
Segmentation of the Galactic ISM 
Filaments using Deep Learning and 

Hi-GAL Catalogue

Siouar BENSAID (LAM & LIS, France) 

Annie ZAVAGNO (LAM, France)

François-Xavier DUPÉ (LIS & LAM, France)

ESA/ESO SCIOPS WORKSHOP 16-20 May 2022 - Garching

CREDIT: ESA/Herschel/SPIRE/PACS/D



BigSF: Multidisciplinary Project

19/05/22 Siouar BENSAID - SCIOPS 2022 1

LAM/LIS (Marseille)
Annie Zavagno (Astro) Jean-Charles Lambert (HPC)

Siouar Bensaid (ML) Delphine Russeil (Astro)

François-Xavier Dupé (ML) Doris Arzoumanian (NAOJ, Astro)
Morgan Gray (ML)

INAF-IAPS (Rome) INAF-CAO (Naples)
Eugenio Schisano (Astro) Massimo Brescia (Astro / ML)

Gianluca Li Causi (Astro) Guiseppe Riccio (Astro / ML)
Sergio Molinari (Astro) Stefano Cavuoti (Astro / ML)

Davide Elia (Astro)

Sponsorship
Fondation A*Midex

CNRS – MITI

Institut Universitaire de France



BigSF: Bridging Astro & AI for SF Study

19/05/22 Siouar BENSAID - SCIOPS 2022 2

Key Question: How does the environment affect star formation (SF)?  

FS dans notre Galaxie
(D~1 103pc)

FS dans les galaxies proches 
(D~ 1 107pc)

FS dans les galaxies lointaines à z ~ 3 
(D~26 1012pc)

Formation stellaire Galactique & extragalactique: Déterminer le rôle de l’environnement sur les propriétés de la FS

Échelle spatiale résolue <0.01 pc Échelle spatiale résolue ~100 pc Échelle spatiale résolue ~ 500 pc 
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roles played by spirals, bars, and central 
stellar structures revealed by their stellar 
population distributions and kinematics. 
Resolving star-forming regions and stellar 
discs with PHANGS MUSE (which started 
@R�@�+@QFD�/QNFQ@LLD�HM�$2.Ű/DQHNCŰ�����
will provide us with a dynamic view  
of star formation, stellar feedback and 
chemical enrichment of disc galaxies, 
allowing us to address the following:

A.  Estimate the timescales of the star 
 formation process. This is closely 
related to modelling the life cycle of 
molecular clouds. MUSE and ALMA 
working together (illustrated in Fig- 
ure 4, adapted from Kreckel et al., 
2018) offer the chance to address 
open questions: How long does star 
formation take to set in once a molec-
ular cloud has formed? How long  
does stellar feedback take to disperse 

The dominant feedback mechanism 
and timescale for cloud dispersal in 
different environments are still 
unknown and will be constrained via 
modelling.

At the time of writing, the observations  
for the Large Programme that forms the 
core of PHANGS ALMA are almost 
 complete. All calibrated data products, 
cloud catalogues, and a host of other 
high-level data products are expected to 
be released to the community in 2020. 
Science papers addressing our key goals 
have already begun to appear.

Star-forming regions and stellar 
 structures with PHANGS MUSE 

Star formation and feedback are violent, 
rapid processes, with key roles played  
by ionising radiation, radiation pressure, 
stellar winds, and supernovae — all 
 phenomena traced through the ionised 
gas phase. These sources of feedback 
impact, destroy, and reshape the cold 
gas that will form the next generation  
of stars. Meanwhile, the young stars 
deposit new metals into the ISM, while 
new material for future star formation 
LTRS�kNV�HM�SGQNTFG�SGD�F@K@WX�CHRB
�2S@Q�
formation itself may be shaped by the 
underlying stellar potential, with important 

to which star formation is slowed or 
curtailed by feedback, turbulence, and 
NSGDQ�LD@MR�@MC�QDOQDRDMSR�@�RODBHjB�
prediction of many models. Because 
this measurement requires knowing 
the gas density, it also requires high- 
resolution imaging. Already, using  
NTQ�jQRS�]Ű��ŰF@K@WHDR��/' -&2� +, �
G@R�OQNUHCDC�SGD�LNRS�CDjMHSHUD�LD@R-
urement of this quantity to date in 
 normal local disc galaxies (Utomo et 
al., 2018).

C.  Quantify the life-cycle of molecular 
clouds. 

  At high resolution, star-forming regions 
appear in discrete evolutionary states 
using ALMA and MUSE – that is as 
clouds, HII regions, and young star 
clusters (beautifully demonstrated in 
%HFTQDŰ���@C@OSDC�EQNL�*QDBJDK�DS�@K
��
2018). Via statistical and dynamical 
modelling, such observations con-
strain the evolution from diffuse gas to 
dense clouds to HII regions to clusters. 

)LJXUH}���3GD�CHRSQHATSHNM�NE�RS@Q�ENQL@SHNM�DEjBHDMBX�
per freefall time ¡ff. The fraction of gas mass con-
verted to stars per gravitational freefall time in the 
jQRS�]����/' -&2� +, �S@QFDSR��EQNL�4SNLN�DS�@K
��
�����
�3GHR�DEjBHDMBX�ODQ�EQDDE@KK�SHLD�¡ff is a key 
ADMBGL@QJ�ENQ�SGDNQX��B@OSTQHMF�SGD�HMDEjBHDMBX�NE�
star formation relative to gravitational collapse. It  
is uniquely accessible to PHANGS ALMA because 
the high-resolution ALMA imaging allows us to esti-
mate the mean density of the molecular gas.

)LJXUH}���PHANGS ALMA and MUSE observations 
show the evolution of star-forming regions. ALMA 
observations of the cold gas reservoir (blue; CO [2–1]) 
overlaid with the PHANGS MUSE view of ongoing 
star formation activity (orange; H_) in the the nearby 
spiral galaxy NGC628 (Kreckel et al., 2018). The 
molecular clouds seen in blue often appear visibly 
offset from the HII regions created by massive young 
RS@QR
� R�F@R�kNVR�SGQNTFG�SGD�ROHQ@K�@QLR��BNKC��
dense clouds visibly evolve into young star-forming 
regions. A key goal of PHANGS is to use statistical 
and dynamical modeling of these data to constrain 
the life cycle of molecular clouds.
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The total far-infrared luminosities (and thus SFRs) for our
galaxies are well constrained by the SEDs for the sources, which
have been modified from those presented in da Cunha et al.
(2015) to include updated redshift information and additional
(unresolved) submillimeter observations in ALMA’s Band 4
(E. da Cunha et al. 2019, in preparation). Following the above
method, we created maps of SFR surface density (ΣSFR) for our
six sources24(Figure 4). We show the 0 07-resolution maps in
Figure 4. The peak values from maps at both resolutions, as
well as the galaxy-averaged values calculated using the half-
light radii as 0.5×SFR/(QRe

2), are listed in Table 4.
The first thing to notice about Figure 4 is that the peak ΣSFR

on ∼500 pc scales varies by over an order of magnitude
between galaxies. As the peak 870 μm flux densities only vary
between galaxies by at most a factor of two and the physical
scale of the emission is similar between galaxies, this is not
solely a result of different observed flux density distributions.
Rather, this large variation in peak ΣSFR can be traced back to
intrinsically different total SFRs (ranging from ∼150 to
1500Me yr−1), and ultimately to different physical conditions
(dust luminosities and dust temperatures) in the sources
(Table 1). These different dust temperatures/luminosities are
constrained by the peak of the dust SED, which is typically
reasonably well sampled in these sources: all six sources have
five photometric data points between ∼200 μm and ∼1.2 mm
(observed frame), with only one source (ALESS 76.1)
constrained by upper limits alone in the Herschel bands
(Swinbank et al. 2014). We also note that this large range of

SFRs is not driven by our particular choice of SED-fitting code
(MAGPHYS; da Cunha et al. 2015), as instead using simple
modified blackbody fits with, e.g., the Kennicutt (1998) IR–
SFR relation (rescaled to the Chabrier 2003 initial mass
function [IMF]) returns the same results (Swinbank et al.
2014). Physically, the measurement of a colder integrated dust
temperature could indicate a larger contribution from dust
heated by older stars (da Cunha et al. 2008), or it could indicate
that the stellar radiation field seen by dust grains is not as
intense. This is partly a selection effect, as the coldest sources
are primarily at lower redshifts. Alternately, it could also be an
artifact introduced in the SED modeling by assuming optically
thin dust when it is indeed optically thick, depleting the
emission at the shorter infrared wavelengths (e.g., Scoville
2013; Simpson et al. 2017).
An artifact of the difference in absolute scaling between

galaxies is that the faintest ΣSFR we are sensitive to also varies

Figure 4. SFR surface density (ΣSFR) maps at ∼0 07/500 pc resolution (corresponding to the middle column of Figure 1), where emission below 3σ has been
masked. The beam is shown as the white ellipse in the lower left corner. By taking the global SFRs and dust temperatures derived for the galaxies through
multiwavelength SED fitting (Table 1), we find that the range of ΣSFR probed varies between galaxies by over an order of magnitude. This is largely due to the similar
S870 values and sizes but very different (global) dust temperatures assumed for the galaxies.

Table 4
Inferred Star Formation Rate Densities

Source ID Mean ΣSFR

Peak ΣSFR

at 0 07
Peak ΣSFR

at 0 05
(Me yr−1

kpc−2) (Me yr−1 kpc−2) (Me yr−1 kpc−2)

ALESS 3.1 �
�33 15

8
�
�180 30

31
�
�212 39

40

ALESS 9.1 �
�102 32

27
�
�547 93

102
�
�575 108

116

ALESS 15.1 �
�7 3

3
�
�63 29

26
�
�84 39

35

ALESS 17.1 �
�13 3

3
�
�66 6

5
�
�77 8

6

ALESS 76.1 �
�44 26

15
�
�129 35

39
�
�163 45

51

ALESS 112.1 �
�13 4

3
�
�45 9

9
�
�55 12

12

24 In calculating ΣSFR in units ofMe yr−1 kpc−2 for each beam at our
resolution, we note that beam area is defined as π/(4×ln(2))×bmaj×bmin.
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unknown and will be constrained via 
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for the Large Programme that forms the 
core of PHANGS ALMA are almost 
 complete. All calibrated data products, 
cloud catalogues, and a host of other 
high-level data products are expected to 
be released to the community in 2020. 
Science papers addressing our key goals 
have already begun to appear.
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the gas density, it also requires high- 
resolution imaging. Already, using  
NTQ�jQRS�]Ű��ŰF@K@WHDR��/' -&2� +, �
G@R�OQNUHCDC�SGD�LNRS�CDjMHSHUD�LD@R-
urement of this quantity to date in 
 normal local disc galaxies (Utomo et 
al., 2018).

C.  Quantify the life-cycle of molecular 
clouds. 

  At high resolution, star-forming regions 
appear in discrete evolutionary states 
using ALMA and MUSE – that is as 
clouds, HII regions, and young star 
clusters (beautifully demonstrated in 
%HFTQDŰ���@C@OSDC�EQNL�*QDBJDK�DS�@K
��
2018). Via statistical and dynamical 
modelling, such observations con-
strain the evolution from diffuse gas to 
dense clouds to HII regions to clusters. 
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�����
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ADMBGL@QJ�ENQ�SGDNQX��B@OSTQHMF�SGD�HMDEjBHDMBX�NE�
star formation relative to gravitational collapse. It  
is uniquely accessible to PHANGS ALMA because 
the high-resolution ALMA imaging allows us to esti-
mate the mean density of the molecular gas.

)LJXUH}���PHANGS ALMA and MUSE observations 
show the evolution of star-forming regions. ALMA 
observations of the cold gas reservoir (blue; CO [2–1]) 
overlaid with the PHANGS MUSE view of ongoing 
star formation activity (orange; H_) in the the nearby 
spiral galaxy NGC628 (Kreckel et al., 2018). The 
molecular clouds seen in blue often appear visibly 
offset from the HII regions created by massive young 
RS@QR
� R�F@R�kNVR�SGQNTFG�SGD�ROHQ@K�@QLR��BNKC��
dense clouds visibly evolve into young star-forming 
regions. A key goal of PHANGS is to use statistical 
and dynamical modeling of these data to constrain 
the life cycle of molecular clouds.
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The total far-infrared luminosities (and thus SFRs) for our
galaxies are well constrained by the SEDs for the sources, which
have been modified from those presented in da Cunha et al.
(2015) to include updated redshift information and additional
(unresolved) submillimeter observations in ALMA’s Band 4
(E. da Cunha et al. 2019, in preparation). Following the above
method, we created maps of SFR surface density (ΣSFR) for our
six sources24(Figure 4). We show the 0 07-resolution maps in
Figure 4. The peak values from maps at both resolutions, as
well as the galaxy-averaged values calculated using the half-
light radii as 0.5×SFR/(QRe

2), are listed in Table 4.
The first thing to notice about Figure 4 is that the peak ΣSFR

on ∼500 pc scales varies by over an order of magnitude
between galaxies. As the peak 870 μm flux densities only vary
between galaxies by at most a factor of two and the physical
scale of the emission is similar between galaxies, this is not
solely a result of different observed flux density distributions.
Rather, this large variation in peak ΣSFR can be traced back to
intrinsically different total SFRs (ranging from ∼150 to
1500Me yr−1), and ultimately to different physical conditions
(dust luminosities and dust temperatures) in the sources
(Table 1). These different dust temperatures/luminosities are
constrained by the peak of the dust SED, which is typically
reasonably well sampled in these sources: all six sources have
five photometric data points between ∼200 μm and ∼1.2 mm
(observed frame), with only one source (ALESS 76.1)
constrained by upper limits alone in the Herschel bands
(Swinbank et al. 2014). We also note that this large range of

SFRs is not driven by our particular choice of SED-fitting code
(MAGPHYS; da Cunha et al. 2015), as instead using simple
modified blackbody fits with, e.g., the Kennicutt (1998) IR–
SFR relation (rescaled to the Chabrier 2003 initial mass
function [IMF]) returns the same results (Swinbank et al.
2014). Physically, the measurement of a colder integrated dust
temperature could indicate a larger contribution from dust
heated by older stars (da Cunha et al. 2008), or it could indicate
that the stellar radiation field seen by dust grains is not as
intense. This is partly a selection effect, as the coldest sources
are primarily at lower redshifts. Alternately, it could also be an
artifact introduced in the SED modeling by assuming optically
thin dust when it is indeed optically thick, depleting the
emission at the shorter infrared wavelengths (e.g., Scoville
2013; Simpson et al. 2017).
An artifact of the difference in absolute scaling between

galaxies is that the faintest ΣSFR we are sensitive to also varies

Figure 4. SFR surface density (ΣSFR) maps at ∼0 07/500 pc resolution (corresponding to the middle column of Figure 1), where emission below 3σ has been
masked. The beam is shown as the white ellipse in the lower left corner. By taking the global SFRs and dust temperatures derived for the galaxies through
multiwavelength SED fitting (Table 1), we find that the range of ΣSFR probed varies between galaxies by over an order of magnitude. This is largely due to the similar
S870 values and sizes but very different (global) dust temperatures assumed for the galaxies.

Table 4
Inferred Star Formation Rate Densities

Source ID Mean ΣSFR

Peak ΣSFR

at 0 07
Peak ΣSFR

at 0 05
(Me yr−1

kpc−2) (Me yr−1 kpc−2) (Me yr−1 kpc−2)

ALESS 3.1 �
�33 15

8
�
�180 30

31
�
�212 39

40

ALESS 9.1 �
�102 32

27
�
�547 93

102
�
�575 108

116

ALESS 15.1 �
�7 3

3
�
�63 29

26
�
�84 39

35

ALESS 17.1 �
�13 3

3
�
�66 6

5
�
�77 8

6

ALESS 76.1 �
�44 26

15
�
�129 35

39
�
�163 45

51

ALESS 112.1 �
�13 4

3
�
�45 9

9
�
�55 12

12

24 In calculating ΣSFR in units ofMe yr−1 kpc−2 for each beam at our
resolution, we note that beam area is defined as π/(4×ln(2))×bmaj×bmin.
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Big Data → use AI to detect filaments

Classical signal & image 
extraction methods
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358-000°

Column Density N(H2) Maps Filaments Masks

⋮ ⋮

002-011°

358-000°

37 
Mosaics

Herschel Infrared Galactic plane Survey (Molinari et al. 2010) 
Wavelengths: 70 to 500 µm 
Mosaic: spans ∼10° in Galactic longitude

~32,000 filaments
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• High dynamic range: 1020→1023 cm-2

• Incomplete ground-truth 
• Local background definition → zones of low intensity where no filaments are observed

→ Labeled data: filaments (green) & background (blue)



Dataset: Hi-GAL Catalogue (cont’d)
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N(H2)

Filaments mask

Background mask

Sample 1 Sample 2

⋯ ⋯

Sample N

Filament detection depends on its inherent 
emission & local background emission

Local min-max normalization

patch

Dataset



U-Net for Filaments Segmentation
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Zhang, J. https://towardsdatascience.com/unet-line-by-line-explanation-9b191c76baf5
Ronneberger+2015 arXiv:1505.04597

Patch-size of 32 × 32 (p = 32)

N ~ 51,000

Batch-size = 64 patches

epochs = 100

Training/validation/test sets: 80%,10%, 10%

Data augmentation (rotations & flips)

learning rate: lrinit ∈ [10-5, 10-4, 10-3, 10-2]

State-of-the-art in automatic segmentation

Lien%20article


Hi-GAL Structures Recovered
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Score (%)
Model

Dice 
[0.2] 

Dice 
[0.4] 

Dice 
[0.6] 

Dice 
[0.8] 

UNet [10-2] 93.19 94.34 94.07 92.06

UNet [10-3] 93.13 94.37 94.16 92.43

UNet [10-4] 92.75 94.09 93.79 91.9

UNet [10-5] 82.4 89.6 91.3 87.66

scores on test set

Thicker filaments
2 times more pixels segmented as filaments at thr = 0.8

Fainter structuresSalient structures

𝐷𝑖𝑐𝑒 =
2×𝑇𝑃

𝑇𝑃 +𝐹𝑁 + (𝑇𝑃 +𝐹𝑃)

Filaments in Hi-GAL column density maps

Predicted 
as filament

Actual 
filament
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Hi-GAL Missed Structures
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Groundtruth & Missed structures ~15% of MS rate at thr = 0.8

Mislabeled 
filaments

saturated 
pixels



New Structures Revealed
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Empirical check of the new revealed structure using other wavelengths
Filament G351.776-0.527 observed in 2MASS K band (near-infrared) image 
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Empirical check of the new revealed structure using other wavelengths
Filament G351.776-0.527 observed in 2MASS K band (near-infrared) image 

Filaments mask



New Structures Revealed
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Empirical check of the new revealed structure using other wavelengths
Filament G351.776-0.527 observed in 2MASS K band (near-infrared) image 

UNet[10-4] segmentation at classification threshold = 0.8
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Empirical check of the new revealed structure using other wavelengths
Filament G351.776-0.527 observed in 2MASS K band (near-infrared) image 

UNet[10-4] segmentation at classification threshold = 0.8UNet[10-4] segmentation at classification threshold = 0.5



New Structures Revealed
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Empirical check of the new revealed structure using other wavelengths
Filament G351.776-0.527 observed in 2MASS K band (near-infrared) image 

UNet[10-4] segmentation at classification threshold = 0.8UNet[10-4] segmentation at classification threshold = 0.5UNet[10-4] segmentation at classification threshold = 0.38 (optimal)



Conclusion & Perspectives
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ü Proof of concept: Use Deep Learning method & Hi-GAL catalogue to segment 
filaments

ü Existing Hi-GAL structures successfully recovered
ü New revealed structures corresponding to filaments when checking at other 

wavelengths

• Incomplete ground-truth → explore other methods (e.g. semi-supervised)
• Biased by the eye of expert → bridge simulation and real data for more 

robust validation of the results

• From revealing to extracting filaments: Converge to a unanimous definition 
of filament in the scientific community

Thank you for your attention!



Annex
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What is a filament?
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“Two dimensional, cylindric-like structure that is elongated and shows
a higher brightness contrast with respect to its surroundings”

Schisano et al. (2020)


