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Elements of answer to ...

Where does the mass of the cold ISM lies?

Is the CO-dark gas truely CO-dark?

Where does the cold ISM energy come from?
Does cold purely atomic hydrogen exist at all?

What do the sharp changes of dust
polarization angle tell us about B ? In the cold
ISM? In the ionized gas?
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Stellar cluster formation
in the interacting
Antennae galaxies

e Gravitational encounter

-' ﬁ\;,)u"* SR ~ generates compressive tides
| S == N - e Enhances turbulence but
e | 8 HE ., & .
=@ B’ unbalance compressive over
=wes 50 solenoidal modes
v 14 . = e Star formation enhanced
= "ﬁ Renaud et al. 2014
= Haet ]-::'r:u:" ..: 12:01:55 {42000)
Contours: Star clusters * + H,”
ALMA CO(3-2) VLT/Sinfoni emission

CFHT K band (blue)
Hererra et al. 11, 12 -



Where does the mass of the cold
ISM lies?

Planck CO all-sky survey
HI Super Clouds



Planck :
all-sky CO

CO at high galactic latitude:
power law distributions of size and flux of hundreds

of « patches »

ux (K km/s degZ)

Fl

flux = CO brightness x (size)? ~ (size)1-2t 2> Angular Size

i N M
107" 1 10
Size (deq)

=>» CO brightness ~ (size)0-1t0->
= Weak extended emission expected below

the detection level
Planck Collaboration Xlll (2014)

Planck Collaboration (in prep. )



W[CO(1-0)] (K km/s)

CO reliable molecular gas mass tracer
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Dark Gas
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Planck 353 GHz (MJy/sr)

Mean and standard deviation of CO emission
in bins of 353 GHz emission = proxy for N

1 MJy sr! @ 353 GHz = 2 x 10?1 cm™ or =1 mag

13CO contamination at most 14%

Average X, factor :
Xco = N(Hy)/W(CO)

1 Xco =2x10%m2/Kkms ™

fH2:1

=>» CO is a reliable
molecular gas mass
tracer within a factor of
a few over 3 orders of
magnitude of column
densities

see Bolatto + 2013



CO all-sky distribution
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Bulk molecular mass of the Milky Way

type—1 CO: abs(b)<Z2deg
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Earilli & Walter 2013

Non-LTE analysis: density, temperature degeneracy

- H, density < 600 cm™ and T, > 20K



Bulk of mass seen in CO : edges of GMCs
in Inner Galaxy

100 K km/s 150 200 250 300

HI Super Clouds

Y um Same average density as CO
- o GM(Cs
o B M=10°-4 x 10’ M_,,
o h{ 40 to 70% total HI
; Ilfg;lml L Gravitationally bound
CLo e SRR eewe Declining f, with R,

HI super clouds + CO GMCs Dame + 1986 = Fundamental units for SF
Elmegreen & Elmegreen 1987



Scaling laws « at scales dominated by
diffuse molecular gas »

12

1 000 gttt 10?2
: CBE I u
100 [ - it L
— E 3 Eﬁ\ L
T op - g -
= : 3 10000
2 TE E g
a g g (L
0.1k ]
; 0.0001 | ¢
O-O1 fl PR L1 T L1 1 L1 1 1 T L1 1 L1 T L1 1 1
0.01 1 100 10000 0.01 1 100 10000
size {(pc) size (pc)
Av o LY/ M x L
12CO(1-0) galactic molecular clouds Hennebelle & Falgarone 2012

12C0O(3-2) Super GMCs in Antennae Interaction region (green squares) Wilson 2000
Massive diffuse halo in SDP17b at z=2.3 (blue square) Falgarone + 2015
Average HI Super cloud (cross) Elmegreen & Elmegreen 1987



Is the CO-dark gas truely CO-dark?



Noise-limited threshold for CO

CO(1-0) [K km s7']

1072

10’
T IIIIIII

10°

10"

1073

emergence

T

T

T

e CO(1-0)
e Noise
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Expected threshold: N, = 3 x 10?2 cm™ (HST visible absorption)
~ W(CO, ) =3 mKkm s (low density gas)
at N, = 2 x 10%° cm? (threshold for H, emergence) @ 153 =2 x 10°



CO-dark gas in Solar Neighbourhood
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Nt — dust optical depth correlation at 353 GHz
Red line: best linear correlation derived at low
NHtot

Assumption: the dust opacity per unit gas column is
the same in atomic and molecular phases

Degeneracy : dust properties, HI optical depth
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Planck Early Results 2011:
Dark Gas: 28% of atomic component
118% of CO emitting gas



CO emission of the CO-dark gas

lase=[1.00,1.20] MJy/sr
Igsg=[1.20,2.50] MJy/sr ‘ 1

Iep Noise

logye P(lco)

1.0 e— — 2 8.1

Dynamic of the CO emission

CO emission in 353 GHz bins above noise level exceeds that of I,

dominated by CO-dark gas

Large fluctuations of CO emission at low
column densities =2 chemical fluctuations
Locally CO-overluminous gas

see Liszt & Pety 2012

Powerful non-equilibrium chemistry driven by turbulence dissipation
and/or ty magnetized shocks in unshielded regions
Godard + 2009, 2014

Isse=[1.00,1.20] Miy/sr
lass=[1.20,2.50] MJy/sr



Does cold purely atomic
hydrogen exist at all?

Herschel absorption spectroscopy of
diffuse molecular gas



expl—7)

Herschel/HIFI absorption spectroscopy

- HF : tracer of H, , exothermic F + H,

- CH : tracer of H, (density larger
than 100 cm3)

- OH*‘tracer of CR, destroyed by

collisions with H and H,

-20 0 40 60 -20 0 20 40 60

20 . . . .
Vise (kan/s) Vise (/) - CH*‘tracer of energy dissipation,
. destroyed by collisions H and H,
HI : EVLA, Brunthaler + in prep

Cll : Gerin +2015 - ArH*‘tracer of HI, f,,,<103 and CR

NIl : Persson + 2014
CH : Gerin + 2010a
/R HF and H,0 : Neufeld + 2010
€ L oo ArH* : Schilke + 2014
> A" OH*:Gerin +2010b
CH* : Falgarone + 2010, Godard + 2012




expl—T7)

Herschel/HIFI absorption spectroscopy

——
W31C

CH

-20 0 20 40 60 -20 0 20 40 60
Visg (km/s) Visp (km/s)

See Gerin, Neufeld, Goicoechea, ARAA, 2016

W31C and W49N
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PCA analysis Neufeld + 2015



H, fraction and CR ionisation rates
in diffuse molecular gas
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Indriolo + 2015

= H, fractions are very low, down to < 1073
& CR ionisation rates are much larger than upper limits
provided by low temperatures in dense cores



NIl and Cll absorption in diffuse gas

SSB Antenna temperature T, [K]

0 rwiic l | [NII] 1461 GHz
" .“W NIl emission line : HIl regions
ot M ! Wﬂ in SF regions
55 | \4 m /‘U‘H\ 7
ol lhw W | NIl absorption line from the WIM :
% Fwnc P\ ama:] Meann,=0.1t00.3 cm?3
15 ) I 1 for LOS filling factor 0.5to 0.7
10 - ' ,
s \L H/“’”" "~ { Clland NIl comparison:
ot oo .3 =>7-10%ofall C*inthe WIM
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N(CH*) (ecm™®)

N(CH*) (cm™®)

Turbulent dissipation in diffuse gas :

N .
CH*formation
__—PI'I)Rrﬁodéls'””i T
tests | < N(CH*) increases with UV-field
fest3 | & N(CH*) proportional to turbulent
teniz | injection rate
festt | Lifetime
T | t = 1yr/ fu,(ng/50 cm=3)~1
e | = Energy formation Eforn=0.5eV
- @ Direct measure of the
wal energy flux:

Ny (cm™®)

TDR models for n,= 30, 50, 100 cm3

Godard et al. 2014

E = N(CH*)Efppm /t

21
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Turbulent dissipation in difuse gas:
CO formation

CO : visible data (absorption lines against nearby stars)
Sheffer + 08, Pan + 05, Rachford + 09, Snow + 08

10" ot 16416 - o visible data
1016
m 1e+15
10" D
§
= le+l4d |
S : °
1003 Te+13 | —— ;
180 o o v/ﬁ’ o% ~
12 %o
10 1e+12 | o o
10*! a}ii;?’p? 1e+19 1el+20 1e-l+21
10'8 107 10%° 102! 102 N(Hy) (cm™)
N(H,)[em 2]
Post-treatment: Turbulent dissipation regions:
PDR models in MHD colliding model predictions for low densities
flow simulations Godard + 2014

Levrier + 2012




What do the sharp changes of dust
polarization angle tell us about B ?



Planck all sky 353 GHz

Color scale : 353 GHz intensity
Drapery : B field POS projection Copyright ESA and the Planck Collaboration



Polarization angle dispersion function

log,o(4,) @27m49
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107!

p = polarization fraction

Ay=0 AYp=n/2 Aw,b:n/x/ﬁ

Planck Intermediate Results XIX 2015
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Planck Intermediate Results XIX 2015

Vorticity (POS perection) + B POS

W pos
35.1211

iso
20

k10

0.004374

Spectral simulations
Incompressible Magnetized AD turbulence

=>» Fundamental property of

magnetized turbulence?
Momferratos + 2014, Falgarone + 2015
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