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Filaments Everywhere!

Filaments seen in star formation for decades, but 
Herschel reveals ubiquity (Andre)

western Perseus as seen by 
SCUBA, Kirk et al 2006 western Perseus as seen by 

Herschel, Sadavoy et al 2012



Filaments and Star 
Formation

Observations suggest filaments 
an integral part of most dense 
core & cluster formation

Polychroni et al 2013: L1641/OrionA - 
most cores are on filaments (x vs +)

Myers 2009: forming clusters tend to be 
associated with radiating filaments

Gutermuth 2008: Serpens South

see also Di Francesco



Insights from 
Simulations / Theory

Fig. 1.— Face-on view of the central 60 pc of the simulation along the axis of the colliding flows. Grayscale
represents the gas column density integrated over ±15pc around the contact point of the initial flows, at the
center of the simulation box. Times shown correspond to t = 9.30 (top-left panel), 17.93 (top-right), 23.91
(bottom-left) and 30.41Myr (bottom-right) from the onset of the simulation. Dots indicate the positions of
the sink particles in the range depicted. Coordinates are measured from the center of the simulation box.
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Gomez &                    
Vazquez-Semadeni 2014

colliding flows

t~30Myr

Smith et al 2014
decaying turbulent box

Variety of simulations which match (at least) some observations
p<4 profiles for magnetic fields (Fiege & Pudritz ’00), accretion (Heitsch ’13), 

non-isothermal (Recchi ea ’13), rotation (Recchi ea ’14), turbulence (Smith ea ’14)

5

Figure 2. The four simulations at the end of the analysed period. The filament skeleton identified using DisPerSE is shown in blue, the
filaments analysed are shown in white, and star-forming cores are shown by black diamonds.

the inner section of the filament profile: it is not derived
for the filament as a whole. Typically, radii up to 0.3 ! 0.4
pc are included in the Gaussian fits (Arzoumanian, private
communication), although the full distribution is used for
the Plummer fit. In our work we will calculate the filament
FWHM in three di!erent ways: 1) fitting a Gaussian with
a background component to only the data within 0.35 pc of
the filament spine for comparison to A11, 2) fitting a Gaus-
sian with a background component to all the data within 1

pc of the filament spine, and 3) finding the FWHM of the
raw column density distribution without fitting.

We find the best fits to the Gaussian and Plummer-
like profiles using the mpfit non-linear least-squares fitting
programme (Markwardt 2009). This allows us to use the
standard deviation in the average profile as a measure of
the uncertainty in the profile and propagate this through to
estimate the uncertainties in our derived parameters.



Simulations with MHD & G

• weak B slows dense structure formation

• higher density evolves faster

HD

MHD

0.05Myr 0.1Myr 0.15Myr

500Msol

2000Msol

0.05Myr
white ~ 5x1022cm-2

white ~ 2x1023cm-2

Kirk, Klassen, Pudritz, & Pillsworth, ApJ submitted



Filament evolution

Kirk et al subm.• MHD filaments are ‘puffier’

• not all filaments collapse



Filament evolution

Kirk et al subm.• MHD filaments are ‘puffier’

• not all filaments collapse



Filament evolution

• MHD filaments are ‘puffier’

• not all filaments collapse

Kirk et al subm.



• large-scale velocity gradient 
along long axis of filaments 
observed since early 1980’s 
(e.g., McCutcheon et al 
1982, Bally et al 1987, 
Dobashi et al 1992)

• Interpret as rotation? infall? 
outflow? shear?

velocity gradient along Serpens South:
Kirk et al 2013

Gradients along filaments

(see Dirienzo, Lee, Mundy, Storm)



Motion Across Filaments
Range of evidence for accretion onto filaments:

• infall (self-absorption) signatures in gas (e.g., Schneider et al 
2010, Kirk et al 2013, Friesen et al 2013, Battersby, ...) 

• increased linewidth in dense gas attributable to infall 
(Arzoumanian et al 2013, Friesen et al 2013,...)

• hints of velocity gradient across filaments (Dobashi et al 
1992, Palmeirim et al 2013, CLASSY,...)

• HC7N emission where it should have depleted (Friesen e.a. ‘13)P. Palmeirim et al.: Herschel view of the Taurus B211/3 filament and striations: Evidence of filamentary growth?

dented detail. The shape of the column density profile derived
for the B211 filament, with a well-defined power-law regime at
large radii (see Fig. 5a), and the large column density contrast
over the surrounding background (a factor ⇠10�20, implying a
density contrast ⇠100�400) strongly suggest that the main fila-
ment has undergone gravitational contraction. This is also con-
sistent with the supercritical mass per unit length measured for
the B211 filament (Mline⇡54 M�/pc), which suggests that the
filament is unstable to both global radial contraction and frag-
mentation into cores (e.g., Inutsuka & Miyama 1997; Pon et al.
2011). Observations confirm that the B211 filament has indeed
fragmented, leading to the formation of several prestellar cores
(e.g., Onishi et al. 2002) and protostars (e.g., Motte & André
2001; Rebull et al. 2010) along its length.

The orientation alignment of the striations with optical po-
larization vectors suggests that the magnetic field plays an im-
portant role in shaping the morphology of the filamentary struc-
ture in this part of Taurus. Earlier studies, using similar polariza-
tion observations of background stars, already pointed out that
the structure of the Taurus cloud was strongly correlated with
the morphology of the ambient magnetic field (e.g. Heyer et al.
2008; Chapman et al. 2011 and references therein). Using the
Chandrasekhar–Fermi method, Chapman et al. (2011) estimated
a magnetic field strength of ⇠25 µG in the B211 area and con-
cluded that the region corresponding to the striations seen here
in, e.g., Fig. 2 and Fig. 3 was magnetically subcritical.

Theoretical arguments (e.g., Nagai et al. 1998) predict that,
in the presence of a “strong” magnetic field, low-density, ther-
mally subcritical filaments such as the striations observed in
Taurus should be preferentially oriented parallel to the field
lines, while high-density, self-gravitating filaments should be
preferentially oriented perpendicular to the field lines. This dif-
ference arises because low-density structures which are not held
by gravity have a tendency to expand and disperse, while self-
gravitating structures have a tendency to contract. In the pres-
ence of a magnetic field, motions of slightly ionized gas do not
encounter any resistance along the field lines but encounter sig-
nificant resistance perpendicular to the field lines. Consequently,
an initial perturbation in a low-density part of the cloud will tend
to expand along the field lines and form an elongated structure or
a subcritical “filament” parallel to the field. Conversely, a self-
gravitating structure will tend to contract along the field lines,
forming a condensed, self-gravitating sheet (cf. Nakamura & Li
2008) which can itself fragment into several supercritical fila-
ments oriented perpendicular to the field (e.g. Nagai et al. 1998).
These simple arguments may explain the distribution of filament
orientations with two orthogonal groups found in Sect. 3.1 (see
Fig. 4). Other regions imaged with Herschel where a similar dis-
tribution of filament orientations is observed and a similar mech-
anism may be at work include the Pipe nebula (Peretto et al.
2012), the Musca cloud (Cox et al. in prep.) and the DR21 ridge
in Cygnus X (Schneider et al. 2010; Hennemann et al. 2012).

The morphology of the region with a number of low-density
striations parallel to the magnetic field lines, some of them ap-
proaching the B211 filament from the side and apparently con-
nected to it (see Fig. 2), is also suggestive of mass accretion
along the field lines into the main filament. To test this hypothe-
sis, we assume cylindrical geometry and use the observed mass
per unit length Mline to estimate the gravitational acceleration
g(R)=2 GMline(r<R)/R of a piece of gas in free-fall toward the
B211 filament, where R represents radius. The free-fall veloc-
ity v↵ of gas initially at rest at a cylindrical radius Rinit⇠2 pc
(corresponding to the most distant striations) is estimated to
reach v↵=2 [GMline ln(Rinit/R)]1/2⇡1.1 km/s when the material

Fig. 6. CO emission observed toward and around the B211 filament
(Goldsmith et al. 2008). Redshifted 12CO(1–0) emission integrated
from VLS R=6.6 km/s to VLS R=7.4 km/s is displayed in red and mostly
seen to the north-east of the B211 filament. Blueshifted 12CO(1–0)
emission integrated from VLS R=4.2 km/s to VLS R=5.5 km/s is displayed
in blue and mostly seen to the south-west of the filament. The main body
of the B211 filament, displayed in green, corresponds to the 13CO(1–
0) emission detected between VLS R=5.6 km/s to VLS R=6.4 km/s. Both
12CO(1–0) and 13CO(1–0) maps have a spectral resolution of ⇠0.2 km/s.

reaches the outer radius R⇠0.4 pc of the B211 filament. This
free-fall estimate is an upper limit since it neglects any form of
support against gravity. A more conservative estimate can be ob-
tained by considering the similarity solution found by Kawachi
& Hanawa (1998) for the gravitational collapse of a cylindri-
cal filament supported by a polytropic pressure gradient with
�<⇠1. In this model, the radial infall velocity in the outer parts of
the collapsing filament is expected to be vinf⇠ 0.6–1 km/s when
� = 0.9–0.999 and the gas temperature is ⇠10 K (see Figs. 4 and
6 of Kawachi & Hanawa). The above two velocity estimates
can be compared with the kinematical constraints provided by
the 12CO(1–0) observations of Goldsmith et al. (2008). It can
be seen in online Fig. 6 that there is an average velocity di↵er-
ence of ⇠1 km/s between the red-shifted CO emission observed
at VLS R⇠7 km/s to the north-east and the B211 filament which
has VLS R⇠6 km/s. Likewise, there is an average di↵erence of ⇠1
km/s between the blue-shifted CO emission observed at VLS R⇠5
km/s to the south-west and the B211 filament. Although projec-
tion e↵ects may somewhat increase the magnitude of the intrin-
sic velocity di↵erence, we conclude that there is good qualita-
tive agreement between the estimated inflow velocity in the stri-
ations and the 12CO observational constraints. Considering these
velocities, the current mass accretion rate onto the 4-pc-long fil-
ament (total mass of ⇠220M�) is estimated to be on the order of
Ṁline= ⇢p(R) ⇥ vinf ⇥ 2⇡R ⇡ 27-50 M�/pc/Myr, where ⇢p(R) cor-
responds to the density of the best-fit Plummer model at the fila-
ment outer radius R=0.4pc. This would mean that it would take
⇠1-2 Myr for the central filament to form at the current accre-
tion rate and ⇠0.8-1.5 Myr for the total mass of the striations
(⇠150M�) to be accreted. The available observational evidence
therefore lends some credence to the view that the B211 filament
is radially contracting toward its long axis, while at the same
time accreting additional ambient material through the striations.
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CO(1-0) from 
Goldsmith et al ’08

infall in Serpens South:
Kirk et al 2013

optically thick line 
self absorbed 

where optically 
thin lines peak

velocity gradient 
across Taurus 

filament parallel to 
wispy striations: 

Palmeirim et al 2013



Filaments feeding cores

Taurus: oscillations in density and velocity along 
quiescent filaments suggest filaments accreting onto 
embedded cores 
(see also Anderson)
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Serpens South properties

• very young cluster (v. low ratio of 
class II/I sources vs other nearby 
regions - Gutermuth et al 2008, 
2009)

• B perpendicular to filaments 
(Sugitani et al 2011)

Southern filament: 

• M/L > thermal (~60Msol/pc; Kirk 
et al 2013)

• clear velocity gradient along 
filament & strong infall onto the 
filament (Kirk et al 2013)

Filaments Feeding Clusters

3.6um
4.5um
8.0um

Gutermuth et al 2008 see also Friesen, Plunkett, Storm



Serpens South properties

• very young cluster (v. low ratio of 
class II/I sources vs other nearby 
regions - Gutermuth et al 2008, 
2009)

• B perpendicular to filaments 
(Sugitani et al 2011)

Southern filament: 

• M/L > thermal (~60Msol/pc; Kirk 
et al 2013)

• clear velocity gradient along 
filament & strong infall onto the 
filament (Kirk et al 2013)

Filaments Feeding Clusters

3.6um
4.5um
8.0um

Gutermuth et al 2008

B direction: Sugitani et al

see also Friesen, Plunkett, Storm



Best evidence to date for filamentary 
accretion onto central cluster:

• gradients & infall motions (south & 
north of cluster) - Kirk / Friesen ’13

• inferred accretion rates: 30/130 
Msol/Myr 

• consistent with formation rate 
inferred in cluster (90 Msol/Myr;  
Gutermuth et al 2008)

NB: evidence also gathering in Taurus 
(Palmeirim et al 2013), DR21 (Schneider et al 
2010), SDC335 (Peretto et al 2013), SDC13 
(Peretto et al 2014), Fuller...
*see Nakamura et al 2014 for alternate 
SerpS interpretation*

Fig. 9.— (a) Sketch of the typical velocity field inferred from line observations (e.g., H. Kirk et al., 2013) within and around a
supercritical filament (here Serpens-South in the Aquila complex – adapted from Sugitani et al., 2011): Red arrows mark longitudinal
infall along the main filament; black arrows indicate radial contraction motions; and blue arrows mark accretion of background cloud
material through striations or subfilaments, along magnetic field lines (green dotted lines from Sugitani et al.). (b) Total (thermal +
nonthermal) velocity dispersion versus central column density for a sample of 46 filaments in nearby interstellar clouds (Arzoumanian
et al., 2013). The horizontal dashed line shows the value of the thermal sound speed ! 0.2 km/s for T = 10 K. The vertical grey band
marks the border zone between thermally subcritical and thermally supercritical filaments where the observed mass per unit lengthMline

is close to the critical valueMline,crit ! 16 M!/pc for T = 10 K. The blue solid line shows the best power-law fit !tot " NH2

0.36 ± 0.14

to the data points corresponding to supercritical filaments.

regions are formed in the central parts of the filaments
identified with Herschel. If the sonic regions are mas-
sive enough, further substructures, like the isothermal fibers
observed in B5, could develop. It should also be stressed
that these ! 0.1 pc sonic regions are much larger than the
milliparsec-scale structures in which subsonic interstellar
turbulence is believed to dissipate (Falgarone et al., 2009).

4.3 Sub-filaments and low-density striations

The material within filaments is not static. In fact, sev-
eral lines of evidence have shown that: i) material is being
added to filaments from striations; and ii) filaments serve
as highly efficient routes for feeding material into hubs or
ridges where clustered star formation is ongoing.
In the low-mass case, the Taurus cloud presents the most

striking evidence for striations along filaments. CO maps
tracing low-density gas show the clear presence of striations
in B211/B213 as low-level emission located away from the
denser filament (Goldsmith et al., 2008). These striations
are also prominent in Herschel dust continuum maps of
the region from the HGBS (Palmeirim et al., 2013 – see
Figs. 2 and 3). These results suggest that material may be
funnelled through the striations onto the main filament. The
typical velocities expected for the infalling material in this
scenario are ! 0.5–1 km s!1, which are consistent with the
kinematical constraints from the CO observations.
In denser cluster-forming clumps like the Serpens South

protocluster in Aquila or the DR21 ridge in Cygnus X, fil-
aments are observed joining into a central hub where star

formation is more active (H. Kirk et al., 2013 – cf. Fig. 9a;
Schneider et al., 2010). Single-dish line observations show
classical infall profiles along the filaments, and infall rates
of 10!4 " 10!3M" yr!1 are derived. Moreover, veloc-
ity gradients toward the central hub suggest that material
is flowing along the filaments, at rates similar to the current
local star-formation rate.
More recently, ALMA interferometric observations of

N2H+ emission from a more distant IRDC, SDC335, host-
ing high-mass star formation, show the kinematic proper-
ties of six filaments converging on a central hub (Peretto
et al., 2013). Velocity gradients along these filaments are
seen, suggesting again that material is being gathered in the
central region through the filaments at an estimated rate of
2.5# 10!3M" yr!1. This accretion rate is enough to dou-
ble the mass of the central region in a free-fall time.

4.4 Internal velocity dispersions

Given the wide range of column densities observed to-
ward Herschel-identified filaments (see Sect. 2.5), can
turbulent motions provide effective stability to filaments
across the entire range? Naively, Larson’s relation (!v $
R0.5) can give a rough estimate of the level of turbulent
motions within filaments.
Heyer et al. (2009) used the FCRAO Galactic Ring Sur-

vey 13CO (1–0) data to study line widths across a wide
range of environments. They focused on the kinematical
properties of whole molecular clouds, which likely include
filaments like those seen with Herschel. They found that

12

Andre et al 
(PPVI)

Serpens South 
schematic model

Filaments Feeding Clusters

NB: local vs global filament 
collapse (Pon e.a. ’11 &‘12)



Accretion Flows in Simulations
• Gomez & Vazquez-Semadeni 2014 

(colliding flows): material accretes 
onto filament, along fil to cluster, + 
localized core accretion 

• Predict different velocity structure at 
different density regimes (/gas 
tracers) 

• see also Smith ea’14 for HD, Chen 
for MHD flows,  Testi for synthetic 
observations, Wu for cloud 
collisions, Heitsch for different 
velocity profiles for different viewing 
angles, (Kirk, Klassen & Pudritz in prep 
for MHD vs HD filamentary flows)Fig. 2.— Filament 1 at 26.56Myr into the simu-

lation. Colors show the column density of the
gas integrated over the range |x| < 5 pc for the
top panel, and !20pc < z < 0 for the bottom
panel. Coordinates are measured with respect to
the center of the simulation box. The arrows show
the density-weighted projected velocity field, with
the arrow in the lower right representing 2 km s!1.
See the electronic edition of the Journal for a color
version of this figure.

on, the scale of the filament-clump system grows,
involving increasing amounts of mass and corre-
spondingly larger spatial scales. For example, in
the bottom-right panel of Fig. 1 a large accreting
clump is seen to have formed at the center of the
frame, with large-scale filaments accreting onto it.

The picture described above may be verified
by exploring the velocity field along the fila-
ments. In order to do this, we have calcu-
lated the column density along lines of sight
(LOSs) approximately perpendicular to the fila-
ments. We first obtained the density dis-
tribution of the gas on two boxes with
5123 grid points, each containing one of
the filaments, with resulting resolution of
(!x,!y,!z) = (0.020, 0.033, 0.039)pc for Fil-
ament 1, and (0.020, 0.041, 0.029)pc for Fila-
ment 2. Then, taking advantage of the fact
that the filaments lie on the y-z plane, and not-
ing, from visual inspection, that the LOSs are at
angles " !50" and " !20" from the z-axis in
Figs. 2 and 3, respectively, we thus have rotated
the fields by minus these amounts on this plane to
orient the filaments vertically.

The resulting column density maps are shown
in Fig. 4, where the vertical axis, labeled !, is
now approximately parallel to the filament. Su-
perposed on these maps, we show plots of the col-
umn density-weighted mean velocity perpendicu-
lar to the line-of-sight and approximately along
the filament (the vertical velocity in the projec-
tion of Fig. 4). This rendering clearly shows the
large-scale collapse of the filament along its long
dimension, signaled by the sharp transition (jump)
from positive velocities in the lower region to nega-
tive velocities in the upper region. But in addition
to this global collapse, smaller jumps in velocity
associated to smaller-scale (in size and mass) cen-
ters of collapse are also observed. The collapsing
regions move along the filament, as they follow
the large-scale filament collapse, and so the veloc-
ity jumps around these regions are superposed on
the average infall velocity towards the larger-scale
center of mass.

The velocity structure seen in Fig. 4 qualita-
tively resembles that observed in a number of
observational studies. In particular, Kirk et al.
(2013) report a velocity gradient of 1.4km s!1

pc!1 across the filament associated with the em-
bedded Serpens South protocluster (see their Fig-

9

Gomez & Vazquez-
Semadeni 2014:



Conclusions
Fig. 9.— (a) Sketch of the typical velocity field inferred from line observations (e.g., H. Kirk et al., 2013) within and around a
supercritical filament (here Serpens-South in the Aquila complex – adapted from Sugitani et al., 2011): Red arrows mark longitudinal
infall along the main filament; black arrows indicate radial contraction motions; and blue arrows mark accretion of background cloud
material through striations or subfilaments, along magnetic field lines (green dotted lines from Sugitani et al.). (b) Total (thermal +
nonthermal) velocity dispersion versus central column density for a sample of 46 filaments in nearby interstellar clouds (Arzoumanian
et al., 2013). The horizontal dashed line shows the value of the thermal sound speed ! 0.2 km/s for T = 10 K. The vertical grey band
marks the border zone between thermally subcritical and thermally supercritical filaments where the observed mass per unit lengthMline

is close to the critical valueMline,crit ! 16 M!/pc for T = 10 K. The blue solid line shows the best power-law fit !tot " NH2

0.36 ± 0.14

to the data points corresponding to supercritical filaments.
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that these ! 0.1 pc sonic regions are much larger than the
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turbulence is believed to dissipate (Falgarone et al., 2009).
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tracing low-density gas show the clear presence of striations
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• filaments closely tied to star & cluster formation

• observations suggest filaments may provide significant mass 
reservoir for cores & clusters

• variety of processes may be influencing filament evolution 
including large-scale turbulent flows, magnetic fields, gravity, 
heating/cooling,...

• analytic work & simulations starting to make predictions for the 
effect of various physics on filament (column) density & velocity 
structure

• observations beginning to characterize the diversity of filaments 
and can test / constrain theoretical work (see also Shirley)
• complications: e.g., viewing angle (Heitsch), filament bundles (Hacar)
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Thank You!


