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Aquila 

Könyves+2010, 15 
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Herschel has revealed a “universal” filamentary structure 
in the cold ISM 
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Tracing filamentary networks 

DisPerSE 

Chamaeleon 

~ 1 pc 

FilFinder 
      & 
DisPerSE 
Koch & 
Rosolowsky 
2015 

Different techniques:  Projection on curvelets (Starck+2003), DisPerSE (Sousbie2011), 
getfilaments  (Men’shchikov+2013), FilFinder (Koch & Rosolowsky 2015), Hessian matrix 
(Schisano+2014, Planck XXXII 2016), Rolling Hough Transform RHT (Clark+2014), Template 
Matching TM (Juvela 2016) 
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§  Below AV ~ 7:  ~ 10-20 % of the mass in the form of filaments 

§  Above AV ~ 7:  > 50-75 % of the mass in the form of filaments 

Filaments dominate the mass budget       
of GMCs at high densities 

Könyves et al. 2015 
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Nearby filaments have a common inner width ~ 0.1 pc 

Outer radius 
0.5pc 

background 
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  Inner radius 
~ 0.05pc 

Example of a filament radial profile

~ 5 pc 

Herschel 500/250 µm 

Network of filaments in IC5146 
    

     Possibly linked to sonic scale of turbulence?  
  (cf. Padoan+2001;  Federrath 2016)   

      Challenging for numerical simulations 
           (cf. R. Smith+2014;  Ntormousi+2016) 

            D. Arzoumanian+2011 & 2018 

N
um

be
r o

f fi
la

m
en

ts
 p

er
 b

in
 

Filament width (FWHM) [pc]  

Distribution of inner widths for 
500+ nearby (d < 450pc) filaments 

 0.1 

                            IC5146 
            Orion B 
              Aquila 
             Polaris 

                     Ophiuchus 
              Taurus  
                  Pipe 
               Musca  
     

Distribution of  
Jeans lengths 

0.11 +- 0.05 pc 

Distribution of  
filament lengths 

Ph. André - SPG2018 – Berlin – 13 Apr 2018 



    SPIRE 250 µm image of Polaris               
 translucent  cloud 

P(k) = AISM k-2.63 + P0  

Noise-subtracted, deconvolved power      
spectrum of Polaris image 
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Is a characteristic filament width consistent with 
the observed power spectrum of cloud images? 

Panopoulou+2017 
          

Tension with scale-free power spectrum 
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P(k) = AISM k-2.75 + P0  

 Spatial angular frequency,  k [arcmin-1]  
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A simple experiment 
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Conclusion:  Observed power spectra 
remain consistent with a characteristic 
filament width ~ 0.1 pc for realistic 
filling factors and filament contrasts 

4 pc 

Ph. André - SPG2018 – Berlin – 13 Apr 2018 

  Injecting a population of synthetic 
 0.1 pc filaments with contrast ~ 50% 
  in SPIRE 250 µm image of Polaris               
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Salji, Richer, Buckle+2015: FWHM = 0.08    pc 
 

JCMT/SCUBA2 (850/450µm) GBS study of Orion A-N 

Independent measurements of filament widths 
Ø  Generally ~ consistent 

when performed in the 
submm dust continuum 

Ø  Less consistent in molecular lines (N2H+,13CO) 
     (FWHM ~ 0.03 to ~ 0.4 pc – e.g. Lee+2014, Panopoulou+2014) 

+0.07   
- 0.03   Median inner FWHM = 0.13+-0.05 pc 
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Rivera-Ingraham+2016 

42 filaments 
in Herschel 
GCC dataset       
(M. Juvela) 

(28 filaments in Orion A) 

Independent analysis of GB filaments:  
        <FWHM> = 0.09+-0.05 pc  
        Koch & Rosolowsky 2015 5 pc 
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  Blow-up NH2
 map  (cm-2)   

Examples of Herschel   
prestellar cores (  ) � 

Σthreshold ~ 150 M�/pc2  

  <=>  
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 ~ 75      % of prestellar cores form in filaments,     
above a column density threshold NH2 

> 7x1021 cm-2 
 -  5 
+15 

~ 
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A census of dense cores in the Taurus L1495 cloud 7

in the range 35 ± 14 M⊙ pc−1. Our mean value is about
a factor of two larger than the value 15 M⊙ pc−1 found
by Hacar et al. (2013) using N2H

+ observations, and the
value 17 M⊙ pc−1 found by Schmalzl et al. (2010) based on
near-infrared extinction measurements. The reason for the
discrepancy is not clear, but it is significant that all three
estimates are greater than or equal to the theoretical value
of 16 M⊙ pc−1 for an isothermal cylinder in pressure equi-
librium at 10 K (Inutsuka & Miyama 1997). This suggests
that all of the prestellar cores in L1495 are located in su-
percritical filaments, in agreement with the HGBS findings
in Aquila (André et al. 2010; Könyves et al. 2015). We note
that none of the above estimates includes the contribution
of the extended power-law wings whose inclusion further in-
creases the estimated line mass. For example, the line mass
integrated over the full filamentary cross section of the B211
filament is 54 M⊙ pc−1 (Palmeirim et al. 2013), and this is
consistent with an aperture-based estimate, ∼ 51 M⊙ pc−1,
obtained from our high-resolution column density map by
dividing the total mass of the filament by its length, after
having subtracted the estimated diffuse background.

6.2 Relationship to unbound starless cores

While the majority of our starless cores are gravitationally
unbound and therefore not prestellar, they nevertheless can
provide some important information relevant to star forma-
tion. For example, they may represent density enhancements
resulting from the interstellar turbulence widely considered
to play a dominant role in the determination of the IMF (see,
for example, Padoan & Nordlund (2002)). The probability
distribution function (PDF) of the gas density produced by
supersonic turbulent flow of isothermal gas is well approxi-
mated by a lognormal form (Elmegreen & Scalo (2004) and
references therein). It is therefore of interest to plot a his-
togram of estimated density values for the L1495 starless
cores, and this histogram is shown in Fig. 8. These densities
are mean values, calculated by dividing the mass of each core
by its total volume, based on the estimated outer radius,
taken to be the deconvolved FWHM of the source. These
densities also correspond to the n(H2) values listed in Table
B2 of Appendix B. For consistency, the same completeness
correction was applied to the starless core histogram as for
the starless CMF in Fig. 5 although, as it turned out, the
correction had negligible effect. It can be seen that, in sharp
contrast to the CMF, the density distribution is accurately
lognormal except for a tail at high densities. Note again
that the difference is not a reflection of incompleteness since
application of the completeness correction discussed in Ap-
pendix A had no appreciable effect.

The variance in log density may provide information on
the kinetic energy injection mechanism, the Mach number,
and the magnetic field (Molina et al. 2012). To compare
Fig. 8 with turbulence models, however, it must be borne
in mind that what we have plotted is essentially a type of
mass-weighted PDF, as opposed to the volume-weighted ver-
sion usually presented in simulations. More quantitatively,
if we make the simplifying assumption that the density is
uniform within an individual core (as would be the case for

Figure 6. The locations of prestellar cores (red circles) with re-
spect to filamentary structure, shown with the same field of view
as for Fig. 1. The image has been rotated such that equatorial
north is 52◦ anticlockwise from vertical. The filamentary struc-
ture represents a limited-scale reconstruction, up to a transverse
spatial scale of 0.1 pc, obtained using the getfilaments algorithm
(Men’shchikov 2013). The greyscale values correspond to the to-
tal (unfiltered) background line densities within the boundaries
of the reconstructed features, based on an assumed characteristic
filamentary width of 0.1 pc, and are truncated at an upper value
corresponding to 16 M⊙ pc−1 (100% on the greyscale). As a re-
sult, the portions in black have a mass per unit length in excess
of the approximate threshold for cylindrical stability.

pressure-confined clumps5 that probably form the bulk of
the unbound core distribution) and assume a mass-radius
law of the form M ∝ Rk, then the core density histogram of

5 We do not, of course, assume that all cores have the same den-
sity. The distribution of core densities would reflect the range of
external pressures.

c⃝ 2002 RAS, MNRAS 000, 1–13

 ~ 75      % of prestellar cores form in filaments,     
above a column density threshold NH2 
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Prestellar CFE as a function of background AV
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Herschel GBS
     Aquila 
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15%±5% 

In Aquila,  ~ 90% 
of the prestellar 
cores identified 
with Herschel  
are found above 
Av ~  7   !          
Σ ~ 150 M� pc-2 

Strong evidence of a column density “threshold” 
for the formation of prestellar cores 

CFE(AV) = ΔMcores(AV) / ΔMcloud(AV)   

André+2010 
Könyves+2015 

Similar to threshold for YSOs   
(Spitzer):

Heiderman+2010; Lada+2010; 
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Interpretation of the star formation threshold 
Interpretation: M/L threshold above which                     

interstellar filaments are gravitationally unstable 

1021 1022 
Aquila curvelet NH2
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André+2010; Könyves+2015 

� : Prestellar cores  

Inutsuka & Miyama 1992/97  

Mline, crit = 2 cs
2/G ~ 16 M�/pc 

for T ~ 10 K  !

                    (for 0.1 pc filaments)

    Unstable filaments in white

Σ  threshold
~ 160 M�/pc2  

Ø  The gravitational instability of 
filaments is controlled by the mass 
per unit length Mline= M/L:

•  unstable (to fragmentation & 
radial collapse) if Mline > Mline, crit~  

� = cores  
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Fragmentation of filaments – Core spacing 
Some evidence of hierarchical 
fragmentation within filaments         
(e.g. Takahashi+2013; Kainulainen+2013; 
Teixeira+2016) 

Two fragmentation modes: 
-  « Cylindrical » mode "# groups   

of cores separated by ~ 0.3 pc 
-  « Spherical » Jeans-like mode "# 

core spacing < 0.1 pc within groups 

ALMA 3mm mosaic of the Orion A  ISF 
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Two-point correlation function
       of ALMA dense cores

~ 0.3 pc

Kainulainen+2017  

Modification of 
standard cylinder 
fragmentation 
theory: 

Clarke, Whitworth+’16 
Gritschneder+2017 
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  Polaris – Herschel/SPIRE 250 µm 

1) Large-scale MHD compressive 
flows create ~0.1 pc filaments 

2) Gravity fragments the densest 
filaments into prestellar cores  

  Taurus B211/3 – Herschel 250 µm 

Protostellar
     Cores 

      Palmeirim + 2013 
      Marsh + 2016 

   Ward-Thompson + 2010 
Miville-Deschênes + 2010 

   50’ 
~ 2 pc 

   50’ 
~ 2 pc 

M / L > Mline,crit = 2 cs
 /G  2 

 A filamentary paradigm for ~ M$ star formation ? 
              Protostars & Planets VI chapter (André, Di Francesco, Ward-Thompson, Inutsuka, Pudritz, Pineda 2014) 

Schneider & Elmegreen 1979;  Larson 1985; Nagasawa 1987;  Inutsuka & Miyama 1997; Myers 2009 …   



    Core Mass Function (CMF) in Aquila Complex
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Jeans mass: 

MJeans  ~  0.5 M� × (T/10 K)2      
× (Σcrit/160 M�pc-2)-1 

Ø  CMF peaks at ~ 0.6 M� ≈ Jeans mass in marginally critical filaments

Filament fragmentation can account for the peak of the  
prestellar CMF and the “base” of the IMF 

CMF 

Inutsuka & Miyama 1997 

Ø  CMF peaks at ~ 0.6 M� ≈ Jeans mass in marginally critical filaments
Ø  Close link of the prestellar CMF with the stellar IMF: M★ ~ 0.3×Mcore 
     (confirms earlier CMF studies - eg Motte, André, Neri 1998;  Alves+2007 - with better statistics)

0.6+/-0.2M� 

CMF 

        IMF 
(Kroupa 2001) 

× ε
 system 
   IMF 

(Chabrier 2005) 

Ø  CMF peaks at ~ 0.6 M� ≈ Jeans mass in marginally critical filaments
Ø  Close link of the prestellar CMF with the stellar IMF: M★ ~ 0.3×Mcore 
Ø  Characteristic stellar mass may result from filament fragmentation

~ 450 
prestellar 
cores 
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  ALMA N2H+(1-0) 

Peretto+2013 

 
SDC335: ALMA identification of a massive protostellar 
core at the center of a converging network of filaments  

 

Filaments/‘ridges’ & ‘hub-filament’ structures       
play a key role in massive SF 

Ø    > 50% of massive star formation and star clusters occur in 
ultra-dense (AV >> 100, M/L > 100×Mline,crit) ‘ridges’ at the 
junctions of (supercritical) filaments (cf. Schneider+2012) Motte, Bontemps, Louvet 2017 

  ARA&A 

4 pc 

Schneider+2010, Csengeri+2011, 
Henneman+2012 

The DR21 ridge and its sub-filaments 

Herschel
     NH2 

     M/L ~ 
4000 M�/pc 

4 pc 

Ø  Massive prestellar cores may not exist; high-mass protostars are ‘clump-fed’, 
gathering mass from pc-scale `hub-filament’ structures 
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Importance of filaments in the ISM of other galaxies? 

Ø  Filaments may help to regulate the star formation efficiency 
in the dense molecular gas of galaxies (e.g. Shimajiri+2017) 

          Responsible for a common             
star formation efficiency in the dense        
(> 104 cm-3) molecular gas of galaxies? 
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Mass of dense gas, Mdense [M�]

Galactic clouds Galaxies (eg Gao & 
Solomon 2004)

CMZ 
(Longmore+2013)

  Fukui et al. 2015 

Linear resolution: ~ 1’’ or 0.24 pc @ 50 kpc 

Long filaments in N159W 
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13CO(2-1) 
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ALMA detection of pc-scale filaments        
in the LMC

           Lada+2012           Shimajiri+2017 
 

Prestellar CFE as a function of background AV
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Herschel GBS
     Aquila 
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A characteristic prestellar core formation 
efficiency in dense gas filaments 
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Pipe B59 hub: M ~ 75 M� in 1 pc2 

       

             Mon R2 hub: 
 M ~ 1300 M� in central 1 pc2 

 
       Peretto et al. 2012 

  See Myers 2009 

Herschel GBS

Origin of ISM filaments - Role of gravity 

Pokhrel+2016 

    Power-law column density PDFs 
Mon R2  

also Schneider+2015 

+ Kinematic signatures of large-scale collapse 
in some cases (e.g. SD335: Peretto+2013) 

 

Didelon+2015, Pokhrel+2016, Rayner+2017 
  

Herschel/HOBYS

“Hub-filament” systems with central cluster-forming “hub”                 
+ converging network of filaments 

4 pc 
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  Atomic (HI) clouds 
The Riegel-Crutcher cloud in HI asborption 
    (ATCA+ Parkes – Resolution: 100’’ ~ 0.1 pc) 

McClure-Griffiths+2006 
Clark+2014; Kalberla+2016 

But … Filamentary structures are already widespread               
in non-self-gravitating interstellar clouds 

~ 5 pc 

    The Polaris-flare cirrus cloud  
(Herschel/SPIRE 250 µm– Resol.: 18’’) 

Translucent molecular clouds 

Miville-Deschênes+2010; Ward-Thompson+2010 
Men’shchikov+2010 
 

~ 10 pc 

Ph. André - SPG2018 – Berlin – 13 Apr 2018 



Planck intermediate results. XXXV. (2016 J. Soler) 

        Suggests sub-Alfvénic turbulence 
          on cloud scales 

     Role of magnetic fields? 
Ø  Planck polarization data reveal a very organized B field on large ISM scales,   
    ~ perpendicular to dense star-forming filaments, ~ parallel to low-density filaments 
Ø  Suggests that the B field plays a key role in the physics of ISM filaments 

Color: N(H) from Planck data @ 5’ resol.  (~ 0.2-0.3 pc) 
Drapery: B field lines from Q,U Planck 850 µm @ 10’ 

     Musca/Chamaeleon 

10 pc 

  Taurus 

10 pc 

F. Boulanger’s group Ph. André - SPG2018 – Berlin – 13 Apr 2018 
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Role of large-scale flows and expanding shells  
 

e.g. de Geus 1992;  Loren & Wootten 1986; 
Tachihara+2002; Preibisch & Zinnecker 1999 

40 deg ~ 100 pc 

Planck 850 µm image around  
the Ophiuchus/Pipe clouds 

Ø  Many examples of clouds with cometary shapes or « head-tail » 
structures pointing toward OB stars/associations 
Ø  Suggestive of the action of stellar winds and large-scale streams/shells, 
not produced by gravity, sweeping up and compressing ISM material 
 

     15 deg ~ 50 pc 

    Hα color + Planck 350 µm (grey) image 
of the Taurus/Perseus/Auriga cloud complex 

e.g. Lim+2013; Bouy & Alves 2015; Shimajiri+2018 

HI super shell 
    (Per OB2) 

Taurus 

Perseus 

California 
Auriga 

Ph. André - SPG2018 – Berlin – 13 Apr 2018 



Fernandez-Lopez et al. (2014) 

Herschel  500 ȝm view 

~0.3 km/s difference 

N2H+ view 

Serpens South 
N2H+ 

Integrated  
Intensity 

Herschel  
contours 

Filament Formation

 Fernandez-Lopez+2014,  Mundy et al., in prep.  
          see also H. Kirk+2013 for Serp-S 

           CARMA “CLASSy” SF Survey 
   

Detection of transverse velocity gradients across filaments:       
Evidence of filament formation within sheet-like structures? 

Serpens South 

Beuther, Ragan+2015 

          Transverse N2H+(1-0) velocity gradient 
              across massive IRDC 18223 

IRAM
NOEMA 

4 
pc

 

Observer�

   Coherent motions 
             inside 
  sheet-like structure? 
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Velocity-coherent “fibers” in dense molecular filaments: 
Accretion-generated substructure? 
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Examples of line spectra in B211/3

SPIRE 250 µm 
Palmeirim+2013  
 Hacar, Tafalla+2013 

Filtered 250 µm image showing the fine 
structure of the Taurus B211/3 filament  

Obtained with 
getfilaments 
(Men’shchikov 
2013) 18’’ resol. 

2 
de

g

       FCRAO obs. 
Hacar, Tafalla+2013 

Ø  Bundle of 35 velocity-coherent « fibers » detected in 
C18O(2-1) and N2H+(1-0) and making up the main filament 

 1 pc 

(Taurus) 

C18O velocity components overlaid on 
Herschel 250 µm dust continuum image  
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  Summary: A filamentary paradigm for star formation?  

Ø Herschel results suggest M� star formation occurs in 2 main steps:              
1) ~0.1pc filaments from large-scale compressive flows in the ISM;                       
2) Prestellar cores from gravitational instability of dense filaments 
above the critical line mass M/L ~ 16 M� pc-1              

Ø  Filament fragmentation appears to produce the peak of the 
prestellar CMF and likely accounts for the « base » of the IMF, 
according to a « core-fed » picture (1 core à ~ 1 star/system)

Ø Massive protostars (high-mass end of IMF) may be « clump-fed » 
instead, gathering mass from cluster-forming ‘hub-filaments’

Ø  Evidence that dense filaments result from large-scale compressive 
flows and accumulation of matter ~ along B in shell-like structures

Ø Dense filaments appear to accrete from their parent cloud/shell and 
may grow in mass and complexity (fibers) with time 
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