructing high-resolution maps and extracting cores and
laments, along with the resulting catalogues. Section 4 analy-
es the physical properties of cores and filaments, examines the
arge-scale shell structure and its role in triggering enhanced
tructure formation, and discusses the hierarchical fragmenta-
ion sequence from shell to filaments to cores. Section 5 summa-
izes our main findings. 

 OBSERVATIONS  AND  DATA  

e use archival Herschel Space Observatory observations of M16
btained as part of the HOBYS ( Herschel imaging survey of OB
oung Stellar objects) key programme (F. Motte et al. 2010 ).
he observations were conducted in two epochs: 24 March 2010
PACS only) and 11–12 September 2010 (PACS and SPIRE in
arallel-scan mode). 
The PACS instrument (Photodetector Array Camera and Spec-

rometer; A. Poglitsch et al. 2010 ) provided imaging at 70 and
60 µm, while the SPIRE instrument (Spectral and Photometric
maging Receiver; M. J. Griffin et al. 2010 ) mapped at 250, 350,
nd 500 µm. The parallel-scan observations used a scan speed
f 20 arsec s−1 with two orthogonal scan directions to minimize
triping artifacts, covering approximately 1.5 square degrees. 
We obtained fully calibrated Level 2.5 data products from the
erschel Science Archive. The PACS maps were processed with
tandard Product Generation ( SPG ) software version 14.2.0, and
he SPIRE maps with SPG version 14.1.0, using their respective
alibration trees. These products include instrumental response
orrections, astrometric calibration, and final map projection. 

 ANALYSIS  AND  RESULTS  

.1 High-resolution surface density and temperature 

o derive accurate surface densities from the Herschel images,
ero-level offsets must be determined for each of the five wave-
ands. We obtained these offsets by comparing the Herschel im-
ges with simulated emission maps derived from Planck data.
sing the Planck all-sky maps of dust optical depth at 353 GHz
850µm) and dust temperature at 5 arcmin resolution, we gen-
rated simulated intensity maps at the Herschel wavelengths (70,
60, 250, 350, and 500 µm) assuming optically thin dust emission
NRAS 549, 1–13 (2026)
ith a fixed opacity spectral index β = 2 . Each Herschel image
as smoothed to the Planck resolution and compared with the
orresponding simulated map to determine the offset value (J.-P.
ernard et al. 2010 ). 
We used the hires algorithm (A. Men’shchikov 2021a ) to create
igh-resolution surface density and temperature maps from the
erschel multiwavelength data. First, temperature and surface
ensity maps are derived at three different resolutions: 36.3 arcsec
sing images at 160, 250, 350, and 500 µm; 24.9 arcsec using
mages at 160, 250, and 350 µm; and 18.2 arcsec using images at
60 and 250 µm. These initial temperature maps are then used
ith the full set of observed images (70–500 µm) to compute
urface densities at each wavelength. The final high-resolution
urface density image is constructed by combining information
rom all resolutions (A. Men’shchikov 2021a ): 

OH = DO500 +
500 ∑ 

λ= λH 

max 
(
δDOλ2 , δDOλ3 , δDOλ4 

)
, (1) 

here DOH is the high-resolution surface density at resolution
H , DO500 is the surface density at 36.3 arcsec resolution, and
DOλ{ 2 | 3 | 4 } are differential terms containing higher-resolution in-
ormation from shorter wavelengths. 
The corresponding high-resolution temperature image is
omputed by numerically inverting the Planck function (A.
en’shchikov 2021a ): 

OH = B−1 
νH 

( IνH 

DOH κνH ημmH 

)
, (2) 

here IνH is the observed intensity at the highest resolution wave-
ength, κνH is the dust opacity, η = 0 . 01 is the dust-to-gas mass
atio, μ = 2 . 8 is the mean molecular weight per H2 molecule, and
H is the mass of the hydrogen atom. 
In this study, we used the surface density and temperature

mages D11 . 7′′ and T11 . 7′′ at 11.7 arcsec effective resolution, cor-
esponding to 0.097 pc at the distance of M16 ( d ≈ 1700 pc; C.
ucker et al. 2020 ; Fig. 1 ). These maps provide the observational
asis for extracting and analyzing dense cores and filaments. Core
nd filament temperatures were obtained from the temperature
ap as 

c = T11 . 7′′ (xp , yp ) , Tf = median ( T11 . 7′′ (xi , yi )) , (3) 

here (xp , yp ) are the coordinates of the core peak and (xi , yi ) are
he coordinates of pixels along the filament skeleton. 

.2 Source and filament extraction 

e used the multiscale, multiwavelength method getsf 1 (A.
en’shchikov 2021a ) to extract sources and filaments. For de-
ailed descriptions of the method and benchmarks demonstrating
ts performance, readers are referred to A. Men’shchikov ( 2021a ,
 ). Filaments were extracted from the 11.7 arcsec surface density
ap, while sources were detected and measured in all Herschel
mages (70–500 µm) as well as the surface density map. 
The only free parameter of getsf is the maximum size of the
tructures to be extracted, which is constrained by the footprint
adius of the largest source or filament of interest in the image.
his parameter sets a practical upper limit on the largest scales to
e processed during the spatial decomposition, structural com-
onent separation, and detection of sources and filaments. The

http://irfu.cea.fr/Pisp/alexander.menshchikov/


Dense cores and filaments in M16 3

Figure 1. High-resolution ( 11 . 7 arsec ) maps of surface density ( left ) and temperature ( right ) of the M16 molecular cloud, derived from the Herschel 
multiwavelength observations using the hires algorithm. The surface density is shown in units of H2 cm−2 and the temperature in K. The right secondary 
axis on each panel shows the corresponding linear scale in parsecs, providing a physical size reference. 
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ctual upper limit for the decomposition is set to four times
his maximum size (appendix B in A. Men’shchikov 2021a ). We 
stimated the largest sizes of sources and filaments by visually 
nspecting the images and adopted the maximum sizes of 25 and 
0 arcsec , respectively. 
To distinguish protostars from starless cores, we identified 
rotostars using the 70 µm Herschel images. Due to variations 
n angular resolution and dust temperature, the observed peak 
mission of relatively hot protostars and their parent cores (with 
older dust) can appear at slightly different locations across differ- 
nt wavelengths. Protostars are more prominent at shorter wave- 
engths such as 70 µm due to internal heating from accretion en-
rgy (P. André et al. 2010 ; M. Hennemann et al. 2010 ; V. Könyves
t al. 2015 ). 
The total mass of the M16 cloud in the Herschel -observed re-
ion (excluding the Galactic plane region, which does not belong 
o M16) is Mtot = 2 . 5 × 105 M�, obtained by integrating the entire
urface density map (Fig. 1 ). The getsf method separates the
tructural components into sources, filaments, and background. 
e find that the extracted sources contain 1 per cent of Mtot ,
he filaments contain 11 per cent, and the background contains 
8 per cent. 

.3 Selection and classification of cores 

o ensure reliable physical measurements of each core, we 
pplied the following selection criteria recommended by A. 
en’shchikov ( 2021a ) to the high-resolution surface density map 
11 . 7′′ : 

	 > 1 ∧ 
 > 1 ∧ � > 2 ∧ � > 2 ∧ 

A < 2 B ∧ AF > 1 . 15 A , 
(4) 
here 	 is the detection significance, 
 is the monochromatic 
oodness, � = FP /FP , err and � = FT /FT , err are the peak and in- 
egrated surface density signal-to-noise ratios, A and B are the 
ajor and minor half-maximum sizes, and AF is the major axis 
f the footprint. The monochromatic goodness 
 quantifies the 
uality of a source detection in a single band, here the 11.7 arcsec
urface density map. It combines the detection significance 	, 
he peak and integrated signal-to-noise ratios ( � and �), and the
ource elongation ( B/A ) as 
 = (	/ 5) × (

√ 

��/ 2) × (B/A ) , nor-
alized such that 
 > 1 indicates an acceptable source extraction 
equations 40–42 in A. Men’shchikov 2021a ). 
Additionally, we required all core parameters to be positive 
nd excluded cores in the Galactic plane region. After applying 
hese selection criteria, 233 reliable cores remained for further 
nalysis. We classified these cores into three categories based on 
heir evolutionary state and gravitational boundedness. Protostel- 
ar cores were identified by cross-matching with an independent 
rotostellar catalogue derived from 70µm emission (following 
he method of V. Könyves et al. 2015 ), yielding 75 protostellar
ores. The remaining 158 cores are starless. 
The mass of each core was determined directly from the high-

esolution surface density by summing over the core footprint: 

c = μmH 

2 
∑ 

i 

D11 . 7′′ ,i , (5) 

here 
 is the pixel size (3 arcsec ), μ = 2 . 8 is the mean molecular
eight per H2 molecule, mH is the mass of the hydrogen atom, 
nd the summation is over all pixels i within the core footprint as
etermined by getsf . 
To assess the gravitational boundedness of the starless cores, 
e employed the critical mass MBE of a Bonnor–Ebert (BE) 
MNRAS 549, 1–13 (2026)
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M

Figure 2. Distributions of physical properties for 233 dense cores in M16. Histograms show (a) core temperature Tc , (b) core mass Mc , (c) Bonnor–
Ebert mass ratio αBE = MBE /Mc , and (d) volume-averaged H2 number density nc . Dashed vertical lines indicate median values. Cores with αBE < 2 are 
considered gravitationally bound. 

Table 1. Statistical properties of dense cores in M16. 

Parameter All cores ( N = 233 ) Prestellar ( N = 115 ) Unbound ( N = 43 ) Protostellar ( N = 75 ) 

Tc (K) 
Mean ± stdev 20 . 3 ± 1 . 9 19 . 8 ± 1 . 6 21 . 6 ± 1 . 7 20 . 3 ± 2 . 0 
Median 20.1 19.7 21.1 20.0 
Range 15.8–27.3 15.8–25.8 19.5–27.3 16.8–26.5 
Mc ( M�) 
Mean ± stdev 11 . 0 ± 22 . 3 13 . 1 ± 27 . 9 2 . 9 ± 1 . 5 12 . 5 ± 17 . 3 
Median 5.6 6.8 2.6 5.5 
Range 0.5–230.6 2.9–230.6 0.5–8.1 1.5–87.7 
Rc (pc) 
Mean ± stdev 0 . 18 ± 0 . 06 0 . 19 ± 0 . 06 0 . 19 ± 0 . 08 0 . 16 ± 0 . 04 
Median 0.17 0.18 0.16 0.16 
Range 0.11–0.42 0.11–0.38 0.11–0.42 0.11–0.35 
αBE = 

MBE /Mc 
Mean ± stdev 1 . 53 ± 1 . 28 1 . 04 ± 0 . 50 3 . 21 ± 1 . 70 1 . 33 ± 1 . 02 
Median 1.25 1.01 2.68 1.05 
Range 0.04–11.98 0.04–1.97 2.00–11.98 0.06–4.16 
nc (cm−3 ) 
Mean ± stdev (9 . 0 ± 14 . 0) × 103 (10 . 7 ± 17 . 1) × 103 (2 . 5 ± 1 . 5) × 103 (10 . 2 ± 11 . 6) × 103 
Median 4 . 8 × 103 5 . 7 × 103 2 . 3 × 103 6 . 6 × 103 
Range 4 . 5 × 102 –1 . 1 × 105 8 . 0 × 102 –1 . 1 × 105 4 . 5 × 102 –7 . 4 × 103 1 . 9 × 103 –8 . 5 × 104 
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phere (R. Ebert 1955 ; W. B. Bonnor 1956 ): 

BE = 2 . 4 Rc c2 s /G, cs =
√ 

kB Tc / (μmH ) , (6) 

here Rc = 0 . 5
√ 

AF BF is the core boundary radius (from the ma-
or and minor axes of its elliptical footprint), cs is the isother-
al sound speed, kB is the Boltzmann constant, and G is the
ravitational constant. The ratio αBE = MBE /Mc indicates gravita-
ional boundedness: Cores with αBE ≤ 2 are considered prestellar
gravitationally bound), while those with αBE > 2 are unbound.
mong the 158 starless cores, 115 are prestellar and 43 are un-
ound. We note that αBE is used solely as a threshold to separate
ravitationally bound starless cores (prestellar) from unbound
nes; protostellar cores are identified independently via 70µm
mission, and their αBE values are reported only for reference. 
The physical properties of the 233 cores are summarized in
ig. 2 and Table 1 . The population exhibits median values of 
ust temperature ˜ Tc = 20 . 1 K, mass ˜ Mc = 5 . 6 M�, BE mass ratio
˜ BE = 1 . 25 , and volume number density ˜ nc = 4 . 8 × 103 cm−3 . 
The mass–radius distribution (Fig. 3 ) reveals systematic dif-

erences between core types. Prestellar cores are significantly
ore massive than unbound cores, with two positioned above
NRAS 549, 1–13 (2026)
he empirical threshold for massive star formation proposed by J.
auffmann et al. ( 2010 ). A substantial fraction of cores – includ-
ng both prestellar and protostellar populations – have masses
xceeding 8 M�, the approximate threshold for forming B-type or
ore massive stars. The most massive core reaches 231 M� (see
ppendix A1 ), confirming M16’s status as an active massive star-
orming region capable of producing high-mass stellar systems.
o quantify the structural scaling of different core populations,
e fitted a power-law relation Mc ∝ Rγ

c to the mass–radius data
or each core type using linear regression in logarithmic space
Fig. 3 ). The derived power-law indices γ (and coefficients of 
etermination R2 ) are 0.69 (0.07) for prestellar cores, 1.24 (0.63)
or unbound cores, and 2.50 (0.30) for protostellar cores. 

.4 Selection and measurement of filaments 

ilaments are often blended with neighbouring structures, em-
edded sources, and complex background emission, which
resents difficulties – particularly at limited angular resolutions
A. Men’shchikov 2021a ). Selecting well-isolated filaments is
ssential for reliable parameter measurements. In our analy-
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Figure 3. Mass–radius diagram for 233 dense cores in M16. Symbols 
indicate core classifications: unbound cores (green squares), prestellar 
cores (blue circles), and protostellar cores (red stars). Coloured solid lines 
show the power-law fits for each population. Dashed black, blue, and 
green curves show critical Bonnor–Ebert masses for temperatures of 15, 
20, and 30 K, respectively. The magenta dashed line shows the empirical 
threshold for high-mass star formation from J. Kauffmann et al. ( 2010 ). 
The vertical red dotted line at 0.096 pc indicates the spatial resolution 
limit ( 11 . 7 arsec at 1700 pc distance). 
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is, we focused on straight, non-branching filaments identified 
hrough getsf -detected skeletons in the 11.7 arsec resolution 
urface density map, where sources and backgrounds have been 
ubtracted. 
Our measurements of filament properties followed the ap- 
roach described by A. Men’shchikov ( 2021a ). We extracted ra-
ial profiles on each side of the filament crest, averaging the
easurements when available on both sides or using one-sided 
easurements when only one side is suitable. We identified 111 
ell-defined filaments with lengths greater than 1 pc that are 
ufficiently isolated from neighbouring structures to minimize 
lending effects. 
For each filament, we measured several key physical param- 
ters. The filament width W is measured as the full width at
alf maximum (FWHM) from the radial profile. The crest surface 
ensity NH2 is obtained as the median value along the skeleton. 
he linear mass density � (mass per unit length) is calculated by 
ntegrating the surface density profile from the centre to the edge 
f the filament: 

= 2 μmH 

∫ Rf 
0 

NH2 (r) d r, (7) 

here Rf is the filament footprint radius, μ = 2 . 8 is the mean
olecular weight per H2 molecule, and mH is the mass of the 
ydrogen atom. 
Fig. 4 (d) shows composite radial profiles from 196 individual 
lament sides (100 left sides and 96 right sides). The median 
rofile shows a smooth decrease from the centre, with a half-
aximum width of 0.44 pc, consistent with the median width 
rom individual filament measurements (0.42 pc). The radial pro- 
les show considerable scatter in the outer regions, reflecting the 
iversity of filament environments in M16. 
Fig. 5 presents distributions of key physical parameters for the 
11 filaments in M16, and Table 2 summarizes their statistical 
roperties. The filament widths range from 0.16 to 1.16 pc with
 median of 0.42 pc. The distribution is right-skewed (skewness 
= 1 . 2 ) with a coefficient of variation (CV) of 41 per cent, in-
icating moderate dispersion. Dust temperatures along filament 
rests range from 17.6 to 25.5 K with a median of 20.5 K. The
istribution is relatively symmetric ( γ = 0 . 6 ) with low dispersion
CV = 8.3 per cent), suggesting uniform thermal conditions along 
he filament network. 
Crest surface densities span a wide dynamic range of 

 . 3−43 . 9 × 1021 cm−2 , with a median of 4 . 9 × 1021 cm−2 . The dis-
ribution is strongly right-skewed ( γ = 2 . 7 ) with high dispersion
CV = 102 per cent), reflecting the presence of both diffuse and
ense filaments in the M16 region. Linear densities range from 

.1 to 786 M� pc−1 with a median of 61.3 M� pc−1 . This parameter
lso exhibits strong right skewness ( γ = 2 . 9 ) and high dispersion
CV = 124 per cent), consistent with the wide range of filament
asses in the region. 
The complete catalogue of all 111 filaments, including their 
hysical properties and spatial parameters, is provided in Ap- 
endix A2 , with the full version available online. 

.5 Analysis of the shell structure 

o investigate how stellar feedback influences structure forma- 
ion in M16, we analysed a prominent arc-like segment of the
hell driven by the central NGC 6611 cluster. This arc has a radius
f curvature Rs ≈ 25 pc, subtends 110◦, and represents material 
wept up by stellar winds and radiation pressure. We excluded the
alactic plane region due to contamination. 
We calculated radial profiles of three key quantities to charac- 

erize structure formation within the shell: (1) H2 surface density 
H2 (cm−2 ), (2) core density (number of dense cores per unit 
rea, cores pc−2 ), and (3) filament formation efficiency (FFE, 
he mass fraction of gas in filamentary structures, expressed as 
 percentage). The FFE is computed as the ratio of filament mass
urface density to total gas surface density. We analysed the shell
long a 110◦ arc sector, averaging radially over ±5 . 0 pc from the
hell radius ( Rs = 24 . 7 pc). Results are presented in Fig. 6 . 
Compared to the overall cloud average, the core surface density 

s enhanced by a factor of 1.5 within the shell region, while the
FE shows an even stronger enhancement of 2.3. Furthermore, 
oth the core surface density and the FFE reach their peak values
f 0.27 cores pc−2 and 21.5 per cent, respectively, at r ≈ 25 pc,
losely aligned with the shell radius Rs . We note that the discrete
orizontal striations observed in the core density scatter plot are 
tatistical in nature, arising from the conversion of small inte- 
er core counts into areal densities within annular bins of con-
tant width. These density enhancements and their close spatial 
lignment suggest a coupled formation sequence in which shell 
ompression promotes filament formation and their subsequent 
ragmentation into cores. 
The Pearson correlation coefficient between core density and 
FE across the entire analysed region is r = 0 . 67 ( p = 2 . 6 ×
0−14 ), indicating a statistically significant moderate positive cor- 
elation. This suggests that core formation and filament forma- 
ion are physically coupled processes in M16. These quantitative 
omparisons between the shell region and the entire cloud are 
ummarized in Table 3 . 
All parameters reveal substantial variations along the shell arc 

Fig. 6 e,f). The H2 surface density and core surface density vary
MNRAS 549, 1–13 (2026)



6 N. Pervaiz et al.

M

Figure 4. Dense cores and filaments in M16. Left: High-resolution surface density map showing the spatial distribution of 233 dense cores (coloured 
symbols) and skeletons of 111 extracted filaments (curves). Top right: Zoom-in maps of a representative dense core in 500 µm intensity (36.3 arsec 
resolution) and surface density (11.7 arsec resolution), illustrating the detailed structure and surrounding filamentary environment. Bottom right: 
Composite radial profiles of filaments. Grey curves show individual one-sided profiles, the red dotted curve shows the median profile, the black dashed 
curve represents the beam profile, and the blue dashed line indicates the median filament width (0.44 pc). 

Figure 5. Distributions of physical properties for 111 filaments in M16. Histograms show (a) filament width W , (b) crest temperature T , (c) crest surface 
density NH2 , and (d) linear mass density �. Red dashed lines indicate median values. The blue dashed line in panel (a) shows the spatial resolution 
(11.7 arsec = 0.096 pc) for comparison with filament widths. 

Table 2. Statistical properties of filaments in M16. 

Parameter Mean ± stdev Median Range 

W (pc) 0 . 47 ± 0 . 20 0.42 0.16–1.16 
T (K) 20 . 9 ± 1 . 7 20.5 17.6–25.5 
NH2 ( 1021 cm−2 ) 7 . 5 ± 8 5 0.28–44 
� ( M� pc−1 ) 105 ± 130 61 2.1–790 
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y 64 and 291 per cent, respectively, along the arc, while the FFE
aries by 176 per cent. These variations indicate inhomogeneous
tructure formation within the shell, likely reflecting the com-
NRAS 549, 1–13 (2026)
lex interplay between the expanding shell and pre-existing cloud
tructure. 

.5.1 Ambient density and dynamical age 

he dynamical evolution of the wind-blown bubble depends crit-
cally on the initial density ρ0 of the unperturbed medium. We
stimate ρ0 using two independent approaches that bracket the
mbient density. 
We use the background H2 surface density at r > 30 pc (out-
ide the bubble’s influence), where Nbg 

H2 
≈ 8 × 1021 cm−2 (Fig. 1 ).

onverting to volume density requires an estimate of the cloud
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Figure 6. Radial analysis of the large-scale shell structure in M16. Left: High-resolution surface density map with the shell boundary (blue dashed arc at 
Rs = 24 . 7 pc) and Galactic plane exclusion region (black dashed line). Middle: Radial profiles of H2 surface density ( top ) and azimuthal variations along 
the shell arc ( bottom ). Right: Radial profiles of core number density ( top ) and FFE ( bottom ). Shaded regions represent the 25–75th percentile range and 
red/blue curves show smoothed trends. The horizontal striations visible in the core density scatter plot (dark red points) are a result of the quantization 
of core counts (integer values) within fixed-width annuli of ∼0.1 pc, leading to discrete values of cores per unit area. The arrow marks a prominent 
density enhancement associated with shell compression. Both core density and FFE exhibit strong peaks coincident with the shell radius, demonstrating 
enhanced structure formation in the compressed layer. 

Table 3. Statistical comparisons of the shell and entire M16 cloud (excluding Galactic plane). 

Parameter 
Entire region 
(7–47 pc) 

Shell region 
( 24 . 7 ± 2 . 5 pc) 

Enhancement 
(shell/overall) 

Density of cores (cores pc−2 ) 
Mean 0 . 13 ± 0 . 09 0 . 20 ± 0 . 10 1.5 
Median 0.10 0.19 
Peak (radius) – 0.27 (25.3 pc) 
FFE (per cent) 
Mean 7 . 0 ± 4 . 6 15 . 9 ± 3 . 9 2.3 
Median 5.9 15.4 
Peak (radius) – 21.5 (25.2 pc) 
Density of cores to FFE ratio 0.019 0.012 –
Density of cores and FFE correlation r = 0 . 67 ( p = 2 . 5 × 10−14 ) 
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epth. The radial profile of the shell (Fig. 6 b) shows a half-
aximum width of ∼10 pc (between radii ∼20 and 30 pc), extend- 
ng to widths of ∼20 pc, typical of molecular cloud complexes. 
dopting this characteristic depth scale L ∼ 10 pc yields an initial
umber density n0 ≈ Nbg 

H2 
/L ∼ 260 cm−3 and mass density ρ0 = 

mH n0 ∼ 1 . 2 × 10−21 g cm−3 . 
Alternatively, we can estimate ρ0 from the total mass within 
he bubble ( r < 30 pc). Integrating the surface density map over
his region and extrapolating the analysed 110◦ arc to the full shell
multiplying by 3.27) yields a total mass 7 . 6 × 105 M� of the bub-
le. Dividing by the swept volume gives ρ0 ∼ 4 . 5 × 10−22 g cm−3 ,
pproximately a factor of 2.7 lower than in the first method. This
MNRAS 549, 1–13 (2026)



8 N. Pervaiz et al.

M

l  

s
 

s  

2  

b  

a  

H
 

1

R

F  

e  

e  

t  

p  

v  

m  

(  

m  

a  

w  

b  

e  

e  

s

4

4

O  

p  

t  

t  

m  

s  

s  

r
 

c  

w
a  

o
4

 

t  

i  

S  

t  

e  

m
 

a  

s  

1  

T  

i  

f  

h  

a  

m  

i  

c
 

i  

e  

d  

t  

l  

l  

f  

n  

c  

o  

m  

p  

t  

u  

(  

d  

M  

B  

t  

r  

m  

u
p  

c  

i  

m  

T  

i
e  

s  

c

4

T  

s
g  

p  

h  

a  

L  

 

a  

t  

C  

k  

v  

k  

s  

w  

s  

y  

t  

K  

s  

f  

u  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/549/1/stag814/8665140 by N
ational Astronom

ical O
bservatory user on 07 Septem

ber 2026
ower value may reflect mass loss through the shell or incomplete
ampling of the swept material. 
The mechanical luminosity from NGC 6611’s 13–15 O-type
tars (C. J. Evans et al. 2005 ; H. Sana, E. Gosset & C. J. Evans
009 ; M. Stoop et al. 2023 ) is estimated as Lw ≈ 2 . 0 × 1038 erg s−1 ,
ased on typical O-star mass-loss rates (Ṁ ∼ 5 × 10−6 M� yr−1 )
nd wind velocities ( v∞ 

∼ 3000 km s−1 ; J. S. Vink, A. de Koter &
. J. G. L. M. Lamers 2000 ). 
Using the standard wind-blown bubble model (R. Weaver et al.
977 ), the shell radius evolves as 

s (t ) = 0 . 76
(
Lw 
ρ0 

)1 / 5 
t3 / 5 . (8) 

or the observed Rs ≈ 25 pc and our updated Lw , the two density
stimates yield dynamical time td ∼ 1 . 3 and 1.0 Myr, and shell
xpansion velocity vs = (3 / 5) Rs /td of ∼ 12 and 16 km s−1 , respec-
ively, consistent with the age of NGC 6611’s youngest stellar
opulation ( ∼1–2 Myr; L. A. Hillenbrand et al. 1993 ) and obser-
ational velocity constraints (N. Flagey et al. 2011 ). A comple-
entary analysis of M16 shell dynamics by R. L. Karim et al.

 2025 ) also finds evidence for an expanding structure and esti-
ates a kinematic age of ∼2 Myr from the present-day radius and
 constant 10 km s−1 expansion velocity. The modest difference
ith our age range arises because we adopt a wind-blown bub-
le evolution model that accounts for deceleration (R. Weaver
t al. 1977 ), whereas R. L. Karim et al. ( 2025 ) assume a linear
xpansion. Both estimates are consistent with the cluster age and
upport ongoing shell fragmentation. 

 DISCUSSION  

.1 Physical properties of dense cores in M16 

ur analysis of 233 reliable cores in M16 reveals several im-
ortant trends in their physical properties. The core mass dis-
ribution (Fig. 2 b) shows a median mass of 5.6 M� with a long
ail extending to 231 M�, indicating the presence of both low-
ass and high-mass cores. The temperature distribution (Fig. 2 a)
pans a relatively narrow range of 16–27 K with a median of 20 K,
uggesting that most cores are moderately shielded from external
adiation. 
The αBE distribution (Fig. 2 c) clearly distinguishes between
ore types: Prestellar cores ( αBE ≤ 2 ) have a median αBE of 1.01,
hile unbound cores have a median of 2.68. The distribution of 
verage H2 number density in cores (Fig. 2 d) spans three orders
f magnitude from 4 . 5 × 102 to 1 . 1 × 105 cm−3 , with a median of 
 . 8 × 103 cm−3 . 
The mass–size relation (Fig. 3 ) shows that prestellar cores tend

o occupy a distinct region in parameter space, generally hav-
ng higher masses for a given size compared to unbound cores.
everal prestellar and protostellar cores lie above the empirical
hreshold for massive star formation proposed by J. Kauffmann
t al. ( 2010 ), suggesting that M16 is in the process of forming
assive stars. 
Our results reveal distinct physical properties between bound
nd unbound cores (Table 1 ). Prestellar and protostellar cores are
ignificantly more massive, with mean masses of approximately
3 M�, while unbound cores have mean masses of only 2.9 M�.
he mean αBE values also clearly separate the core types: approx-
mately 1.0 for prestellar cores, 3.2 for unbound cores, and 1.3
or protostellar cores. Although 21 per cent of protostellar cores
ave αBE > 2 , this does not necessarily indicate that these cores
NRAS 549, 1–13 (2026)
re gravitationally unbound, but rather reflects either underesti-
ated masses (due to observational uncertainties) or the approx-
mate nature of the BE boundedness criterion when applied to
ores with internal heating from protostars. 
The power-law fits reported in Section 3.3 reveal distinct scal-

ng behaviours among the three core populations. Prestellar cores
xhibit a shallow slope ( γ = 0 . 69 ), indicating that their surface
ensity decreases with increasing radius – a configuration where
he central region is more concentrated while the outer enve-
ope remains relatively diffuse. Unbound cores show a near-
inear relation ( γ ≈ 1 . 2 ), implying approximately constant sur-
ace density, characteristic of uniform-density clumps that have
ot undergone significant gravitational contraction. Protostellar
ores have a steep slope ( γ = 2 . 5 ), reflecting both the presence
f dense central protostars and efficient accretion of surrounding
aterial, combined with a selection bias towards bright, com-
act sources in the 70 µm band. A seemingly puzzling observa-
ion is that prestellar cores ( γ = 0 . 69 ) have a flatter slope than
nbound cores ( γ = 1 . 24 ), yet they are gravitationally bound
 αBE ≤ 2 ) while unbound cores are not ( αBE > 2 ). This apparent
iscrepancy is resolved by examining the definition of αBE . From
BE = 2 . 4 Rc c2 s /G and c2 s ∝ T , we have αBE = MBE /Mc ∝ Rc T /Mc .
ecause the temperature varies only weakly among core popula-
ions (Table 1 ), αBE is primarily governed by the mass-to-radius
atio Mc /Rc . Prestellar cores have a median mass of 7 M� and a
edian radius of 0.18 pc, yielding Mc /Rc ≈ 39 M� pc−1 , whereas
nbound cores have 2 . 6 M� and 0.16 pc, giving Mc /Rc ≈ 16 M�
c−1 . The factor of ∼ 2 . 4 higher mass-to-radius ratio of prestellar
ores compensates for their flatter M–R scaling exponent, render-
ng them gravitationally bound. Hence αBE reflects the absolute
ass concentration, not the slope of the mass–radius relation.
he low R2 value for prestellar cores (0.07) indicates a large scatter
n their mass–radius distribution, likely due to a wide range of 
volutionary stages within this population – from recently as-
embled, still – loose condensations to more advanced, centrally
oncentrated cores. 

.2 Impact of non-thermal motions on core stability 

he BE analysis presented in Section 3.3 and the αBE distribution
hown in Fig. 2 (c) provide a useful first-order classification of 
ravitational boundedness based solely on thermal pressure sup-
ort. However, it is well established that molecular cloud cores ex-
ibit significant non-thermal (turbulent) motions that contribute
dditional support against gravitational collapse (e.g. M.-M. Mac
ow & V. Ossenkopf 2000 ; P. Padoan et al. 2001 ; D. Li et al. 2013 ).
To evaluate the influence of turbulent support, we compute
n effective sound speed ceff =

√ 

c2 s + σ 2 
NT , where σNT is the non-

hermal velocity dispersion. In the specific case of M16, APEX
O (3–2) observations reveal a typical line width (FWHM) of ∼ 2
m s−1 (R. L. Karim et al. 2025 ), from which the non-thermal
elocity dispersion is derived as σNT = FWHM / (2

√ 

2 ln 2 ) ≈ 0 . 85
m s−1 . We caution that CO (3–2) traces relatively warm, colli-
ionally excited gas and may overestimate the non-thermal line
idth of the cold, dense cores traced by the Herschel dust emis-
ion (e.g. M. Dumke et al. 2001 ; D. Johnstone et al. 2010 ). This
ields an effective sound speed ceff ≈ 0 . 89 km s−1 , approximately
hree times the thermal sound speed cs ≈ 0 . 27 km s−1 for T = 20
. Adopting a turbulent BE mass MBE , turb = 2 . 4 Rc c2 eff /G raises the
tability threshold by nearly an order of magnitude and would
ormally reclassify the majority of our cores as unbound. This
nderscores the fact that the classical BE criterion is best viewed
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ot as an absolute classifier, but rather as a first-order compara- 
ive tool for assessing the relative state of gas concentrations, and 
hat virial analysis including external pressure provides a more 
eliable assessment (K. Pattle et al. 2025 ). 
The inclusion of non-thermal (turbulent) support does not 
lter the principal conclusions of this work. While adopting an 
ffective sound speed ceff ≈ 0 . 89 km s−1 (Section 4.2 ) raises the
tability threshold and would formally reclassify many individual 
ores as unbound, our analysis of feedback-driven structure for- 
ation deliberately employs the full, unbiased sample of dense 
ores and filaments. The observed factor of ∼ 1 . 5 enhancement 
n core surface density and the factor of ∼ 2 . 3 enhancement in
FE within the shell (Section 3.5 ) are statistical measurements of 
he total local output of the fragmentation process, independent 
f the internal dynamical state assigned to any particular core. 
pplying a stability-dependent filter – whether based on ther- 
al pressure alone or on the combined thermal and turbulent 
upport – would merely introduce a model-dependent selection 
ias without changing the fundamental observational result: The 
xpanding shell has significantly elevated the condensation rate 
f dense substructures from the ambient molecular medium. 

.3 Filamentary structures in M16 

he systematic measurement of 111 filaments in M16 provides 
mportant insights into the filamentary network of this massive 
tar-forming region. Our analysis reveals several key characteris- 
ics that distinguish M16 filaments from those observed in nearby 
ow-mass star-forming regions. 

.3.1 Filament widths and resolution considerations 

tudies of nearby molecular clouds observed with Herschel have 
uggested that filament widths are largely independent of surface 
ensity, typically measuring ∼0.1 pc (D. Arzoumanian et al. 2011 , 
019 ). Whether this characteristic width is universal – particu- 
arly in high-mass star-forming environments – remains actively 
ebated (G. V. Panopoulou et al. 2022 ; P. J. André, P. Palmeirim &
. Arzoumanian 2022 ). 
In our sample, filament widths range from 0.16 to 1.16 pc with

 median of 0.42 pc – significantly larger than the characteristic 
idth reported for nearby clouds like Taurus and Ophiuchus (e.g. 
. Li & P. F. Goldsmith 2012 ; P. Palmeirim et al. 2013 ; B.-S. Jia
t al. 2025 ), but consistent with the median width of 0.3 pc found
n the Vela C molecular cloud (X.-M. Li et al. 2023 ). Given the
ngular resolution of our surface density map ( 11 . 7 arsec ) and
he adopted distance of 1700 pc to M16, this corresponds to a
patial resolution of approximately 0.096 pc. While all filaments 
atisfy traditional resolution criteria (measured width 
 beam 

ize), recent work by A. Men’shchikov & G.-Y. Zhang ( 2026 )
emonstrated that filaments with shallow radial profiles remain 
ffectively unresolved even when their measured width greatly 
xceeds the beam size. Therefore, some of our filaments – partic- 
larly those with shallower profiles – may not be fully resolved 
espite meeting conventional resolution criteria. 
The wide range of observed widths (0.16–1.16 pc) and right- 
kewed distribution (Fig. 5 a) suggest a diversity of filament for-
ation mechanisms and evolutionary states. While most fila- 
ents cluster around 0.4 pc, a significant population of broader 
tructures exists. This enhanced median width compared to low- 
ass regions may reflect several factors: (1) the influence of 
tronger turbulence, magnetic fields, and stellar feedback in the 
igh-mass star-forming environment (Z. Ren et al. 2023 ); (2) dif-
erent evolutionary stages or mass loading; or (3) external com- 
ression and widening by the expanding shell. The broader fila- 
ents may represent either younger structures that have not yet 
ollapsed to a characteristic width or filaments actively shaped by 
nvironmental forces. 

.3.2 Temperature and surface density distributions 

he dust temperatures along filament crests span 17.6–25.5 K 

median 20.5 K), systematically higher than typical temperatures 
n nearby star-forming regions (10–15 K). This elevation is consis- 
ent with intense heating from the central NGC 6611 cluster. The
elatively narrow temperature range suggests uniform heating 
cross the filament network, likely due to efficient penetration 
f radiation through the dense filamentary structures. 
Surface densities along filament crests exhibit a very wide dy- 
amic range ( 0 . 28−43 . 9 × 1021 cm−2 ), spanning nearly two or-
ers of magnitude. The strongly right-skewed distribution indi- 
ates that while most filaments have moderate surface densi- 
ies (median 4 . 85 × 1021 cm−2 ), a small population of extremely
ense filaments exists. These high-density structures may be criti- 
al sites for massive star formation, providing the necessary reser- 
oir of dense gas for high-mass core assembly. 

.3.3 Gravitational stability and linear densities 

inear densities in our sample range from 2.1 to 786 M� pc−1 (me-
ian 61 M� pc−1 ), showing substantial variation across the fila- 
ent population. Classical theoretical models (J. S. Stodólkiewicz 
963 ; J. Ostriker 1964 ) predict a critical linear density �c =
 c2 s /G above which infinitely long, isothermal, hydrostatic, non- 
agnetic cylindrical filaments become gravitationally unstable 
nd fragment. For the typical filament temperature of 20 K in
16, �c ≈ 32 M� pc−1 . Remarkably, 76 per cent of M16 filaments 
xceed this critical value, with a median linear density of 1 . 9�c ,
uggesting widespread gravitational instability and efficient frag- 
entation into cores. This may explain the high core formation 
fficiency observed in M16. 
However, applying this instability criterion to actual Herschel 
bservations requires significant caution. The observed filaments 
Figs 1 and 4 ) systematically deviate from idealized model as-
umptions: they exhibit finite lengths, non-isothermal condi- 
ions, detectable magnetic fields, and no clear evidence of hy- 
rostatic equilibrium. These structures exist within complex, in- 
omogeneous environments, displaying pronounced curvature, 
nteractions with neighbouring features, radial temperature gra- 
ients, and substantial variations in both width and linear density 
long their lengths. Consequently, the theoretical �c should be 
egarded only as an approximate, order-of-magnitude indicator of 
otential gravitational instability rather than a precise threshold. 

.3.4 Radial profiles and environmental influences 

he radial profiles (Fig. 4 d) reveal that M16 filaments exhibit
elatively shallow outer profiles, with the median profile showing 
 gradual decline from the crest. This suggests that M16 filaments
re embedded in complex, structured environments. The consid- 
rable scatter in the composite profile’s outer regions reflects both 
MNRAS 549, 1–13 (2026)
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he diversity of filament environments and the spatially variable
nfluence of the expanding shell. 
Preliminary analysis indicates systematic variations in fila-
ent properties with position relative to the shell. Filaments
ithin the shell region tend to be wider and exhibit higher surface
ensities than those outside, consistent with compression by the
xpanding bubble. This spatial dependence suggests that stellar
eedback plays an active role in shaping the filamentary network
nd may enhance gravitational instability in compressed regions.

.3.5 Comparison with other filament extraction algorithms 

revious Herschel studies of M16 used the disperse algorithm
T. Sousbie 2011 ; T. Hill et al. 2012 ) to trace continuous, branch-
ng filamentary networks. Understanding why getsf and dis-
erse produce different results requires examining how each al-
orithm defines filament skeletons, because the skeleton is not
erely a visualization tool: It defines the orthogonal directions
normals) along which radial profiles are extracted, and there-
ore determines all derived physical quantities – widths, lin-
ar densities, and masses. Disperse traces skeletons directly in
he observed image, where fluctuations on all spatial scales are
resent. Small-scale noise, large-scale background structure, and
mbedded sources all distort the local intensity ridge, causing the
keleton to deviate from the true filament crest. The resulting
ormals diverge from the correct orthogonal directions, so that
adial profiles are measured along oblique cuts, biasing widths
nd linear densities. This problem is most severe for resolved
laments, where small-scale fluctuations are large relative to
he crest curvature. The M16 filaments, with a median width
f ∼0.42 pc ( ∼ 51 arcsec at 1700 pc), are very well resolved with
espect to the 11 . 7 arcsec map resolution, placing them squarely
n the regime where this bias is strongest. Quantitative tests using
imulated straight filaments confirm this: even at a crest-to-noise
atio of 20, disperse produces markedly wiggly skeletons, whereas
etsf recovers a straight crest on all spatial scales (G.-Y. Zhang,
. Men’shchikov & J.-Z. Li 2026 ). This is why T. Hill et al. ( 2012 )
id not attempt to measure filament widths or linear densities
rom disperse skeletons in M16. 
The getsf method avoids these biases through a multiscale
pproach. It operates on spatially decomposed single-scale im-
ges in which contributions from scales outside a narrow range
re removed; it extracts and subtracts sources before deriving
keletons; and it detects skeletons within a controlled range of 
cales, suppressing both small-scale noise and large-scale back-
round undulations. The result is that getsf skeletons closely
ollow the true filament crests even for wide, low-contrast struc-
ures, yielding reliable normals and therefore reliable profile mea-
urements. This is why getsf identifies 111 discrete, non-
ranching filaments in M16, while disperse yields a more spatially
ontinuous network: disperse stitches together irregular skeleton
egments that happen to run along intensity ridges in the noisy
bserved image, whereas getsf identifies only features whose
rests are robustly recovered after scale decomposition and source
emoval. The caveat readers should keep in mind is that getsf
s catalogue may be more conservative in total filamentary ex-
ent, potentially missing diffuse, low-contrast inter-core bridges.
owever, for measuring local physical properties and performing
patial comparisons between the shell interior and exterior, accu-
ate skeletons are a prerequisite, and our main conclusions – the
nhanced FFE and core density within the shell, the supercritical
NRAS 549, 1–13 (2026)
ature of most filaments, and the hierarchical fragmentation se-
uence – are robust to algorithm choice because they depend on
hose local measurements, not on skeleton connectivity. 

.4 The large-scale shell in M16 as a site of enhanced 
tructure formation 

ur radial analysis confirms that the ∼60 pc diameter shell in
16, driven by stellar feedback from the central NGC 6611 clus-
er, represents a significant site of enhanced structure formation.
he more than two-fold enhancement of FFE within the shell
trongly supports theoretical frameworks of shell fragmentation
nd ‘collect-and-collapse’ processes (B. G. Elmegreen & C. J. Lada
977 ). 

.4.1 Physical conditions for shell fragmentation 

he physical conditions for gravitational fragmentation of a
wept-up shell can be evaluated using the criterion derived by
. G. Elmegreen ( 1994 ) and R. Wünsch & J. Palouš ( 2001 ): 

c ≈ c2 s 
GRs 

( 

1 +
(
vs 
cs 

)2 ) 1 / 2 

, (9) 

here �c is the critical surface density for fragmentation, cs is the
sothermal sound speed, G is the gravitational constant, Rs is the
hell radius, and vs is the expansion velocity. This criterion bal-
nces the gravitational instability of the compressed layer against
hermal and kinetic support. 
For the M16 shell with vs = 12 –16 km s−1 (from our dynamical
nalysis), and cs ≈ 0 . 3 km s−1 (corresponding to T ≈ 20 K), equa-
ion ( 9 ) yields �c ∼ 1 × 1021 cm−2 . The observed surface den-
ities within the shell region are substantially higher, reaching
8 × 1021 cm−2 (Fig. 1 ), approximately eight times the critical

hreshold. This significant excess provides strong quantitative
upport for ongoing gravitational fragmentation and explains the
nhanced structure formation observed in the shell. 
The characteristic time-scale for shell fragmentation can be
stimated as 

f = Rs 
vs 

∼ 1 . 5−2 . 0 × 106 yr , (10) 

epresenting the time required for perturbations to grow and the
hell to fragment. This is comparable to the estimated dynamical
ge of the M16 shell (1.0–1.3 Myr from Section 3.5.1 ), indicating
hat we are observing the shell during or shortly after the onset of 
ravitational fragmentation. The fact that td ∼ tf suggests active,
ngoing fragmentation rather than a completed process, consis-
ent with the observed enhancements in both FFE ( ×2 . 3 ) and
ore density ×1 . 5 ) within the shell region. This temporal coinci-
ence strengthens the interpretation that the observed filaments
nd cores are products of feedback-driven fragmentation rather
han pre-existing structures swept up by the shell. 

.4.2 Shell dynamics and compression mechanism 

he evolution of the expanding shell is governed by the equa-
ion of motion balancing the driving pressure from stellar feed-
ack with the inertia of the swept-up ambient medium (R.
eaver et al. 1977 ): 

d 
d t 

(
Ms 

d Rs 
d t 

)
= 4 πR2 s (Pin − P0 ) , (11) 
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here Ms is the swept-up mass, Pin is the interior pressure main- 
ained by stellar winds and radiation from NGC 6611, and P0 is
he ambient pressure of the surrounding molecular cloud. 
This dynamical framework describes how stellar winds and 

adiation pressure from the central cluster continuously sweep 
p and compress surrounding material into a dense shell. As the
hell expands according to equation ( 11 ), material accumulates 
n a thin, compressed layer. When the local surface density of this
ayer exceeds the critical value for gravitational instability (equa- 
ion 9 ), it fragments into the filamentary structures observed in
ur analysis. 
This physical picture is corroborated by observations and nu- 
erical simulations of M16 by P. Tremblin et al. ( 2013 ), who
emonstrated that compressed layers at the edges of H ii regions
re preferential sites for the formation of pillar-like structures 
nd globules. The spatial coincidence between the shell boundary 
nd enhanced filament formation in our data provides direct ob- 
ervational evidence for this compression-driven fragmentation 
echanism. 

.4.3 Hierarchical fragmentation: from shell to cores 

eyond filament formation, our analysis reveals a hierarchical 
ragmentation sequence operating within the shell. The core 
umber density is enhanced by a factor of 1.5 within the shell
ompared to the exterior, with the spatial distribution of cores 
losely aligned with FFE peaks. The moderate correlation be- 
ween core density and FFE ( r = 0 . 67 ) suggests a causative re-
ationship: compressed gas first fragments into filaments, which 
ubsequently undergo secondary fragmentation into dense cores 
hrough gravitational instabilities. 
This ‘shell → filaments → cores’ hierarchical fragmentation 
equence represents a multiscale cascade of gravitational insta- 
ility. The initial compression by the expanding shell creates con- 
itions favourable for large-scale fragmentation into filaments 
equation 9 ). Once formed, these filaments – many of which are 
upercritical with respect to their linear mass density (Section 3.4 )
undergo further fragmentation into cores. This hierarchical 
rocess is consistent with structural hierarchies observed in other 
tar-forming regions (e.g. C. Zhang et al. 2020a ) and provides a
oherent framework for understanding the enhanced star forma- 
ion activity within the M16 shell. 
The moderate rather than strong correlation between core den- 
ity and FFE likely reflects the varying evolutionary states of 
laments within the shell. Younger filaments may have formed 
ecently through shell compression but not yet fragmented into 
ores, while more evolved filaments have already produced sub- 
tantial core populations. This temporal diversity within the shell 
opulation naturally produces scatter in the core density–FFE 

elationship while maintaining an overall positive correlation. 

.4.4 Implications for triggered star formation 

he quantitative agreement between theoretical predictions and 
bserved properties – including critical surface densities (equa- 
ion 9 ), fragmentation time-scales (equation 10 ), and spatial dis-
ributions – provides evidence that stellar feedback from NGC 

611 has actively triggered structure formation in M16. The shell 
oes not merely redistribute pre-existing material but creates 
hysical conditions conducive to enhanced gravitational instabil- 
ty and subsequent star formation. 
The remarkably high FFE within the shell ( ∼16 per cent, rep-
esenting a 2.3-fold enhancement over the exterior) demonstrates 
hat feedback-driven compression efficiently reorganizes diffuse 
aterial into potential star-forming sites. The measured filament 
roperties strongly support this triggered formation scenario. Fil- 
ments within the shell exhibit clear signatures of compression –
roader widths and elevated surface densities compared to exte- 
ior filaments – and are mostly supercritical (76 per cent exceed 
he critical linear density for fragmentation). This supercritical 
tate makes them prone to secondary fragmentation into cores, 
s evidenced by the 1.5-fold enhancement in core density within 
he shell. The hierarchical sequence from shell compression to 
lament formation to core fragmentation provides a coherent 
hysical framework linking large-scale feedback to small-scale 
tar formation. 
N. Flagey et al. ( 2011 ) previously identified anomalously warm
ust and enhanced radiation fields within the M16 shell, attribut- 
ng these to shell dynamics (including wind shocks) or potentially
 supernova remnant. This additional energy input may not only 
xplain the observed heating but could further promote structure 
ormation through enhanced compression and turbulent dissipa- 
ion, potentially accelerating the fragmentation process beyond 
hat stellar winds and radiation pressure alone would produce. 
This represents a clear observational example of positive feed- 
ack, where massive star formation in the cluster core induces 
econdary structure formation in the surrounding molecular 
loud. The efficiency of this mechanism suggests that feedback- 
riven compression may be a dominant pathway for star for- 
ation in massive star-forming regions, potentially explaining 
he high star formation rates observed in such environments. 
nderstanding the relative contributions of spontaneous versus 
riggered star formation – and the conditions under which feed- 
ack enhances rather than suppresses star formation – remains 
rucial for developing comprehensive models of clustered star 
ormation and the self-regulation of star formation activity in 
iant molecular clouds. 

 CONCLUSION  

e have conducted a comprehensive analysis of dense cores and 
lamentary structures in the M16 molecular cloud using high- 
esolution ( 11 . 7 arsec ) surface density and temperature maps de-
ived from Herschel observations. Using the hires algorithm for 
ap construction and the getsf method for source extraction 
A. Men’shchikov 2021a ), we identified 233 reliable cores and 111
ell-defined filaments. 
The core population comprises 75 protostellar, 115 prestellar, 
nd 43 unbound cores, with median properties of 5.6 M� and 
0.1 K. Approximately 73 per cent of starless cores are potentially
ravitationally bound based on their virial parameters. Prestel- 
ar cores are systematically more massive (median 6.8 M�) than 
rotostellar (5.5 M�) or unbound cores (2.6 M�), consistent with 
arly-stage gravitational concentration. 
The filament population exhibits a median width of 0.4 pc –
ignificantly larger than the characteristic ∼0.1 pc observed in 
earby low-mass star-forming regions – and a median linear 
ensity of 61 M� pc−1 . Remarkably, 76 per cent of filaments are
upercritical with respect to gravitational instability, indicating 
idespread conditions favourable for core formation through fil- 
ment fragmentation. 
Our radial analysis of the ∼60 pc diameter shell driven by

he central NGC 6611 cluster reveals strong enhancements in 
MNRAS 549, 1–13 (2026)
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tructure formation within the shell region. The FFE is 2.3 times
igher within the shell compared to the cloud average, peak-
ng at 21.5 per cent near the shell boundary ( Rs ≈ 25 pc). Core
ensity shows a concurrent 1.5-fold enhancement at the same
ocation. The moderate correlation between core density and FFE
 r = 0 . 67 ) indicates coupled formation processes operating across
patial scales. 
Theoretical analysis demonstrates that the observed surface
ensities within the shell ( ∼ 8 × 1021 cm−2 ) exceed the criti-
al threshold for gravitational fragmentation by approximately
 factor of 8, indicating strongly supercritical conditions. The
ragmentation time-scale ( ∼1.5–2.0 Myr) is comparable to the
hell’s dynamical age ( ∼1.0–1.3 Myr), indicating we are ob-
erving the shell during an active phase of fragmentation. The
xtremely high FFE within the shell ( ∼16 per cent) demon-
trates that stellar feedback efficiently reorganizes diffuse mate-
ial into filamentary structures that subsequently fragment into
ores. 
These findings reveal a hierarchical fragmentation sequence
shell compression → filament formation → core formation –
perating in M16, with the expanding shell serving as a catalyst
or enhanced star formation. The ∼60 pc shell structure provides
 clear observational example of positive feedback, where mas-
ive star formation in the cluster core triggers secondary struc-
ure formation in the surrounding molecular cloud. This work
emonstrates that stellar feedback can synchronously enhance
oth filament and core formation, supporting models of triggered
tar formation in feedback-driven environments and highlight-
ng the complex interplay between large-scale compressive forces
nd multiscale star formation efficiency in massive star-forming
egions. 
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upplementary data are available at MNRAS online. 

able_A1_M16_dense_cores_catalog.txt 
able_A2_M16_filaments_catalog.txt 

lease note: Oxford University Press is not responsible for the 
ontent or functionality of any supporting materials supplied by 
heauthors. Any queries (other than missing material) should be 
irected to the corresponding author for the article. 
Table A1. Catalogue of dense cores in M16. 

No. RA Dec AF BF PA 

(J2000, ◦) (J2000, ◦) (arsec ) (arsec ) (◦) 
(1) (2) (3) (4) (5) (6) 

1 275.2897 −14.2524 55.5 48.6 142 
2 274.8035 −13.5618 39.6 39.1 11 
· · · · · ·
76 275.2877 −14.5301 60.9 48.8 107 
77 275.2298 −14.2581 44.7 42.0 106 
· · · · · ·
191 275.2811 −14.1799 28.4 28.3 34 
· · · · · ·

Note. Column descriptions: (1) Core identification number; (2), (3) Centroid e
of the core footprint measured at the zero level; (6) Position angle of the majo
(8) Dust temperature at the core peak position; (9) Core mass derived from sur
Ebert mass ratio αBE = MBE /Mc used to classify gravitational boundedness; (12
(associated with infrared source), prestellar (bound, αBE < 2 , no infrared coun

Table A2. Catalogue of filaments in M16. 

No. RA Dec L NH 2 ςNH 2 T 
(J2000, ◦) (J2000, ◦) (pc) (cm 

−2 ) (cm 

−2 ) (K)
(1) (2) (3) (4) (5) (6) (7)

1 275.0401 −14.5038 1.23 2 . 21 × 1021 0 . 21 × 1021 20.3
2 275.0024 −14.4626 1.07 3 . 24 × 1021 0 . 79 × 1021 19.8
3 274.7068 −14.1739 1.30 4 . 04 × 1021 1 . 03 × 1021 19.9
4 275.1924 −14.6405 1.25 6 . 33 × 1021 1 . 18 × 1021 19.6
5 275.2809 −14.6266 2.09 5 . 97 × 1021 1 . 18 × 1021 20.1
· · · · · ·

Note. Column descriptions: (1) Filament identification number; (2), (3) Centro
(skeleton) length; (5) Median surface density along the crest; (6) Standard de
along the crest; (8) Standard deviation of dust temperature along the crest; (9)
filament, respectively; (11) Median width measured from the left side; (12) Sta
the right side; (14) Standard deviation of width (right side). All widths are mea
to the filament skeleton. 

his paper has been typeset from a TE X/LA TE X file prepared by the author. 

The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
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PPENDIX  A:  CATALOGUES  OF  DENSE  CORES  

ND  FILAMENTS  

his Appendix provides the complete catalogues of dense cores 
nd filaments identified in M16. Tables A1 and A2 show represen-
ative entries; the full machine-readable catalogues are available 
s online supplementary material. 

1 Dense core catalogue 

able A1 presents the catalogue of 233 dense cores identified in
16, including their positions, physical properties, and classifi- 
ations. Column descriptions are provided in the table notes. 

2 Filament catalogue 

able A2 presents the catalogue of 111 filaments identified in 
16, including their temperatures, surface densities, and struc- 
ural parameters. Column descriptions are provided in the table 
otes. 
MNRAS 549, 1–13 (2026)

Rc Tc Mc MBE αBE nc (cm−3 ) Core type 
(pc) (K) (M�) (M�) 
(7) (8) (9) (10) (11) (12) (13) 

0.214 20.8 48.5 8.8 0.18 2 . 1 × 104 Protostellar 
0.162 17.1 87.7 5.5 0.06 8 . 5 × 104 Protostellar 

0.225 20.5 231 9.1 0.04 8 . 4 × 104 Prestellar 
0.178 20.7 15.7 7.3 0.46 1 . 2 × 104 Prestellar 

0.117 21.4 1.80 4.9 2.74 4 . 7 × 103 Unbound 

quatorial coordinates (J2000) of the core; (4), (5) Major and minor axes 
r axis measured east of north; (7) Effective radius of the core boundary; 
face density integration; (10) Critical Bonnor–Ebert mass; (11) Bonnor–
) Volume-averaged number density; (13) Core classification: protostellar 
terpart), or unbound ( αBE ≥ 2 ). 

ςT �P 
α �P 

β Wα ςWα Wβ ςWβ

 (K) (M�/pc ) (M�/pc ) (pc) (pc) (pc) (pc) 
 (8) (9) (10) (11) (12) (13) (14) 

 0.3 18.2 26.1 0.45 0.25 0.39 0.11 
 0.3 25.2 27.0 0.31 0.03 0.32 0.03 
 0.9 114 116 1.13 0.41 0.94 0.33 
 0.4 46.6 41.4 0.35 0.08 0.31 0.09 
 0.3 71.7 72.5 0.38 0.10 0.43 0.36 

id equatorial coordinates (J2000) of the filament skeleton; (4) Filament 
viation of surface density along the crest; (7) Median dust temperature 
, (10) Linear mass density measured from the left and right sides of the 
ndard deviation of width (left side); (13) Median width measured from 

sured as the FWHM of the radial surface density profiles perpendicular 
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