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 Science before Herschel…

• Filaments directly involved in the SF-process (since Barnard 1907)	


• Filaments present in all SF-clouds (e.g. Loren 1981, Bally+1987) 	


• Most of the cores/YSOs found in filaments (Hartmann+ 2002)	


• Cores formed from the gravitational fragmentation of filaments 

(Schneider & Elmegreen 1979)	


• CMF slope similar to IMF (Motte+1998)	


• CMF shape mimics IMF with SFE ~ 30% (Alves+ 2007)	


• AV~7-8mag as column density threshold (Johnstone+2004)	


• Striations correlated to magnetic fields (Goldsmith+2008, Heyer

+2008)	


• ….



 The Herschel Era

New Herschel observations (e.g. >> ISO): 

• Sensitivity	


• Spectral coverage	


• Dynamical range 	


• Large scale maps 	


• Resolution (~18 arcsec)

Unprecedented results: 

• Precise masses and col. densities (>> molecular observations)	


• (Effective) dust temperature measurements	


• Systematic and Statistical studies in multiple clouds  
   (e.g. Gould Belt survey)	


• Access to the detailed substructure of clouds at large scales 



 Pixel information: Herschel vs Molecular lines

FIR-Herschel

Integrated emission

N, Tdust

Precise measurement  
of the total Column density



 Pixel information: Herschel vs Molecular lines

FIR-Herschel mm-Molecular lines

Integrated emission Spectral resolution"
(detailed Kinematic information)

N, Tdust

Complementary  
Information

Precise measurement  
of the total Column density

Helps to disentangle  
 superposed structures
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Barnard 213-211

“Among the most surprising things in connection with these nebula-filled 
holes are the vacant lanes (filaments) that so frequently run from them for 
great distances. These lanes undoubtedly have had something to do with  
the formation of the holes (cores) and with the nebula (YSOs) in them.”

Barnard 1907

The B213-L1495 filament
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Barnard 213-211

The B213-L1495 filament

• Since its discovery, studied as prototypical filament in nearby MCs	

• B213-L1495 = active star-forming filament in Taurus (D=140pc)	

 	
 	
 ~ 40 YSOs + 20 cores, L ~ 10pc & M ~ 700 M⊙◉☉



J. Kainulainen et al.: Probing the evolution of molecular cloud structure L37

Fig. 1. Left: wide-field extinction map of the Taurus molecular cloud complex covering ∼7.5◦ × 7.5◦ (∼18 × 18 pc at d = 140 pc). The FWHM
resolution of the map is 2.4′. Right: the same, but in logarithmic scaling highlighting the low column density regions. The contour at AV = 4 mag
shows the region above which the column density PDF differs from the simple log-normal form. The crosses show the embedded population of
the cloud as listed by Rebull et al. (2009).

Fig. 2. Left: probability density functions (PDFs) of the column density for the non-star-forming clouds Lupus 5 and Coalsack. Right: the same for
the active star-forming clouds Taurus and Lupus 1. The error bars show the

√
N uncertainties. Solid lines show the fits of log-normal functions to

the distributions around the peak, typically over the range ln Av/AV = [−0.5, 1]. The dispersions of the fitted functions are shown in the panels. The
x-axis on top of the panels shows the extinction scale in magnitudes. The vertical dashed line shows the upper limit of extinction values probed by
the extinction mapping method. Similar plots for 19 other clouds are shown in Figs. 4−6 (online only).

where AV is the mean extinction, and m and σ are the scale and
dispersion in logarithmic units. The fits are shown in Figs. 2
and 4−6. Since it is evident that most PDFs are not well fitted by
log-normals over their entire range, the fit was typically made
over the range s = [−0.5, 1]. The dispersions of the fitted log-
normal functions are shown in Table 1, and they span the range
σs ≈ 0.3−0.5. Table 1 also shows the total mass and the mean
and standard deviation of the pixels above AV = 0 mag. The to-
tal mass was calculated by summing up the extinction values in
the map above AV = 0.5 mag and adopting the standard ratio of
N(H2 + H)/AV = 9.4 × 1020 cm−2 (Bohlin et al. 1978).

Another interesting form of the PDFs is the cumulative form
of the pixel probability distribution, describing the fractional
mass enclosed by an isocontour as a function of column den-
sity (or more precisely, the survival function). The cumulative
PDFs are shown in Fig. 3 for all the clouds of the study. In
this figure, the active star-forming clouds are separated from
quiescent clouds. Clearly, the fraction of mass in high column
density regions is higher in star-forming clouds than in clouds
without star formation. We approximated the average cumula-
tive functions for these two classes as a simple mean of all the
clouds in the class, which resulted in the relation (N/Npeak)SF ≈
(N/Npeak)0.4

non−SF. For example, the star-forming clouds then have
roughly one order of magnitude more mass above AV = 5 mag
than non-star-forming clouds and more than three orders of mag-
nitude above AV = 15 mag.

Fig. 3. Cumulative forms of the PDFs shown in Figs. 2 and 4−6. The
curves show the fractional mass above the certain extinction threshold
(abscissae). Solid blue lines are for clouds that show active star forma-
tion and dotted red lines for clouds without active star formation.

4. Discussion and conclusions

While supersonic turbulence is expected to develop a density
PDF close to a log-normal distribution, prominent deviations
from that shape are predicted in strongly self-gravitating sys-
tems (e.g. Klessen 2000; Federrath et al. 2008a). Recent obser-
vational studies have indeed indicated that the column density
PDFs of molecular clouds are close to log-normal distributions.

 The B213-L1495 filament

IR-Extinction, Kainulainen+ 2009

B
ar

na
rd

’s
 o

pt
ic

al
 p

la
te

 1
90

7

Barnard 213-211



 The B213-L1495 filament
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13CO, Goldsmith+ 2008

Barnard 213-211



P. Palmeirim et al.: Herschel view of the Taurus B211/3 filament and striations: Evidence of filamentary growth?

Fig. 3. (a) Herschel/SPIRE 250 µm image of the B211/B213/L1495 region in Taurus. The light blue and purple curves show the crests of the
B213 and B211 segments of the whole filament discussed in this paper, respectively. (b) Display of optical and infrared polarization vectors from
Heyer et al. (2008), Heiles (2000), and Chapman et al. (2011) tracing the magnetic field orientation in the B211/L1495 region, overlaid on our
Herschel/SPIRE 250 µm image. The plane-of-the-sky projection of the magnetic field appears to be oriented perpendicular to the B211/B213
filament and roughly aligned with the general direction of the striations overlaid in blue. The green, blue, and black segments in the lower right
corner represent the average position angles of the polarization vectors, low-density striations, and B211 filament, respectively.

Fig. 4. Histogram of orientations for the low-density striations identi-
fied with DisPerSE in the B211+L1495 field (displayed in blue). The
position-angle distribution of available optical polarization (Heyer et al.
2008, Heiles 2000) and infrared vectors (Chapman et al. 2011) are also
shown (green dashed histogram). Gaussian fits to these distributions are
superimposed, indicating a peak position angle of 34�±13� for the stri-
ations and 26�±18� for the B-field polarization vectors. The B211 fil-
ament has a mean position angle of 118�±20� (black triangle and hor-
izontal error bar) and is thus roughly perpendicular to both the low-
density striations and the local direction of the magnetic field.

forming clouds (e.g., Arzoumanian et al. 2011; Hill et al. 2011;
Peretto et al. 2012; Schneider et al. 2012). Using DisPerSE with
a relative ’persistence’ threshold of 1021 cm�2 (⇠ 5� in the map
– see Sousbie 2011 for the formal definition of ’persistence’)
and an absolute column density threshold of 1–2⇥1021 cm�2, we

could trace the crests of the B211 filament and 44 lower density
filamentary structures (see Fig. 3). Due to di↵ering background
levels on either side of the B211/3 filament (see Fig. 1a), we
adopted di↵erent column density thresholds on the north-eastern
side (2⇥1021 cm�2) and south-western side (1021 cm�2). The re-
sults of DisPerSE were also visually inspected in both the origi-
nal and the curvelet column density map, and a few doubtful fea-
tures discarded. The mean orientation or position angle of each
filament was then calculated from its crest (see Appendix A of
Peretto et al. 2012 for details). Figure 4 shows the resulting his-
togram of position angles. In this histogram, the low-density stri-
ations are concentrated near a position angle of 34�±13�, which
is almost orthogonal to the B211 filament (P.A.=118�±20�).
Interestingly, the position-angle distribution of available opti-
cal polarization vectors (Heiles 2000; Heyer et al. 2008), which
trace the local direction of the magnetic field projected onto the
plane-of-sky, is centered on P.A.= 26�±18� and thus very sim-
ilar to the orientation distribution of the low-density striations
(see Fig. 4). Figure 3b further illustrates that the low-density stri-
ations are roughly parallel to the B-field polarization vectors and
perpendicular to the B211 filament.

3.2. Density and temperature structure of the B211 filament

Using the original column density and temperature maps derived
from the Herschel data (see Appendix A), we produced radial
column density and temperature profiles for the B211 filament,
following the same procedure as Arzoumanian et al. (2011) for
IC5146. We first determined the direction of the local tangent
for each pixel along the crest of the B211 filament as traced by
DisPerSE. For each pixel, we then derived one temperature pro-
file and one column density profile in the direction perpendicu-
lar to the local tangent. Finally, by averaging all individual cuts

3
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 Kinematic complexity within B213-L1495
P. Palmeirim et al.: Herschel view of the Taurus B211/3 filament and striations: Evidence of filamentary growth?

Fig. 3. (a) Herschel/SPIRE 250 µm image of the B211/B213/L1495 region in Taurus. The light blue and purple curves show the crests of the
B213 and B211 segments of the whole filament discussed in this paper, respectively. (b) Display of optical and infrared polarization vectors from
Heyer et al. (2008), Heiles (2000), and Chapman et al. (2011) tracing the magnetic field orientation in the B211/L1495 region, overlaid on our
Herschel/SPIRE 250 µm image. The plane-of-the-sky projection of the magnetic field appears to be oriented perpendicular to the B211/B213
filament and roughly aligned with the general direction of the striations overlaid in blue. The green, blue, and black segments in the lower right
corner represent the average position angles of the polarization vectors, low-density striations, and B211 filament, respectively.

Fig. 4. Histogram of orientations for the low-density striations identi-
fied with DisPerSE in the B211+L1495 field (displayed in blue). The
position-angle distribution of available optical polarization (Heyer et al.
2008, Heiles 2000) and infrared vectors (Chapman et al. 2011) are also
shown (green dashed histogram). Gaussian fits to these distributions are
superimposed, indicating a peak position angle of 34�±13� for the stri-
ations and 26�±18� for the B-field polarization vectors. The B211 fil-
ament has a mean position angle of 118�±20� (black triangle and hor-
izontal error bar) and is thus roughly perpendicular to both the low-
density striations and the local direction of the magnetic field.

forming clouds (e.g., Arzoumanian et al. 2011; Hill et al. 2011;
Peretto et al. 2012; Schneider et al. 2012). Using DisPerSE with
a relative ’persistence’ threshold of 1021 cm�2 (⇠ 5� in the map
– see Sousbie 2011 for the formal definition of ’persistence’)
and an absolute column density threshold of 1–2⇥1021 cm�2, we

could trace the crests of the B211 filament and 44 lower density
filamentary structures (see Fig. 3). Due to di↵ering background
levels on either side of the B211/3 filament (see Fig. 1a), we
adopted di↵erent column density thresholds on the north-eastern
side (2⇥1021 cm�2) and south-western side (1021 cm�2). The re-
sults of DisPerSE were also visually inspected in both the origi-
nal and the curvelet column density map, and a few doubtful fea-
tures discarded. The mean orientation or position angle of each
filament was then calculated from its crest (see Appendix A of
Peretto et al. 2012 for details). Figure 4 shows the resulting his-
togram of position angles. In this histogram, the low-density stri-
ations are concentrated near a position angle of 34�±13�, which
is almost orthogonal to the B211 filament (P.A.=118�±20�).
Interestingly, the position-angle distribution of available opti-
cal polarization vectors (Heiles 2000; Heyer et al. 2008), which
trace the local direction of the magnetic field projected onto the
plane-of-sky, is centered on P.A.= 26�±18� and thus very sim-
ilar to the orientation distribution of the low-density striations
(see Fig. 4). Figure 3b further illustrates that the low-density stri-
ations are roughly parallel to the B-field polarization vectors and
perpendicular to the B211 filament.

3.2. Density and temperature structure of the B211 filament

Using the original column density and temperature maps derived
from the Herschel data (see Appendix A), we produced radial
column density and temperature profiles for the B211 filament,
following the same procedure as Arzoumanian et al. (2011) for
IC5146. We first determined the direction of the local tangent
for each pixel along the crest of the B211 filament as traced by
DisPerSE. For each pixel, we then derived one temperature pro-
file and one column density profile in the direction perpendicu-
lar to the local tangent. Finally, by averaging all individual cuts
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Herschel Molecular Linesvs

Palmeirim+ 2013 Hacar+ 2013

"

• Geometrically simple structures in Herschel (i.e. continuum)  
present a complex kinematic structure when observed in mm-lines

N2H+ (1-0) 
C18O (1-0)SPIRE 250μm
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• Multiple velocity-coherent structures found within B213	

• All continuous in PPV space, presenting smooth velocity gradients	

• Reconstruction using Friends-In-Velocity (FIVE, Hacar+ 2013) 
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continuous struct.  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Velocity coherent substructure
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• Multiple velocity-coherent structures found within B213	

• All continuous in PPV space, presenting smooth velocity gradients	

• Reconstruction using Friends-In-Velocity (FIVE, Hacar+ 2013) 

PPV-space

continuous struct.  
in PPV

Position

(x,y,Vlsr)

Velocity coherent substructure

Properties:"
•  35 structures"
•  Aspect ratio > 3 - 4 → Filamentary "
•  Length ~ 0.6 pc"
•  Mlin ~ 15 M⊙◉☉ pc-1  → equilibrium"
•  σNT and σ(Vlsr) ~ Cs → (tran-)sonic"

"
⇒ 35 velocity coherent filaments  

(see also Hacar & Tafalla 2011) 



 Filaments within filaments
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Hacar+ 2013

High level of 
substructure!



 

• B213 = 35 velocity-coherent filaments (fibers) forming a bundle	

• Apparently supercritical filament but actually a collection of (sub-)critical fibers	

• Explains substructure of the Herschel column density maps!!

Velocity 
coherent 
filaments 
(fibers)

Filaments within filaments
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  Fibers in Taurus: new observations

• B213 fibers confirmed in Herschel maps (André+2014) 	

• >100 filaments in Taurus (Panoupoulou+2014)	

• Additional (tran-)sonic fibers identified in Perseus, IC5146, Oph…

Fig. 1.— (a)Herschel/SPIRE 250 µm dust continuum map of a portion of the Polaris flare translucent cloud (e.g.,Miville-Deschênes
et al., 2010, Ward-Thompson et al., 2010). (b) Corresponding column density map derived from Herschel data (e.g., André et al.,
2010). The contrast of the filaments has been enhanced using a curvelet transform (cf. Starck et al., 2003). The skeleton of the filament
network identified with the DisPerSE algorithm (Sousbie, 2011) is shown in light blue. A similar pattern is found with other algorithms
such as getfilaments (Men’shchikov, 2013). Given the typical width ∼ 0.1 pc of the filaments (Arzoumanian et al., 2011 – see Fig. 5
below), this column density map is equivalent to a map of the mass per unit length along the filaments (see color scale on the right).

Fig. 2.— (a)Herschel/SPIRE 250 µm dust continuum image of the B211/B213/L1495 region in Taurus (Palmeirim et al., 2013). The
colored curves display the velocity-coherent “fibers” identified within the B213/B211 filament by Hacar et al. (2013) using C18O(1–0)
observations. (b) Fine structure of the Herschel/SPIRE 250 µm dust continuum emission from the B211/B213 filament obtained by
applying the multi-scale algorithm getfilaments (Men’shchikov, 2013) to the 250 µm image shown in panel (a). Note the faint striations
perpendicular to the main filament and the excellent correspondence between the small-scale structure of the dust continuum filament
and the bundle of velocity-coherent fibers traced by Hacar et al. (2013) in C18O (same colored curves as in (a)).

3

André et al PPVI

SPIRE 250mu 
(filtered image)

13CO Filaments in the Taurus Molecular Cloud 13

Filament Length Width los size (pc) ⟨I⟩ 2σv λV λf

number (pc) (pc) after 1Myr (K km/s) (km/s) (M⊙/pc) (M⊙/pc)

1 2.0 0.4 1.4 2.2 1.1 130 17

2 4.7 0.4 1.8 4.6 1.3 205 54

3 1.3 0.4 0.7 1.6 0.4 16 13

4 1.7 0.3 0.7 1.5 0.5 25 7

5 3.4 0.5 1.5 2.2 1.0 106 34

6 1.3 0.2 1.1 2.0 0.9 84 6

7 1.8 0.4 0.7 1.4 0.3 10 17

8 1.4 0.5 1.7 3.4 1.3 181 45

9 1.9 0.6 1.8 2.1 1.2 174 43

10 2.0 0.6 1.7 3.8 1.1 131 85

Table 1. Filament dimensions on the plane of the sky (length, width), inferred (based on velocity spread) sizes along the line of sight
after 1 Myr, mean intensities in the integrated intensity map, full spreads of velocity distributions (2σv), Virial line-masses from equation
3 (λV ) and estimated line-masses from equation 5(λf ).
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Figure 18. Filaments in velocity slices plotted over the 0.25 km/s to 9.8 km/s integrated intensity map. Colors denote the minimum
value of the velocity in each slice, and filaments belonging to a specific slice are colored according to the colorbar on the right.

c⃝ 0000 RAS, MNRAS 000, 000–000

Panopoulou+ 2014



 Fertile vs. Sterile fibers

• Cores formed inside these ~0.5pc length, (tran-)sonic fibers	

• But only few fertile fibers form cores (~1/4; high SFE) → Mlin ≳ MOst	

• While most of them remain sterile (~3/4; SFE ~ 0) → Mlin ≲ MOst

Filaments with cores 
Filaments without cores B
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• Critical mass per unit length (Stodolkievitz 1963, Ostriker 1964)	


	
 	
 	
 Mcrit = 2Cs2/G ~ 16 M⊙◉☉ pc-1 @ 10 K 	

•  Filament fragmentation (e.g. Inutsuka & Miyama 1997)	


• If Mlin ~ Mcrit (critical) ⟹ fragmentation into cores	


• If Mlin >> Mcrit (supercritical) ⟹ collapse into a spindle  
                                                   (without fragmenting!)

Monolithic vs composed filaments

• Cores are found in supercritical filaments!!  
   (e.g. B213-L1495, Mlin = 54 M⊙◉☉ pc-1 >> Mcrit  ,  Palmeirim+2013)

What Herschel observations have found:

Solution:

• Composed filaments (= bundles of fibers)  
present large-scale stability while allowing local fragmentation

What theory predicts:



T. Stanke, ESO-PR	

LABOCA 850mu

 Fibers & massive SF filaments

13CO(2-1) C18O(2-1)

L1641 (Hacar et al, prel.results)

L1641

"
• Tangled filaments also found in 
massive regions like Orion	

• Previous evidences found by 
Nagahama+1998(Ori A)  
& Li+2013(OMC2-3)	

• Open bundles in nearby clouds: 
directly observed in Herschel

Lombardi+ 2014

Herschel+Planck map

N

E
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  Complex bundles

"
• Line multiplicity in >80% of the 13CO spectra	

• Individual components with different intensities, densities, chemistry…

13CO(2-1)
C18O(2-1) x3

LDN 1641



 L1641: (ultra-)preliminary results

Level 2: Association
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L1641 (Hacar et al, prel.results)

"
• >15 transonic fibers identified in L1641	

• L1641 = Complex Bundle	

• Important: Multi-tracer analysis required !!	
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 IRDC as bundles of fibers
The dynamics of filaments in G035.39−00.33 2867

Figure 6. Three-dimensional PPV cube showing the centroid velocity of the three velocity components: (cyan) F2a, (red) F2b, and (green) F3, observed across
G035.39−00.33. Additional velocity components, C4, C5, and C6, are shown in purple, blue, and orange, respectively (see Appendix D for more details).
Unassigned data points are shown in black. The mass surface density map can be seen at the base of the cube, overlaid with N2H+ (1–0) integrated intensity
contours. Contour levels increase from 5σ (dotted contour; where σ ∼ 0.1 K km s−1) in steps of 5σ (solid contours), as with Fig. 1. The vertical dotted line
corresponds to the position of H6.

at 3σ (where σ = 7 × 10−2 mJy beam−1) and increasing in steps
of 2σ . Overlaid are the extended 4.5 µm (green squares; Chambers
et al. 2009), 8 µm (red open circles), and 24 µm emission (red open
triangles; Carey et al. 2009), as well as the low-mass cores (yellow
squares) and high-mass cores (magenta squares) identified using
Herschel (Nguyen Luong et al. 2011). The left-centre, right-centre,
and right panels show the VLSR maps and spatial location of all
three velocity components, as deduced from the Gaussian fitting
routine. Overlaid on top of each map are arrows indicating the
magnitude and direction of velocity gradients in two dimensions.
To achieve this, we have followed the analysis of Goodman et al.
(1993). By assuming that the centroid velocities of observed lines
take an approximately linear form:

VLSR = V0 + A"α + B"δ, (3)

whereby "α and "δ are offsets in right ascension and declination
(in radians), least-squares minimization can be used to estimate

values of A and B, using MPFIT2DFUN (Markwardt 2009). The velocity
gradient, ∇v, can then be calculated for a cloud at distance D, using
(Goodman et al. 1993):

∇v = (A2 + B2)1/2

D
, (4)

and its direction, %∇v (direction of increasing velocity, measured
east of north), using

%∇v = tan−1

!
A

B

"
. (5)

This method has been adapted following the procedure outlined
in Caselli et al. (2002b) to calculate multiple gradients within a
given region with a good determination of VLSR (seven contiguous
positions with significant measurements of VLSR). In the case of the

MNRAS 440, 2860–2881 (2014)
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2862 J. D. Henshaw et al.

artefacts from the data, whilst the rms noise is increased by only
∼10 per cent. Following the CLEAN procedure, the synthesized beam
has angular size 3.9 arcsec × 3.2 arcsec (position angle = 27◦). The
data have been converted to units of main beam brightness tem-
perature using the task ‘combine’ in MAPPING, by multiplying by
11.35 K (Jy beam−1)−1.

To perform spectral analysis, single spectra have been extracted
from individual pixels (0.8 arcsec × 0.8 arcsec) within the cube.
These data have then been smoothed using a Gaussian weighting
(full width at half-maximum, FWHM = the major axis of the syn-
thesized beam ∼4 arcsec). Pixel spacings are equivalent to 0.5 ×
the major axis of the synthesized beam (∼2 arcsec). The typical
spectral rms noise in each pixel is 0.1 K. The analysis is restricted
to the isolated hyperfine component (F1, F = 0,1 → 1,2) of N2H+

(1–0) unless otherwise stated. This is because the isolated com-
ponent is expected to be optically thin (see Section 3.2 for more
details).

The 3.2 mm continuum data have also been CLEANed using the
Hogbom algorithm. The synthesized beam is 4.2 arcsec × 3.1 arc-
sec, with a position angle of 17.◦3. The typical map rms noise is
0.07 mJy beam−1, estimated from emission-free regions. In this
work, the continuum data are used for comparison only. A full
discussion and analysis of the continuum data will be provided in
Henshaw et al. (in preparation).

Utilized throughout this paper is the 8 µm extinction-derived,
2 arcsec resolution, mass surface density map of BT12, as
modified by KT13 to include corrections for the presence of
the near-infrared extinction-derived IRDC envelope. When direct

comparison with N2H+ data has been made, the mass surface den-
sity has been smoothed to an equivalent spatial resolution.

3 R ESULTS

3.1 Intensity distribution and moment analysis

Fig. 1 displays the results of moment analysis covering the
PdBI map. Moment analysis has been performed between 42 and
48 km s−1 (to incorporate the majority of emission in the average
spectrum), and above 0.3 K (the 3σ level). The left-hand panel of
Fig. 1 compares the spatial distribution of the N2H+ (1–0) integrated
intensity (black contours; zeroth-order moment) with the mass sur-
face density, as derived in KT13 (colour scale). To highlight the
densest portion of the cloud, the (solid) contours are plotted from
10σ (the dotted contour refers to the 5σ level). The central panel
of Fig. 1 displays the VLSR map (first-order moment), and is shown
here between 44.5 and 47.0 km s−1 (this narrower velocity range has
been chosen to pick out the variation in velocity from the brightest
emission). The right-hand panel displays the velocity dispersion of
the N2H+ (1–0) emission, or second-order moment, between 0.0
and 1.5 km s−1.

It is evident from the left-hand panel of Fig. 1 that the N2H+

is extended over a large portion of the cloud. This confirms the
result from Paper IV that the dense gas is extended over par-
sec scales in G035.39−00.33. The emission traces the morphol-
ogy of the mass surface density very closely. The white cross
indicates the position of H6, as determined in BT12 (position:

Figure 1. Left: integrated intensity contours (black) of N2H+ (1–0), overlaid on top of the mass surface density plot from KT13. The spectra have been
integrated between 42 and 48 km s−1, focusing solely on the isolated (F1, F = 0,1 → 1,2) hyperfine component. Contours increase from 5σ (dotted contour) in
steps of 5σ (solid contours; where σ ∼ 0.1 K km s−1). The synthesized PdBI beam is shown as a white ellipse in the bottom-left corner (the filled black circle
shows the effective spatial resolution of the map following Gaussian smoothing). The white cross indicates the position of H6, from BT12. The boxes indicate
the regions of interest that have been selected to show in more detail in Fig. 2. Centre: map of the velocity field using first-order moment analysis. Right: map
of the velocity dispersion using second-order moment analysis. The moment analysis has been performed above 3σ , within a velocity range of 42–48 km s−1.
The contours are identical to the left-hand panel.
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α(J2000) = 18h 57m 08.s2, δ(J2000) = 2◦ 10′51.′′7, corresponding
to offset: #α = 2.′′99, #δ = 21.′′7). It is clear from Fig. 1 that the
peak in N2H+ emission (at offset 1.′′67, 22.′′59) and the peak of
H6, as determined from extinction mapping (BT12), are spatially
coincident (within a single PdBI beam).

The velocity (VLSR) distribution map shows that higher veloc-
ities are situated towards the northern and western regions of
G035.39−00.33. There are also localized areas of high velocity
(see offset 5′′, −25′′). Since moment analysis is insensitive to mul-
tiple spectral features, this may indicate regions where additional
velocity components affect the overall trend (see Section 4).

A map of the velocity dispersion is shown in the right-hand
panel of Fig. 1. The velocity dispersion is fairly constant across
G035.39−00.33, with a mean value of 0.45 km s−1, with the excep-
tion of a notable increase towards the south-west of H6 (peak value
>1 km s−1). This location coincides with redshifted velocity peaks
evident in the first-order moment map. In Paper IV, a high-velocity
component (filament 3; ∼ 47 km s−1) was shown to overlap spa-
tially with the ‘main’ IRDC filament (filament 2; 45.63 km s−1) at
the location of H6. This may indicate that the velocity dispersion is
influenced by the presence of an additional component. The pres-
ence of multiple velocity components will be further explored in
Section 4. Considering a mean velocity dispersion of 0.45 km s−1,
the estimated ratio between the thermal and non-thermal contribu-
tions is ∼7 (for N2H+, with a molecular weight of 29 a.m.u., the
thermal contribution to the total dispersion is σ T = 0.07 km s−1, for
gas at 15 K, a reasonable estimate based on the dust temperature
within G035.39−00.33; Nguyen Luong et al. 2011). This equates
to a Mach number of ∼2 (cs = 0.23 km s−1, using a mean mass per
molecule of 2.33 a.m.u.), similar to those found in Paper V. The ve-
locity dispersions found are most similar to regions of massive star
formation, in which non-thermal motions dominate (e.g. Caselli &
Myers 1995).

Fig. 2 displays the integrated intensity (colour scale, between 0.0
and 4.0 K km s−1) at the six locations highlighted by the black boxes
in the left-hand panel of Fig. 1 (these locations have been selected
to show a range of spectral features). Overlaid are the individual
N2H+(1–0) spectra contained within these regions (isolated compo-
nent only). A dotted line at 45.8 km s−1 (the mean centroid velocity
within the map, as calculated from the moment analysis displayed
in the central panel of Fig. 1) is highlighted in each spectrum, for
reference. The profiles of the N2H+ spectra vary throughout the
cloud. In three out of the six regions mapped (regions 2, 3, and 4),
there is strong evidence for the presence of multiple velocity com-
ponents, with further evidence in the remaining regions. Referring
back to Fig. 1, regions 2, 3, and 4 cover the bulk of the emission
around H6. Within the vicinity of H6, substructure not evident in
the single-dish maps of Paper IV is detected (see Section 4).

How the intensity of the emission changes with respect to the
velocity of the gas can be seen in the channel maps in Fig. 3.
This displays the emission (red contours) of N2H+ between 44.0
and 48.0 km s−1 integrated in increments of 0.5 km s−1. In the
single-dish maps of Paper IV, filaments 2 [(45.63 ± 0.03) km s−1]
and 3 [(46.77 ± 0.06) km s−1], whilst clearly spectrally resolved
(due to the high spectral resolution of the IRAM 30 m backends;
∼0.07 km s−1), were not resolved spatially (the IRAM 30 m beam
at 93 GHz ∼26 arcsec). These velocity components can now be
resolved both spectrally and spatially. In the 46.5 km s−1 panel, it
is evident that filament 3 follows a different portion of the extinc-
tion map compared to the main bulk of material observed at lower
velocities.

Figure 2. Regions of interest as defined in Fig. 1 (left-hand panel).
Here the integrated intensity has been overlaid with individual spec-
tra throughout the maps. The intensity has been integrated over the
velocity range 42–48 km s−1, and is displayed between 0.0 and
4.0 K km s−1(σ ∼ 0.1 K km s−1). Only the isolated (F1, F = 0,1 →
1,2) component is shown, for clarity. The spectra are shown between 44.0
and 48.0 km s−1 (x-axis) and from −0.1 to 3.5 K (y-axis). The vertical dot-
ted line indicates a velocity of 45.8 km s−1, the mean velocity as calculated
from the moment analysis displayed in Fig. 1.

The bulk of the N2H+ emission exists between 45.0 and
46.5 km s−1. It appears as though the component identified pre-
viously as filament 2 (Paper IV; VLSR ∼ 45.63 km s−1) can now
be subdivided into two structures. This is most evident in panels
45.0 and 46.0 km s−1, respectively, with 45.5 km s−1 displaying
a transition between the two (this is also evident in the spectra of
Fig. 2). These components are referred to as F2a and F2b (F2a is
the more blueshifted of the two; see Fig. 3).

Although F2a and F2b are similar in their emission peaks, there
are some notable discrepancies. First, F2a is more prominent in
the southern portion of the mapped region, up to H6. F2b is more
prominent in the north. Secondly, not all emission peaks are directly
coincident. For instance, the peak observed in the north in F2b
(offset ∼−5′′, 50′′; see the 46.0 km s−1 panel) is not evident in F2a
(see the 45.0 km s−1 panel).

Since F2a is more prominent to the south of H6, and F2b to the
north, treating these two components as a single entity would result
in a velocity field that appears to show an abrupt change in velocity
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ABSTRACT
Infrared dark clouds (IRDCs) are unique laboratories to study the initial conditions of high-
mass star and star cluster formation. We present high-sensitivity and high-angular-resolution
Institut de Radioastronomie Millimétrique (IRAM) Plateau de Bure Interferometer obser-
vations of N2H+ (1–0) towards IRDC G035.39−00.33. It is found that G035.39−00.33 is a
highly complex environment, consisting of several mildly supersonic filaments (σNT/cs ∼ 1.5),
separated in velocity by <1 km s−1. Where multiple spectral components are evident, mo-
ment analysis overestimates the non-thermal contribution to the line-width by a factor of ∼2.
Large-scale velocity gradients evident in previous single-dish maps may be explained by the
presence of substructure now evident in the interferometric maps. Whilst global velocity gra-
dients are small (<0.7 km s−1 pc−1), there is evidence for dynamic processes on local scales
(∼1.5–2.5 km s−1 pc−1). Systematic trends in velocity gradient are observed towards several
continuum peaks. This suggests that the kinematics are influenced by dense (and in some
cases, starless) cores. These trends are interpreted as either infalling material, with accretion
rates ∼(7 ± 4) × 10−5 M⊙ yr−1, or expanding shells with momentum ∼24 ± 12 M⊙ km s−1.
These observations highlight the importance of high-sensitivity and high-spectral-resolution
data in disentangling the complex kinematic and physical structure of massive star-forming
regions.

Key words: stars: formation – ISM: clouds – ISM: individual objects: G035.39−00.33 – ISM:
kinematics and dynamics – ISM: molecules.

1 IN T RO D U C T I O N

Understanding and categorizing the initially quiescent phases of
massive (>8 M⊙) star formation is essential if we are to develop
a complete picture of how massive stars form. Once star formation
is under way, the disruptive effect of stellar feedback destroys the
primordial information needed to explain their formation. Conse-
quently, the search for massive starless cores (the dense precursors
to massive stars) requires the identification of relatively quiescent
clouds, which have yet to be affected by feedback from massive
young stellar objects.

Infrared dark clouds (hereafter IRDCs) were discovered as ex-
tended structures, silhouetted against the bright mid-infrared (MIR)

⋆ Based on observations carried out with the IRAM Plateau de Bure Inter-
ferometer. IRAM is supported by INSU/CNRS (France), MPG (Germany)
and IGN (Spain).
†E-mail: phy5jh@leeds.ac.uk

emission observed towards the Galactic Centre (Pérault et al. 1996;
Egan et al. 1998). IRDCs are categorized as having large masses
(∼102–5 M⊙; Rathborne, Jackson & Simon 2006; Kainulainen
& Tan 2013, hereafter KT13), high column densities (NH2 ∼
1022−1025 cm−2; Carey et al. 1998; Egan et al. 1998), and low
temperatures (≤20 K; Pillai et al. 2006; Peretto et al. 2010; Ra-
gan, Bergin & Wilner 2011; Chira et al. 2013), making them ideal
environments to study the initial conditions of star formation. In ad-
dition, the high mass surface densities (∼0.3 g cm−2; Butler & Tan
2012, hereafter BT12) and high volume densities (∼104−106 cm−3;
Carey et al. 1998; Rathborne et al. 2006; BT12) of IRDC clumps
are most akin to regions of massive star formation (Tan, Shaske &
Van Loo 2013).

This study is the sixth instalment of a series of papers whose
goal is to provide a detailed case study of the chemistry, dynamics,
and physical structure of a single IRDC, G035.39−00.33. Butler &
Tan (2009, hereafter BT09) selected 10 IRDCs (due to their high
contrast against the Galactic MIR background) from the sample of
38 IRDCs studied by Rathborne et al. (2006). From this sample,

C⃝ 2014 The Authors
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"
• Strong similarities between local and distant clouds	

• Multiplicity + complex velocity structure

PP
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  Bundles: recent simulations

• Reproduced by hydro-simulations (Moeckel & Burkert 2014, Smith 2014)	

• Although also in models including B (Klein et al)	

• Fibers are present in all kind of simulations:  
filaments are not “monolithic objects” but complex bundles of fibers

Filamentary bundles in molecular clouds 3
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Figure 2. The filaments from the snapshot at 1.23 Myr, shown in their native coordinate system, along with line of sight velocity
observations along the L dimension. These density weighted line of sight velocities are summed along the W dimension, i.e. they are the
L–v plane of the L–W–v position–position–velocity cube.

linked by more tenuous emission (filaments B and C1),
and one region that has entered a collapse phase (fil-
ament A). We stress that this is not intended to be a
comprehensive study of all the filaments in this projec-
tion, but rather an exploratory look at a few of the more
prominent features. At this point 34 M� of gas is in sinks
in filament A, yielding a global integrated sink formation
e�ciency of ⇠ 0.6%.
At 2.09 Myr we selected three filamentary features.

Two are evolved versions of the features at 1.23 Myr
(filaments C2 and D2), while filament E formed in the
intervening time. At this point there are more sinks scat-
tered through the box, including at least one in each of
the filaments. The total sink mass is 92 M�, i.e. a global
integrated sink formation e�ciency ⇠ 1.6%1. We chose
to analyse these early times, before the gas has begun
converting to sinks in earnest, to approximate the evolu-
tionary state of Hacar et al.’s observations. The masses
and dimensions of the sinks are summarized in Table 1.

3.1. Line-of-sight velocity structure

The rectangles surrounding the selected filaments de-
fine a coordinate system with axes aligned along the long
axis or length L of the filament, and the width W . The

1 We note in passing that this e�ciency is a factor of 1.8 lower
than the most equivalent simulation of Federrath & Klessen (2012),
within the expected scatter resulting from di↵erent turbulent seeds,
box sizes, and densities.

depth D is the same axis that the surface density is pro-
jected along. We stepped along the L and W coordinates
with a stepsize equal to the simulation’s base resolution,
and calculated at each point the density-weighted line-
of-sight velocity integrated along the D axis, using the
same density range used to calculate the surface density.
We binned these spectra into histograms with bin width
0.025 km s�1.
In Figures 2 and 3 we show this data above the blowups

of each filament. We summed the histograms along the
W dimension, yielding the total velocity distribution
along slices perpendicular to the filament’s long axis.
The character of the velocity distributions are qualita-
tively similar to the observations of Hacar et al. (2013);
overlapping individual features with subsonic widths,
combined into features with mildly supersonic disper-
sions. Note that we plot the raw density weighted ve-
locity structure, rather than the centroids of line fits like
Hacar et al present. This accounts for the low intensity
background in the velocity plots. Nonetheless, arcs of
higher intensity signal are clearly seen in our data.
There are a few features in individual filaments worth

mentioning. Filaments C1 and D1 show large scale gra-
dients of approximately 0.5 km s�1 pc�1 on top of which
the ⇠ 0.5 km s�1 dispersion is overlaid. The small
scale feature’s velocity gradients are larger than the large
scales, consistent with the observations. Filament A’s
sink particles are clustered around L = 0.75 pc; the in-
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 Conclusions

• Kinematic information key to understand  
 the internal substructure of Herschel maps	


"

• Fibers ⇒ fundamental building blocks	


• Present in all kind of environments	

• Sonic-like structures naturally created as part 
 of the turbulent cascade 	

• Cores & Stars are formed from the fragmentation of 
only those gravitationally unstable (i.e. fertile) fibers	


• Large scale, complex filaments = Bundles of fibers	



