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real feedback: radiation, supersonic turbulence, pressure     vs.    heating, ionization, chemistry 
tracing feedback

interstellar medium - high energy events
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Chandra 
XMM 
Suzaku 
RXTE

Galex

Swift

Fermi 
AGILE

HESS 
Veritas 
MAGIC 
Milagro

(Spitzer)

IRAM, SMA arrays 
JCMT, CSO, APEX 
south pole...

VLA, GBT 
Jodrell, Effelsberg 
Parkes, Nançay... 
VLBA, Merlin

Chandra 

GMRT

NIR UV

INTEGRAL

(Akari) 
WISE

FIR

sub-mm

mm

cm
m

X

γ mous 

γ 

Herschel

Planck



the quiet  

interstellar medium
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Hα line 0.66 μm                  dark neutral medium 

           

     HI line 21 cm                         CO line 115 GHz

H+ + e� ! H

H:  
100-8000 K, 30-0.5 cm-3

H2: 
10-100 K, 103-105 cm-3

H�H2 
10-100 K, 10-103 cm-3

H+ 
104 K, 0.5 cm-3

Kalberla+ ’05
Dame+ ’01

Grenier+ ’05

WHAM+SHASSA
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interstellar dust 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
IRAS, Herschel, WMAP, Planck, Sofia, Alma…

indirect gas tracers

100 µm       12 µm
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!
!
cosmic rays 
Fermi 
!
!
!
!
dust 
Planck

indirect gas tracers
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CRays in HI: N(HI) 
!
!
!
CRays in H2:  
!
!
!
CRays in dark neutral gas:  

!
!
!
Galactic inverse Compton 
!
!
!
γ-ray source 
!
!
!

  dust in HI 
!
!
!
  dust in H2 
!
!
!

•   dust in dark gas 
  
!
!
!
  ISRF + CMB 
!
!
!
  IR sources

 γ-ray and dust modelling
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MDNM ≈ M(local thin HI) / 5 ≈ M(CO-bright H2) * 2

something missing?
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Scientific questions and objectives: ISM structure, multiple phases 

e‐ 

e‐ 

e‐ 

e‐ 

e‐ 

HII / HI 

Av, nH 

T~102‐3K 

OI, CII, CI 

Photo‐dissociaKon Region 

(PDR) 

HI / H2 

T~10K 

CO, H2 

Molecular core 

UV photons 

T~104K 

Ionised phase 

HII region 

NeIII, NeII, SIV, SIII,   

   OIII, NIII, NII 

Spitzer/IRS lines 

Herschel/PACS lines 

ISM Phase  Cloud parameters 

Ionised phase: 

     HII region  10 000 K   ‐   500 cm‐3 

     Warm ionised medium (WIM)  10 000 K   ‐   0.5 cm‐3 

Neutral atomic phase: 

     Warm neutral medium (WNM)  5 000 K     ‐   0.5 cm‐3 

     Cold neutral medium (CNM)  100 K        ‐   30 cm‐3 

     PhotodissociaKon Region (PDR)  200 K        ‐   500 cm‐3 

Molecular phase  10 K          ‐   10 000 cm‐3 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non-linear tracers!

bad surprise

Planck+Fermi ‘14



the active  

interstellar medium: 

thermodynamical & 

dynamical feedback
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stellar feedback: 
on cold to warm medium 
UV radiation => heating by  
photoelectric effect 
!
high-energy feedback: 
on cold H2 medium  
(no UV penetration): 
cosmic rays => heating

gas heating

e-

e-

e-

p+
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H2 gas: CO > H2O > O2 (chemical feedback) 
HI gas: C+, C, O, Si+ 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

H+ gas: recombination lines 
hot gas: free-free

coolants

CR+H ! H+ + e� +CR

CR+H2 ! H+
2 + e� +CR

H+
2 +H2 ! H+

3 +H

H+
3

+C ! CH+ +H
2

! C
x

H
y

...

H+
3

+O ! OH+ +H
2

! CO, H
2

O...

p+ p+
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stellar feedback: radiation/ionization pressure,  
winds, supernovae 
turbulence: energy transfer from large scales  
(supersonic) to thermal dissipation 
global pressure ≈ equilibrium

mechanical feedback

10
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virial equilibrium 
!
!
!
!

     pth and pB work       B tension    internal energy 
Ecin macro since Ecin micro already in thermal energy 

!
spherical cloud, no B  
!
collapse if 2 Ecin ≤ Epot => 
!
!
!
!
!
!
cold HI (30 cm-3, 80 K, μ = 1.4)       M ≥ 6200 M⨀, R ≥ 11 pc:  no collapse 
cold H2 (103 cm-3, 15 K, μ = 2.8)     M ≥ 22 M⨀, R ≥ 0.4 pc  or 
cold H2 (103 cm-3, 1 km/s, μ = 2.8)  M ≥ 440 M⨀, R ≥ 1.1 pc:        collapse too easy (pB)

collapse: Jeans mass

Ecin =

3

2
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m
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the answer: filaments !

the local cosmic web

Orion
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dissipation of large scale MHD in filaments 
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

gravity fragments dense filaments

the local cosmic web !

  Polaris – Herschel/SPIRE 250 µm 

1) The dissipation of large-scale MHD 
‘turbulence’ generates filaments 

2) Gravity fragments the densest 
filaments into prestellar cores  

    Taurus B211/3 – SPIRE 250 µm 

Protostellar!
     Cores 

Palmeirim + 2013 
J. Kirk + 2013 

   Ward-Thompson + 2010 
Miville-Deschênes + 2010 

   50’ 
~ 2 pc 

   50’ 
~ 2 pc 

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

18’’ resol. 18’’ resol. 

     See chapter for « Protostars & Planets VI »  (astro-ph/1312.6232) 
André, Di Francesco, Ward-Thompson, Inutsuka, Pudritz, Pineda 2014 

Toward a new paradigm for ~ M" star formation ? 

Polaris 
250 µm Taurus 

250 µm
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Filaments have a characteristic width ~ 0.1 pc 

Outer radius 
0.5pc 

background 

N
H
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cm

-2
]!

beam 

     Radius [pc]!

  Inner radius 
0.047pc 

Example of filament radial profile! N
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Filament width (FWHM) [pc]  !

Statistical distribution of widths           
for > 270 nearby (d< 450 pc) 

 filaments 

0.1 

0.1 pc                    IC5146 
    Orion B 
    Aquila 
    Polaris 

            Ophiuchus 
    Taurus  
        Pipe 
     Musca 

      

Distribution of  
Jeans lengths 
[λJ ~ cs

2/(GΣ)] 

Arzoumanian et al. 2011, A&A, 529, L6 
D. Arzoumanian’ s PhD thesis 
 

~ 5 pc 

Herschel 500/250 µm 

Network of filaments in IC5146 
    

!  Toward a new paradigm for star Formation 
    Review for PPVI (André et al.  - astro-ph/1312.6232) 
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!
!
!
!
!
!
!
!
!
!
!
!
!
evidence for accretion:  
striations and polarization 
!
ex: Taurus:  
M = 54 M⨀/pc,  

Ṁ = 25-50 M⨀/pc/ Myr

accreting filaments

VLSR~6 km/s 

CO map 

CO observations from Goldsmith et al. 2008 

Herschel  
 250 µm 

B211/3 filament 

Evidence of accretion of background material (striations) 
along field lines onto self-gravitating filaments 

   Estimate of the mass accretion rate: 
       Mline ~  25-50 M�/pc/Myr  

 
Example of the B211/3 filament in the Taurus cloud (Mline ~  54 M�/pc) 

              Palmeirim et al. 2013 

1 pc 

VLSR~6 km/s 

CO map 

CO observations from Goldsmith et al. 2008 

Herschel  
 250 µm 

B211/3 filament 

Evidence of accretion of background material (striations) 
along field lines onto self-gravitating filaments 

   Estimate of the mass accretion rate: 
       Mline ~  25-50 M�/pc/Myr  

 
Example of the B211/3 filament in the Taurus cloud (Mline ~  54 M�/pc) 

              Palmeirim et al. 2013 

1 pc 

          B-field from 
optical polarization!
       Heyer+2008!

!  This accretion process along B-field lines likely plays a key 
role in preventing dense filaments from collapsing to spindles 

cf. Hennebelle        
& André 2013 
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modeller: gravitation 
sculptor: light
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parameters: Mach nb, size, gas density 
impact of feedback

supersonic turbulence & star formation

Analytic model Comparison with observations 37/44
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Spirals (THINGS: Bigiel+08)

Spirals (Kennicutt+98)

M51 (Kennicutt+07)

BzK/Normal (Tacconi+10, Daddi+10)

Low-z mergers (Kennicutt+98)

High-z mergers (Bouche+07,

Bothwell+09)

SMC (Bolatto+11)

without feedback

with feedback
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20, 2000 pc, 10 cm�3

Star formation Antennae 29/44
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Star formation RAMSES 18/44
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R = 26-28 kl-yr

220 km/s 
240 Myr

Mdark ~ (1-2)1012 M⨀ 
M* ~ 2.6 1010 M⨀ 
Mgas ~ 6 109 M⨀ 
Mdust ~ 108 M⨀ 
MBhole ~ 4 106 M⨀ 
Ṁ ~ 1 M⨀ /yr

thin disc: <10 Gyr 

thick disc: 11 Gyr 

bulge: 10 Gyr

ρdark ≈ 0.99 10-2 M⨀ pc-3  

ρ* ≈ 4.4 10-2 M⨀ pc-3 

ρgas ≈ 2.1  10-2 M⨀ pc-3
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sources

cosmic rays
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!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
inversion of thousands of  
absorption lines

the local whirlpoolA&A 561, A91 (2014)

Fig. 1. Inverted di↵erential opacity distribution in the
Galactic plane. The Sun is at coordinates (x, y) =
(0, 0) and the Galactic center direction to the right.
The opacity increases from red to violet (scale to
the right). Note the 1000 pc long cavity centered
on l ' +225� that we identified as the major super-
bubble GSH238+00+09 detected in radio by Heiles
(1998). We call Cygnus cavities the empty regions
at l ' +70�. Several well known opaque regions
are indicated on the maps, and their identification is
based on the literature. The gradient axis for inter-
stellar helium ionization points to the center of the
GSH238+00+09.

cannot be shorter than the average distance between the targets,
here varying between a few pc to '100 pc depending on the dis-
tance from the Sun and the location, otherwise the problem is
too under-constrained.

Making use of a simple Gaussian kernel,  (x, x0) =

exp(�kx�x

0k2
2⇠2

0
), where ⇠0 is the smoothing length, yields a poor fit

that we interpret as the consequence of the ISM clearly show-
ing di↵erent characteristic lengths. It is thus well-advised to
use multiscale kernels (Serban & Jacobsen 2001; Vergely et al.
2010). Vergely et al. (2010) used two exponential kernels, the
first one characterizing the warm di↵use matter and the second
one the more compact clouds. However, the smallest structures
(pc and sub-pc scale) cannot be represented because the spatial
fluctuations that are smaller than the smoothing length are not
detected.

After a number of tests, we chose the following two ker-
nels as best representing the di↵erent scales that can be detected
given the dataset. They have two di↵erent functional forms to
produce both an exponential wing and a Gaussian core. The ex-
ponential law is appropriate in the case of multiscale structures,
and it allows the intercloud phase and large scales to be repro-
duced. On the other hand the Gaussian kernel allows to reach
denser structures, while introducing a threshold in their sizes to
avoid too much power in unrealistic, very small, and dense struc-
tures. The final choice was finally based on the quality of the
adjustments. The kernel is expressed as

�(x)�(x

0) 
�
x, x0
�
= �0(x)�0

�
x

0� 1
cosh(�x/⇠0)

+�1(x)�1
�
x

0� exp
0
BBBB@
�x

2

⇠2
1

1
CCCCA (1)

where �2
(0;1)(x) represents the model variance at point x that con-

trols the departures from the prior distribution, and ⇠(0;1) are the

characteristic scales allowed in the model. Parameters are given
in Appendix A.

In addition, the density of IS matter decreases strongly with
the distance to the Galactic plane. The prior model is therefore
characterized by an exponential decrease with the distance to
the plane ⇢ref(r, b) = ⇢0 exp(�|r sin(b)|

h0
). Following Vergely et al.

(2010), we chose to use h0 = 200 pc for the opacity scale height,
a value deliberately above the average measurement (Chen et al.
1998) to avoid the loss of the tenuous high-latitude structures
during the inversion, which may happen when the prior density
is too low. Finally, the computed variable is the logarithm of
the opacity per distance ↵ (i.e. ⇢(x) = exp(↵(x))) to ensure the
positivity of the solution.

4. Results

The line of sight data are inverted to produce a tridimensional
di↵erential opacity distribution in a Sun-centered volume whose
total dimensions are 4 ⇥ 4 ⇥ 0.6 kpc3, with 0.6 kpc the vertical
extent, i.e. 300 pc above and below the horizontal plane contain-
ing the Sun (for simplicity we call Galactic plane this horizon-
tal plane, despite the non-zero distance of the Sun to the actual
plane). However, only for about half of this volume is the model
significantly constrained, since the target stars are too sparse at
a large distance where the opacity distribution remains equal or
very close to the prior model, and for this reason the results pre-
sented below are restricted to the central regions. To better illus-
trate the limits of the inversion a b = 0� planar cut in the full
inverted volume is shown in the appendix (Fig. A.1). We also
illustrate in an appendix the distribution of stars that are close
to the plane and that constrain the distribution. The reason for
maintaining targets as distant as 2500 pc during the inversion
is that they may contribute to the constraints at closer distance,
e.g. in the case of very low reddening, and they may reveal some

A91, page 4 of 17

x

z

sun
to 
CGy

A&A 561, A91 (2014)

Fig. 4. Opacity distribution in vertical planes con-
taining the Sun, equally spaced by 15�. The north
pole direction b = +90� is at the top and lon-
gitudes of intersections with the Galactic plane
are indicated. Some iso-di↵erential opacity con-
tours have been superimposed to help visualize
the low- and high-opacity regions. OB associa-
tions from De Zeeuw (1999), as well as CO and
HI clouds listed by Perrot & Grenier (2003) have
been displayed when they are within 25 pc of this
vertical plane. We also add the molecular cloud
locations derived by Knude (2010). The tenuous
cloud close to the north pole direction.

are easily identified, and the radial size of those structures al-
low inferring the error on the cloud location. If targets are both
scarce and irregularly located towards a structure, e.g., if they
are missing towards the densest area, then individual errors on
distances may have their strongest impact; i.e., the error on the
cloud location may reach the mean error on the target distances.
Fortunately, this is not the case for most of the clouds.

The map reveals the top or bottom parts of the series of dense
structures that bound the so-called Local Cavity, the '100 pc
wide empty region around the Sun: the Aquila, Ophiuchus,
Scorpius, Lupus, Crux, and Centurus dense clouds in the first
and fourth quadrants; the Cassiopeia, Lacerta, Perseus, Taurus,
and Orion clouds in the anti-center area. It is beyond the scope
of this article to discuss those clouds in details; instead, we only
superimpose the major cloud complexes and OB associations on

the series of vertical maps presented in the next section. The
distribution in Fig. 1 shows a conspicuous, huge empty cav-
ity in the third quadrant. This cavity is in the continuation of
the so-called CMa tunnel, the rarefied region that extends up
to 130–150 pc in the direction of the star ✏CMa. A dense re-
gion located at '180 pc marks a partial limit between the two
cavities, but it is angularly limited. As shown in other planar
cuts, this huge cavity is not limited to the plane but extends both
above and below to large distances. We note that the existence
of this cavity has been inferred by Heiles (1998) based on ra-
dio maps and other emission data. The schematic representation
of GSH238+00+09 by Heiles (1998) corresponds quite well to
the geometry that is coming out from the inversion. As already
noted in this work, this super-bubble is bounded by the Orion
clouds at lower longitude, and by Vela clouds at '260–270�.

A91, page 6 of 17
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1200 x 750 l-yr, inclination ≈ 17° 
dynamical age  
≈ 26 Myr 
stellar age  
≈ 60 Myr 
!
origin ?  
(10 supernovae ?  
1 γ-ray burst ?  
cloud impact ?) 
!
supernova nest: 
1 supernova 
per 40 kyr 
(3-4 times the 
Galactic rate)

the local jacuzzi

Grenier ‘00

AqlOph

RCrA

Pol Cep

CasPeg

Tau

Per

Ori

Vela
Cham

Coal 
Sack

Perrot+Grenier ‘01

CO clouds 
OB ass 

O-B4 stars

pôles: 10Be 33 & 60 kyr 

mer:    60Fe 5 Myr 90 l-yr



Univ 
EarthSthe hot local bubble

n ~ 0.001 cm-3 

T ~ 1 MK

!0.1 keV       10 keV
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increase of 10-300 MeV GCRs  
!
decrease of heliospheric particles  
!
plasma oscillations triggered by  
a solar wind stream => measure of  
the ambiant electron density:  
n(e) = 0.04-0.08 cm-3 ≫ n(e) solar wind 

≈ expected interstellar value

Voyager crossing the heliopause?

100 au

termination
shock

Voyager-1 
127 au

Fermi 1 au

from outside 
CR p+ > 70 MeV  
CR e- 7-100 MeV

from inside 
ACR p+ 7-60 MeV  
TSPs 0.5-30 MeV

From$outside:$

GCR$protons$
>70$MeV$

GCR$electrons$
7$to$~100$MeV$

From$inside:$

ACR$protons$
7$to$60$MeV$

TSPs$$
0.5$to$30$MeV$
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local cosmic-ray  
measurements

uniform bath of cosmic rays
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