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Morphology	  of	  the	  ISM	  

IRAS	  100μm	  image	   A	  construcEon	  of	  a	  field	  
containing	  random	  Gaussian	  
amplitudes	  in	  k-‐space	  

Images from Miville-Deschênes, 
Lagache, Boulanger & Puget 2007, A&A, 
469, 595 



Observations 
from the 
Green Bank 
Telescope 
(GBT) 

High Latitude Clouds Visible in 
21-cm Emission  

Lockman (2002: 
ApJ, 580, L47) 



EARLY INSIGHTS ON 
FULLY IONIZED GAS 



Strömgren	  Spheres	  
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“It	  is	  found	  that	  the	  Balmer-‐line	  emission	  should	  be	  
limited	  to	  certain	  rather	  sharply	  bounded	  regions	  in	  
space	  surrounding	  O-‐type	  stars	  or	  clusters	  of	  O-‐type	  
stars.”	  	  (Strömgren	  1939:	  ApJ,	  89,	  526)	  

21-‐cm	  
conEnuum	  
emission	  
observed	  in	  the	  
Canadian	  
GalacEc	  Plane	  
Survey	  (Taylor	  
et	  al	  2003:	  AJ,	  
125,	  3145)	  



“…this paper had its genesis in a 
fruitful luncheon discussion with Jesse 
Greenstein during one of my periodic 
stays in Pasadena.  Jesse told me about 
the unexpected results obtained by 
Guido Münch, who observed 
apparently normal diffuse interstellar 
clouds at about a kiloparsec or so from 
the galactic plane.” 

From Dreams, 
Stars, and 
Electrons, Selected 
writings of Lyman 
Spitzer, Jr. 

Beginnings ….. 





Galactic Plane 

4✕107 
yr 



p ~ 10-13 dyne cm-2 

p ~ 0 dyne cm-2 ? 

Cloud of radius of 5 pc 
would double in size in 
5✕106 yr as it expands at a 
sound speed of 1 km s-1 

Cloud 
confinement 

✖	  Ca II no longer visible as 
ionization equilibrium shifts 
to Ca III and cloud dissipates 



p ~ 10-13 dyne cm-2 

Now p ~ 10-13 dyne cm-2 

from hot, low density 
gas    (T ~ 106 K) 

Coronal 
Gas 

Coronal 
Gas 



Spitzer’s 1956 Paper 

ApJ, 124, 20 
(1956) 



Five years later … 

… the data that led to Spitzer’s 
conclusions were published. 

ApJ, 133, 11 
(1961) 
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Ionization Fractions for Li-like ions  
that have Strong UV Features	  

[from	  Shapiro	  &	  Moore	  (1976:	  ApJ,	  207,	  460)]	  

Steady State Ionization Equilibrium 
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Note that Si IV, C IV 
and N V can also be 
created by 
photoionization of the 
atoms by starlight from 
the hottest stars.  
However, the C IV 
emission at high Galactic 
latitudes reported by 
Martin & Bowyer (1990) 
indicate that collisional 
ionization is important 
in the halo of our 
Galaxy. 



Steady State Ionization 

Ionization Fractions for Li-like ions  
that have Strong UV Features	  

[from	  Shapiro	  &	  Moore	  (1976:	  ApJ,	  207,	  460)]	  
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Time Dependent Ionization 

Radiatively 
cooling gas 



X-Ray Emission from an Optically Thin 
Plasma with a Cosmic Abundance of Heavy 

Elements 
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Activity in Research on Hot Gas, as 
Revealed by Citations to Spitzer’s 1956 

Article 

Copernicus, X-ray obs. 
from sounding rockets 

HST, Rosat, 
Chandra, 
XMM-Newton, 
FUSE 

Citations compiled by ADS 



Neutral	  Gas	  



Phase	  Diagram	  
40 The Role of the Disk-Halo Interaction in Galaxy Evolution

Fig. 1. Left panel: thermal pressure corresponding to thermal equilibrium between heat-

ing and cooling for the atomic ISM. Figure from Vázquez-Semadeni et al. (2007), using

the (errata-free) fit to the cooling function by Koyama & Inutsuka (2002). The horizon-

tal dotted line indicates a mean pressure P0 that allows the medium to spontaneously

segregate into a diffuse, warm phase and a cold, dense one, indicated by the heavy dots.

Right panel: schematic illustration of the density probability density function (PDF) for

the two-phase model. The vertical axis is in arbitrary, non-normalized units, and the

relative amplitude of the peaks is meant to simply illustrate the fact that most of the

volume is occupied by the WNM.

due to the net heating and cooling processes to which the ISM is subject, the ther-
mal pressure Peq corresponding to thermal balance between heating and cooling is
a non-monotonic function of the density (Fig. 1, left panel). As is well known, the
negative-slope portion of this curve corresponds to a density range that is unstable
under the isobaric mode of the thermal instability (TI; Field 1965). Thus, if the
ambient pressure lies within the thermally unstable range, such as the pressure P0
shown in Figure 1 (left panel), the medium would tend to naturally segregate into
two stable phases2 at the same pressure, but very different densities and tempera-
tures, indicated by the heavy dots in the figure, and which are commonly referred
to as the warm and the cold neutral media (respectively, WNM and CNM). This
is the well-known “two-phase” model of the ISM. In it, the final state of the insta-
bility would be a collection of cold, dense clumps (the CNM) immersed in a warm,
diffuse intercloud medium (the WNM), in thermal and pressure equilibrium. The
density contrast between the cold clumps and the WNM was expected to be ∼100.
The initial sizes of the cloudlets were expected to be small, were assumed to form
by merging (coagulation) of smaller cloudlets (e.g., Oort 1954; Field & Saslaw
1965; Kwan 1979). In this scenario, the density and temperature probability den-
sity functions (PDFs, or histograms) of the atomic ISM would consist of two Dirac

2Thermodynamically, a phase is region of space throughout which all physical properties of
a material are essentially uniform (e.g., Modell & Reid 1974). A phase transition is a boundary
that separates physically distinct phases, which differ in most thermodynamic variables except
one (often the pressure).

T = 6000 K T = 50 K

A	  diagram	  taken	  from	  Vázquez-‐Semadeni	  (2012	  in	  The	  Role	  of	  the	  Disk-‐Halo	  
Interac7on	  in	  Galaxy	  Evolu7on:	  Ou@low	  vs.	  Infall?	  M.	  A.	  de	  Avillez	  (ed)	  p.	  39)	  
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“Phase	  G	  is	  
…	  unstable”	  



Cooling	  FuncEon	  
Note:	  This	  is	  not	  the	  
convenEonal	  
representaEon	  in	  
terms	  of	  erg	  cm3	  s-‐1	  



HeaEng	  FuncEon	  Primary	  source	  of	  
heat	  is	  from	  the	  
acEon	  of	  starlight	  on	  
dust	  grains,	  which	  
emit	  energeEc	  
photoelectrons	  –	  	  
cosmic	  ray	  heaEng	  is	  
minor	  by	  comparison.	  



Both	  FuncEons	  
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Cooling	  and	  HeaEng	  
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For	  details	  on	  physical	  
processes	  that	  lead	  to	  
the	  construcEon	  of	  
the	  equilibrium	  curve,	  
see	  Wolfire	  et	  al.	  
(1995:	  ApJ,	  443,	  152,	  
2003,	  ApJ,	  587,	  278).	  
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Isobaric	  changes	  in	  
temperature	  and	  density	  

Detailed,	  rigorous	  development	  of	  the	  
nature	  of	  the	  thermal	  instability	  in	  the	  
ISM	  was	  offered	  by	  Field	  (1965,	  ApJ,	  
142,	  531),	  building	  on	  earlier	  
discussions	  by	  Parker,	  Zanstra,	  Spitzer	  
and	  Weyman.	  
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Kafatos & 
McCray (1974, 
ApJ, 189, 55) 



The	  Effects	  of	  SN	  Blast	  Waves	  on	  the	  ISM	  

From McKee & Ostriker (1977, 
ApJ, 218, 148) 
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Hydrodynamic Simulations Showing the 
Consequences of Supernova Activity in the Galactic 

Plane 

Log	  (density)	   Log	  (temperature)	  

From de Avillez & Breitschwerdt (2003) astro-ph/0303322 



Galactic Plane 

Log	  (density)	  

From hydrodynamical 
simulations by de Avillez 
& Berry (2001: MNRAS, 
328, 708) The	  bubble	  

interiors	  contain	  
hot,	  low	  density	  
gas	  
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Galactic Plane 

Log	  (density)	  

From hydrodynamical 
simulations by de Avillez 
& Berry (2001: MNRAS, 
328, 708) 

These	  structures	  of	  
denser	  gas	  away	  from	  
the	  plane	  resemble	  
the	  superbubbles	  seen	  
in	  H	  I.	  

The	  bubble	  
interiors	  contain	  
hot,	  low	  density	  
gas	  
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The	  Influence	  of	  Dynamical	  Effects	  on	  
the	  CreaEon	  and	  Maintenance	  of	  a	  2-‐

Phase	  Medium	  

1. Colliding	  Warm	  Neutral	  Media	  
2. Turbulent	  Warm	  Neutral	  Medium	  



where ! is the gas density, v is the fluid velocity, E ¼ P/(" "
1)þ !jvj2/2 is the total energy per unit volume, P is the thermal
pressure, e ¼ P/½!(" " 1)% is the internal energy per unit mass,
T ¼ e/cV is the temperature, cV ¼ ½"(" " 1)%"1 is the specific
heat at constant volume, " ¼ 5/3 is the heat capacity ratio of the
gas, ! is the heating rate, and !" is the radiative cooling rate.
We use a piecewise power-law fit to the cooling function, based
on a fit to the standard thermal equilibrium (TE) pressure versus
density curve of Wolfire et al. (1995), as described in Sánchez-
Salcedo et al. (2002) and Gazol et al. (2005). The fit is given by

"(T ) ¼

0; T < 15 K;

3:42 ; 1016T2:13; 15 K & T < 141 K;

9:10 ; 1018T ; 141 K & T < 313 K;

1:11 ; 1020T0:565; 313 K & T < 6101 K;

2:00 ; 108T3:67; 6101 K & T :

8
>>>>>><

>>>>>>:

ð4Þ

The background heating is taken as a constant ! ¼ 2:51 ;
10"26 ergs s"1 H"1, where ‘‘H"1’’ means ‘‘per hydrogen atom.’’
This value is roughlywithin half an order of magnitude of the value
of the dominant heating mechanism (photoelectric heating) re-
ported byWolfire et al. (1995) throughout the range 10"2 cm"3 &
n & 103 cm"3. Note that we have for now neglected magnetic
fields, self-gravity, and heating and cooling processes adequate
for the molecular regime.

The condition of thermal equilibrium between heating and
cooling at a given density defines TE values of the temperature
and thermal pressure, which we denote by Teq(!) and Peq(!). Fig-
ure 1 shows Peq versus number density n for the cooling and heat-
ing functions defined above. As is well known (Field et al. 1969),
at themeanmidplane thermal pressure of the ISM ()2250K cm"3

or sightly higher; Jenkins & Tripp 2001), the atomic medium is
thermally bistable. For our chosen fits to the cooling and heating
functions and a mean pressure of 2400 K cm"3, a warm diffuse
phase (n1 ) 0:34 cm"3, T ) 7100K) is able to coexist in pressure
equilibrium with a cold dense one (n2 ) 37 cm"3, T ) 65 K). A
third, unstable phase with n3 ) 1 cm"3 and T ) 2400 K also
corresponds to the same equilibrium pressure but is not expected
to exist under equilibrium conditions, because it is unstable. The

equilibrium values of the density are also shown in Figure 1. Due
to our neglect of molecular-phase cooling and heating, our Peq-n
curve does not correctly represent the approximately isothermal
behavior of molecular gas above densities of a few hundred cm"3,
and so we introduce a slight error in the thermodynamic condi-
tions of the densest gas. We expect to address this shortcoming
in subsequent papers, which will also take into account the chem-
istry in the gas and the transition to the molecular phase.

2.2. Problem Description and Physical Discussion

2.2.1. Analytical Model of the Early Stages

Within the warm medium described above, we consider the
collision of two oppositely directed gas streams with speeds com-
parable to the sound speed, since the velocity dispersion in the
warm ISM is known to be roughly sonic (e.g., Kulkarni & Heiles
1987; HT03). This compressive motion may have a variety of ori-
gins (the passage of a spiral density wave, or a large-scale grav-
itational instability, or general transonic turbulence in the diffuse
medium), whose details are not of our concern here. The discus-
sion below on the early evolution of the system is inspired by that
ofHennebelle& Pérault (1999), except in our casewe assume that
the inflows are maintained in time rather than being impulsive,
and our simulations are three-dimensional.

The colliding streams have the density and thermal pressure
conditions of the warm diffuse phase, forming a shock-bounded
slab at the collision site, as illustrated in Figure 2. During the
initial stages the evolution is adiabatic, the bounding shocksmove
outward from the collision site, and the gas inside the shocked slab
is heated and driven away from thermal equilibrium by the shocks.

Fig. 1.—Plot of the thermal equilibrium (TE) value of the pressure vs. the
number density implied by the piecewise power-law fit to the cooling function
given by eq. (4) and the assumption of a constant heating rate. The vertical dotted
lines indicate the values of the density that can coexist in pressure equilibrium,
where nw and nc are stable equilibria (of the warm and cold phases, respectively)
and nu is unstable.

Fig. 2.—Schematic diagram showing the right-hand half of the physical system.
The warm diffuse gas, whose physical conditions are labeled with subscript 1,
enters from the right and encounters a shock, initially caused by the collision with
the opposite stream, shown in this figure as a wall at the left of the figure. The shock
stops after a time of the order of the cooling time. The immediate postshock values
of the physical variables are labeled with subscript 2. Past the shock, the flow is
subsonic all the way through the wall and constitutes the ‘‘shocked layer.’’ Finally,
very near the wall, at times larger than the cooling time, the gas undergoes thermal
instability and condenses into a thin layer of cold gas, whose physical variables are
labeled with subscript 3. Velocities in the rest frame of the figure are denoted by v,
while velocities in the frame of the shock are denoted by u. The entire system is
symmetric with respect to the wall.

MOLECULAR CLOUD EVOLUTION. I. 247No. 1, 2006

SimulaEons	  of	  Colliding	  WNM	  Flows	  

A	  diagram	  taken	  from	  Vázquez-‐Semadeni	  et	  
al.	  (2006:	  ApJ,	  643,	  275)	  



SimulaEons	  of	  Colliding	  WNM	  Flows	  
Audit & Hennebelle 
(2005: A&A, 473, 1) 



SimulaEons	  of	  Colliding	  WNM	  Flows	  
Audit & Hennebelle 
(2005: A&A, 473, 1) 

Weak	  iniEal	  turbulence	   Strong	  iniEal	  turbulence	  



Well,	  that’s	  Theory	  …	  What	  about	  
ObservaEons?	  

Leo	  Cloud,	  
situated	  well	  
inside	  the	  
Local	  Bubble	  
that	  contains	  
mostly	  very	  
low	  density	  
gas	  

Peek et al. 
(2011, ApJ, 
735, 129) 

The Astrophysical Journal, 735:129 (12pp), 2011 July 10 Peek et al.
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Figure 8. Modeled temperature of the LLCC; color indicates the Tx1, gray
indicates that Tx,1 is indeterminate.
(A color version of this figure is available in the online journal.)

Table 2
Quantities for the LLCC and LRCC Based on the Determined Distance Range

Quantity Range Unit

Distance 11.3–24.3 pc
LLCC H i mass 0.235–1.07 M!
LLCC length 2.8–5.9 pc
LLCC width 0.25–0.54 pc
LRCC length 13–28 pc
Density 320–150 cm−3

Pressure 9600–2250 K cm−3

Collision time 0.6–1.3 Myr

Note. Density, pressure, and collision time measurements depend on the
assumption that the cloud is as thick as it is wide.

4.3. Distance-dependent Quantities

Given the lower and upper limits on LLCC distance derived in
Section 4.1.1 and Section 4.1.2, we can determine a range for a
variety of other quantities that pertain to the cloud. We determine
the mass by simply integrating the H i column over the area of
the cloud, and physical size can be determined from angular
size. If we make the very rough assumption that the cloud is
as thick as it is wide we can determine a density for the cloud,
using a fiducial peak column density of 2.5 × 1020 cm−2. Using
the temperature range found in Section 4.2, we can determine
a range of pressures. We can determine a rough lifetime for the
cloud by dividing the fiducial scale, in this case the cloud width,
by the collapse velocity (see Section 4.3.1). Results are shown
in Table 2.

Our assumption that the cloud’s thickness along the line of
sight is comparable to its width (i.e., the cloud is tubular), is
at odds with the result from Heiles & Troland (2003) that this
cloud is thin along the line of sight (i.e., sheet-like). Heiles &
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Figure 9. Map of the velocity difference between the two colliding components.
Brightness is ∝(T ∆V )0.5, summed over both velocity components. Color
indicates the velocity difference between the two components.
(A color version of this figure is available in the online journal.)

Troland (2003) assumed the cloud was outside the local cavity,
and thus 4–9 times more distant than we now know it to be.
This distance assumption gave an overestimate of the width of
the cloud and thus an overestimate of its aspect ratio. Heiles
& Troland (2003) also measured the thickness at low-column
(NH % 3 × 1019 cm−2) sight lines to 3C225a and 3C225b,
about 10 times lower column than the thickest part of the
cloud in the present analysis. This low column density gave
a lower expected thickness for a given measured temperature
and assumed pressure, further exacerbating the inconsistency
with our work. If the cloud were 10 times flatter along the line
of sight than we have assumed, the derived pressures would be
10 times higher, far out of the standard ISM pressure range (e.g.,
Wolfire et al. 2003). This result validates our present picture of
the cloud as more tubular than sheet-like.

4.3.1. Kinematics of the Two Velocity Components

We found that two velocity components usually provide better
H i line fits than a single velocity component. Model 5 allows us
to discriminate between the velocities of the two components,
because the optically thick foreground component is closer.
Accordingly, comparing their velocities allows us to determine
whether the components are approaching or receding from each
other.

There is an overwhelming tendency for the front component
to have higher velocities than the rear. This indicates that
the components are approaching one another, typically with
a velocity difference ∼0.4 km s−1.

Figure 9 images the velocity difference between the two com-
ponents, with color indicating velocity difference and lightness
the total profile area, i.e., the sum of the two component areas.
We only show pixels which had a successful two-component fit,

8

Color	  indicates	  
temperature	  
(see	  the	  scale	  
above)	  

p/k	  =	  6×104	  cm-‐3K	   Meyer et al. 
(2012, ApJ, 
752, 119) 
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DistribuEon	  of	  Pressures	  and	  DensiEes	  
in	  Mildly	  Supersonic	  Turbulence	  

Saury, et al. (2013: arXiv 
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Fig. 12. Integrated density (along the z-axis) maps for 1024N01 on the left and 1024N02 on the right, in 1020 cm�2.

for a static gas and does not take into account the energy con-
tribution of turbulence. Depending on the properties of the tur-
bulence, WNM gas can stabilized at a temperature significantly
lower than the prediction of the two-phases model.

The mass fractions of the di↵erent thermal phases have been
calculated using two di↵erent temperature thresholds and one
density threshold. All results are summarized in Table 4. We
first note that the amount of CNM created by the simulations
is 30% for 1024N01 and 50% for 1024N02. These quantities are
in perfect agreement with the predictions deduced from the 1283

simulations and with the observational constraint of Heiles &
Troland (2003) who emphasized that 40% of the mass of the H i
lie in the cold phase. Besides, we estimated in Section 3 the cold
mass fraction around 44% and the CNM volume filling factor at
1% from observations properties of H i. The CNM volume fill-
ing factor is here also well reproduced with 1% for 1024N01 and
4% for 1024N02.

Regarding the warm gas, about 20% of its mass is lying
between 2000 and 5000 K in both simulations. In 1024N02,
where the WNM-CNM transition is highly e�cient, the unsta-
ble regime holds the major part of the mass (46% between 200
and 5000 K) and half of it has a temperature lower than 2000 K;
in 1024N01, where the WNM-CNM transition is less e�cient,
only 10% are lying in the unstable regime under 2000 K and a
significant amount of the gas lies in the WNM range beyond
5000 K (40%).

If we use a density threshold to separate the phases, we note
that both simulations hold the same amount of mass of unstable
gas (⇠ 30%) and that the di↵erence between the two simulations
only lies in the CNM and WNM phases : the amount of gas that
does not transfer to CNM in 1024N01 stays in the WNM phase.
Besides, in the 1024N01 case, the three thermal phases are
distributed like 1/3-1/3-1/3, as observed by Heiles & Troland
(2003), while in the 1024N02 case, the mass fraction of WNM is
lower of a factor 2 and more than 50% of the mass is in the CNM.

2D density slices with isocontours placed at 200 K (blue) and
2000 K (red) are presented on Figure 17. The highest tempera-
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Fig. 13. Temperature histograms weighted by the density:
1024N01 (solid black line) and 1024N02 (dashed blue line). For
the 1024N02 simulation, the histogram is normalized by 2 to be
comparable to 1024N01

ture threshold has been consciously chosen lower than the usual
limit at 5000 K in order to see the distribution of the thermally
unstable gas. The gas lying between 2000 and 5000 K is indeed
widely distributed and does not show any preferential location.
On the other hand, the thermally unstable gas below 2000 K lies
preferentially around the cold structures as sheets around the
denser regions, in agreement with Gazol & Kim (2010).

6.3. Pressure range

Jenkins & Tripp (2011) used observations in absorption to study
the distribution of the thermal pressure in the di↵use, cold neu-
tral medium. They found that the pressure distribution, weighted
by the mass density, is well fitted by a lognormal. The pressure
histograms weighted by the density of our simulations are also
well represented by lognormal distributions. Figure 15 show the
3D pressure histograms weighted by the density (black lines),

13
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Table 4. Mass fractions for the three thermal phases : cold, warm, unstable range, Mach number and turbulent velocity dispersion
at 16 Myr for two di↵erent criteria in temperature and a density criterion.

simulation fCNM fUNSTABLE fWNM CNM volume WNM volume
T<200K 200K<T<5000K T>5000K filling factor filling factor

1024N01 0.30 0.29 0.41 1% 66%
1024N02 0.51 0.46 0.03 4% 14%

T<200K 200K<T<2000K T>2000K
1024N01 0.30 0.10 0.59 1% 95%
1024N02 0.51 0.25 0.24 4% 73%

n > 7.0 cm�3 0.8 cm�3< n <7.0 cm�3 n < 0.8 cm�3

1024N01 0.33 0.32 0.35 1% 75%
1024N02 0.54 0.31 0.15 4% 60%

0.1 1.0 10.0 100.0 1000.0
density (cc)

102

103

104

105

P/
k 

(K
.c

c)
0.00

3.50

7.00

0.1 1.0 10.0 100.0 1000.0
density (cc)

102

103

104

105

P/
k 

(K
.c

c)

0.00

3.50

7.00

Fig. 14. Distributions of mass in a pressure-density diagram
with on the top the 1024N01 simulation and on the bottom the
1024N02 simulation. The unit of the 2D histogram is the log-
arithm of the density (in cm�3). The solid blue curve shows
the thermal equilibrium (cooling equal to heating) with the pro-
cesses implemented in HERACLES, the dashed-dotted lines are
the 200 K (green) and 5000 K (yellow) isothermal curves.

the averaged pressure weighted by the column density (blue
lines), the fitted lognormal distributions (dashed lines) and the
lognormal distribution found by Jenkins & Tripp (2011) (red
dotted line). The averaged pressure is computed on each line of
sight and is itself weighted by the density of each cell. By do-
ing this, we try to get closer to real observations in which the
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Fig. 15. Pressure histograms from 1024N01 (top) and 1024N02
(bottom). The black line is the histogram of the 3 dimensional
pressure, the blue one is the histogram of the averaged pressure
along the line of sight. The associated colored dashed lines are
the lognormal fits. The red dashed-dotted line represent the log-
normal fit found by Jenkins & Tripp (2011) on observations. The
lognormal coe�cients ([a1, a2] – see Eq. 20) are [3.58,0.175] for
Jenkins & Tripp (2011) For the 3D and averaged pressure, they
are [3.58, 0.29], [3.58,0.14] for 1024N01 and [3.35, 0.20], [3.38,
0.09] for 1024N02.

3-dimensional pressure is not available. Following the definition
of Jenkins & Tripp (2011),

dn
d log P/k

= a0 ⇥ exp
⇣
�

(log P/k � a1)2

2 ⇥ a2
2

⌘
, (20)
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Table 3. Spatial and kinematic characteristics of the three pairs of parallel PdBI-only structures.

Pair v1 v2 δvLSR δl⊥ a δv/δl⊥ a b τ c l d

km s−1 km s−1 km s−1 mpc km s−1 pc−1 s−1 yr mpc
#3, #8 –5.0 –1.5 3.5 4.5 777 1.3 × 10−11 2.5 × 103 45
#1, #5 –5.4 –3.0 2.4 9.0 267 4.5 × 10−12 4 × 103 45
#6, #7 –3.0 –3.1 0.1 16 6 10−13 3 × 105 40

a Averaged separation between the PdBI CO peaks; b a = 1
2δv/δl⊥; c τ = a−1; d length over which the structures are parallel within ±10◦.

Table 4. Results of LVG radiative transfer calculations for representative observed values (see Table 2).

Tpeak N(CO)/∆v a ∆v N(CO) Tk range nH2 range b Pth/k range b X(CO) range b

K cm−2/km s−1 km s−1 cm−2 K cm−3 K cm−3 ×10−5

brightest 4 3–4 × 1015 0.4 1.2–1.6 × 1015 10–200 3 × 103–250 3–5 × 104 2–20
most common 1.2 1.5 × 1015 0.2 3 × 1014 10–140 8 × 103–300 8–4 × 104 0.16–4
weakest 0.6 1.0 × 1015 0.1 1.0 × 1014 7–35 1 × 104–800 7–3 × 104 0.11–1.4

a Assuming R(2−1/1−0) = 0.7 ± 0.1; b the LHS (resp. RHS) values correspond to the lowest (resp. highest) gas temperature.

is expected to lie closer to the noise level. In addition, the sur-
face filling factor of the 12CO structures being large in the central
area of the mosaic, the PdBI visibility of the continuum emis-
sion of individual structures is expected to be highly reduced
compared to that of the line which takes advantage of velocity-
space. This may be the reason that the continuum emission and
the 12CO emission do not coincide elsewhere: the continuum
emission is more heavily filtered out by the interferometer than
the 12CO emission.

5. What are the SEE(D)S?

5.1. Manifestations of the small-scale intermittency
of turbulence

The two largest velocity-shears given in Table 3 are more than
two orders of magnitude larger (within the uncertainties due to
projections) than the average value of 1 km s−1 pc−1 estimated
on the parsec scale in molecular clouds (Goldsmith & Arquilla
1985). The velocity field in these two SEEDS therefore sig-
nificantly departs from predictions based on scaling laws ob-
tained from 12CO(1−0) in molecular clouds, such as that shown
in Fig. 10. In spite of a significant scatter of the data points,
a power law δvl ∝ l1/2 characterizes the increase of the velocity
fluctuations with the size-scale l, at least above ∼1 pc. Below
that scale-length, the scatter increases and a slope 1/3 would not
be inconsistent with the data. According to the former scaling,
the velocity-shear should increase as l−1/2, therefore by no more
than 1401/2 = 12 between 1 pc and 7 mpc. If the other scal-
ing is adopted, this factor becomes 1402/3 = 26. Now, the ob-
served shears increase by more than two orders of magnitude
between these two scales. This is conspicuous in Fig. 10 where
the 8 PdBI-structures of Table 2 are plotted either individually
or as pairs (i.e. as they would be characterized if the spatial res-
olution were poorer and individual structures were not isolated
in space, providing for instance a linewidth ∆v1/2 = 3.5 km s−1

and a size l⊥ ∼ 7 mpc for the pair [#3, #8]).
This result has to be put in the broader perspective described

in Sect. 1. The statistical analysis of the velocity field of this
high latitude cloud (Paper III, HF09) shows that the pdf of
the 12CO line-centroid velocity increments increasingly departs
from Gaussian as the lags over which the increments are mea-
sured decrease. The locus of the positions that populate the pdf

Fig. 10. Size-linewidth relation for a large sample of 12CO(1−0) struc-
tures (see Appendix B) to which are added: the SAMS data (single-dish
data from Heithausen 2002, 2006 (solid triangles); PdBI data within
SAMS2 Heithausen 2004 (open triangles)), a polygon that provides the
range of values for the 12 structures of Sakamoto & Sunada (2003)
and the eight structures of Table 2 (solid squares). The 3 empty squares
without error bars show where the three pairs of PdBI-structures would
be if not resolved spatially (i.e. the velocity increment between the two
structures would appear as a linewidth for the pair). Same with the large
triangle for the pair of structures in SAMS2. The straight lines show the
slopes 1/3 and 1/2 for comparison.

non-Gaussian wings forms elongated and thin (∼0.03 pc) struc-
tures that have a remarkable coherence, up to more than a parsec.
HF09 propose, on this statistical basis, but also because of their
thermal and chemical properties given in Sect. 1, that these struc-
tures trace the intermittency of turbulent dissipation in the field.
The pair of structures [#3, #8] belongs to that locus of positions
(see their Fig. 3). The extremely large velocity-shears measured
in that small field are not just exceptional values: they have to be
understood as a manifestation of the small-scale intermittency
of interstellar turbulence, as studied on statistical grounds in a
much larger field.

Plot	  shows	  CO	  (1-‐0)	  line	  velocity	  separaEons	  compiled	  by	  
Falgarone,	  Pety	  &	  Hily-‐Blant	  (2009:	  A&A,	  507,	  355)	  -‐-‐	  Trend	  	  at	  
large	  L	  defined	  by	  Heyer	  &	  Brunt	  (2004:	  ApJ,	  615,	  L45)	  
	  

Slope	  =	  0.59	  Slope	  =	  0.40	  



Size	  Scales	  where	  Turbulent	  Mixing	  and	  
Presssure	  Changes	  Overcome	  Thermal	  

Equilibrium,	  i.e.,	  where	  the	  crossing	  Eme	  
r/Δv	  <	  tcool	  or	  theat	  
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Well,	  that’s	  Theory	  …	  What	  about	  
ObservaEons?	  

All	  H	  I	  

WNM	  (stable	  +	  
unstable)	  61%	  

T	  >	  5000K	  
(stable)	  
48%	  

500	  <	  T	  <	  
5000K	  

(unstable)	  
48%	  

T	  <	  500	  K	  
(stable)	  
4%	  

CNM	  (stable)	  39%	  

T	  >	  100	  K	  
29%	  

25	  <	  T	  <	  
100	  K	  67%	  

T	  <	  25	  K	  
4%	  

Results	  from	  the	  Millennium	  Arecibo	  21-‐cm	  AbsorpEon-‐
Line	  Survey	  	  (Heiles & Troland (2003: ApJ, 586, 1067) 

More	  sensiEve	  absorpEon	  measurements	  by	  Begum	  et	  
al	  (2010:	  ApJ,	  725,	  1779)	  using	  the	  Jansky	  Very	  Large	  
Array	  (aka	  EVLA)	  indicate	  a	  somewhat	  lower	  fracEon,	  
but	  this	  conclusion	  is	  based	  on	  fewer	  sightlines.	  	  
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Best	  fit	  Gaussian	  profile:	  
	  mean	  Log	  (p/k)	  =	  	  3.58,	  	  
σ	  Log	  (p/k)	  =	  0.175	  Tails	  of	  the	  distribu;on	  are	  

above	  that	  given	  by	  the	  
best-‐fit	  log-‐normal	  
distribu;on	  –	  this	  is	  best	  
seen	  in	  a	  log-‐log	  plot.	  

Well,	  that’s	  Theory	  …	  What	  about	  ObservaEons?	  

Jenkins & Tripp (2011: 
ApJ, 734, 65) 



Log	  p/k	  

Well,	  that’s	  Theory	  …	  What	  about	  ObservaEons?	  

p m
in
	  

p m
ax
	  

Jenkins & Tripp (2011: 
ApJ, 734, 65) 

N
(C
	  II
)	  [
cm

-‐2
]	  



IonizaEon	  
Varying	  States	  for	  Gas	  Containing	  

Free	  Electrons	  



Hα	  Emission	  

Compare faint Hα emission with 
dispersion measures toward 
pulsars in the same direction 



Filling	  Factors	  and	  	  
Thermal	  Pressures	  	  
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Filling	  Factors	  and	  	  
Thermal	  Pressures	  	  

fd 

Lc 

Dispersion Measure (DM) =  

Hα Emission Measure (EM) =   

Hence nc = EM / DM 

           Lc = (DM)2/EM 

nc 



Where             represents the mean squared relative 
fluctuations in electron density from one region to the next and 
within each region. 

Filling	  Factors	  and	  	  
Thermal	  Pressures	  	  

Regions	  are	  now	  
inhomogeneous	  

Average electron density hnei =
R
nedl
L = nc

⇣
1 +

�2

hnei2

⌘�1

Real length L = Lc

⇣
1 + �2

hnei2

⌘

Real length L = Lc

⇣
1 + �2

hnei2

⌘

These	  equaEons	  were	  developed	  by	  
Reynolds	  (1977:	  ApJ,	  216,	  433)	  



Results	  
•  A	  comparison	  of	  EM	  and	  DM	  toward	  194	  
pulsars	  with	  b	  >	  10°	  and	  that	  avoid	  obvious	  H	  II	  
regions	  	  

Hill, Reynolds, 
Benjamin & 
Haffner (2007: 
SINS Conf. 
Proc., p. 250) 



Hill, Reynolds, 
Benjamin & 
Haffner (2007: 
SINS Conf. 
Proc., p. 250) 

Results	  

Conclusion: peak in Log nc centered at -1.0, 
dispersion  σ (Log nc) = 0.43 



Hill, Reynolds, 
Benjamin & 
Haffner (2007: 
SINS Conf. 
Proc., p. 250) 

1.  Slope of the trend of log (Lc |sin b|) vs. Log nc is 
-1, hence EM  varies over 2 orders of magnitude 
while DM |sin b| is relatively constant. 

2.  σ/<ne> ≈ 1.5, which means that <ne> = nc/3.3 = 
0.03 cm-3 

3.  If T = 8000 K, we find that p/k = 2<ne>T = 480 ! 



1.  Slope of the trend of log (Lc |sin b|) vs. Log nc is -1, 
hence EM  varies over 2 orders of magnitude while 
EM |sin b| is relatively constant. 

2.  σ/<ne> ≈ 1.5, which means that <ne> = nc/3.3 = 0.03 
cm-3 

3.  If T = 8000 K, we find that p/k = 2<ne>T = 480 cm-3K ! 

This	  pressure	  is	  a	  factor	  of	  8	  below	  the	  representaEve	  pressure	  
of	  the	  CNM,	  which	  is	  3800	  cm-‐3	  K	  	  -‐-‐	  a	  problem	  idenEfied	  by	  
Heiles	  in	  2001	  (conf.	  proc.	  paper).	  
	  
Solu7on	  suggested	  by	  Heiles:	  Hα	  emission	  comes	  exclusively	  
from	  high	  density,	  fully	  ionized	  regions,	  whereas	  pulsar	  
dispersion	  measures	  arise	  almost	  enErely	  from	  a	  partly	  ionized	  
neutral	  medium,	  which	  is	  almost	  invisible	  in	  Hα.	  



1.  Fractional ionization of the WNM within several 
hundred pc is about 8%, much higher than 
conventional calculations based on ionization by 
external x-rays and cosmic rays. 

2.  Rotation measures of extragalactic radio sources 
strongly correlated with H I 21-cm emission. 

This	  pressure	  is	  a	  factor	  of	  8	  below	  the	  representaEve	  pressure	  
of	  the	  CNM,	  which	  is	  3800	  cm-‐3	  K	  	  -‐-‐	  a	  problem	  idenEfied	  by	  
Heiles	  in	  2001	  (conf.	  proc.	  paper).	  
	  
Solu7on	  suggested	  by	  Heiles:	  Hα	  emission	  comes	  exclusively	  
from	  high	  density,	  fully	  ionized	  regions,	  whereas	  pulsar	  
dispersion	  measures	  arise	  almost	  enErely	  from	  a	  partly	  ionized	  
neutral	  medium,	  which	  is	  almost	  invisible	  in	  Hα.	  

Supporting Evidence:

Jenkins (2013: 
ApJ, 764, 25) 

Foster, Kothes & Brown, arXiv 1307.4358 
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charge exchange produced by the interaction of the solar wind
with incoming interstellar atoms (Cravens 2000; Lallement
2004; Pepino et al. 2004; Koutroumpa et al. 2006, 2007, 2009;
Peek et al. 2011; Crowder et al. 2012). For this reason, we
ignore the weakly absorbed, nearly isotropic portion of the
X-ray background and focus our attention to the component
that exhibits a pattern in the sky that clearly shows absorption
by gas in the Galaxy.

Kuntz & Snowden (2000) have performed a detailed investi-
gation of the nonlocal component, which they call the trans-
absorption emission (TAE). They describe the strength and
spectral character of the TAE in terms of emissions from op-
tically thin plasmas at two different temperatures. They de-
fine a soft component that has a mean intensity over the sky
I = 2.6×10−8 erg cm−2 s−1 sr−1 over the interval 0.1 < E < 2
keV and a spectrum consistent with the emission from a plasma
at a temperature T = 106.06 K, and this flux is accompanied
by a hard component with I = 8.5 × 10−9 erg cm−2 s−1 sr−1

over the same energy interval with T = 106.46 K. To trans-
late the sum of these two components into a distribution of the
photon flux as a function of energy, F (E), we calculate syn-
thetic flux representations using the CHIANTI database and
software (Version 6.0; Dere et al. 1997, 2009), after normaliz-
ing the emission measures to give the intensities stated above
(we find that EM = 1016.37 and 1015.81 cm−5 for the soft and
hard components, respectively). We supplement the TAE result
with an underlying power-law extragalactic emission of the form
10.5 phot cm−2 s−1 sr−1 keV−1E(keV)−1.46 (Chen et al. 1997).

The ISM is opaque to X-rays at the lowest energies. The
energies at which half of the X-rays are absorbed for various
column densities are shown in the top portion of Figure 5,
which were derived from the calculations of Wilms et al.
(2000). At energies of around 100 eV where the ISM is
neither completely opaque nor transparent for N (H0) ≈ few ×
1019 cm−2, uncertainties in the layout of emitting and absorbing
regions make it difficult to calculate with much precision
how far the X-rays can penetrate the typical gas volumes
that were sampled in our survey of Ar i and O i. Thus, rather
than implement an elaborate attenuation function that would
be difficult to explain (and perhaps not especially correct at
our level of understanding), we apply a simplification that all
of the X-rays are transmitted above some threshold energy
and none below it. The threshold that we adopted was 90 eV,
on the assumption that in some directions the gas can view
the unattenuated X-ray sky through N (H0) slightly less than
1019 cm−2.

The upper panel of Figure 6 shows our synthesis of the
sum of the extragalactic power-law emission and TAE synthesis
described above. For the purpose of calculating Γ for various
elements, we make use of only the flux depicted by the dark
trace in the figure, i.e., that which starts at the cutoff energy
(90 eV) and ends at an energy beyond which no appreciable
additional ionization occurs.

7.2. Internal Radiation Sources

Embedded within the ISM are sources of EUV and X-ray ra-
diation that can make additional contributions to Γ. We can make
estimates for their average space densities and the character of
their emissions, but one uncertainty that remains is how well the
ensuing photoionizations are dispersed throughout the ambient
gas. At one extreme representing minimum dispersal, we envi-
sion the classical Strömgren spheres that surround sources that
are not moving rapidly and that emit most of their photons with

Figure 6. Upper panel: external fluxes arising from the known X-ray background
radiation (solid line) and a hypothetical, time-averaged flux (over a recombina-
tion time of ≈1 Myr) from three SNRs at a distance of 100 pc (dashed line).
The gray portion of the solid curve is in an energy range where the opacity to
X-rays is high, and thus this radiation is not likely to penetrate into much of
the gas that we observe. Lower panel: internal average rates per unit volume for
the injection of ionizing photons by the coronae of main-sequence stars (MS),
active binaries (AB), and the photospheres of white dwarf (WD) stars.

(Supplemental data (FITS) of this figure are available in the online journal.)

barely enough energy to ionize hydrogen. These photons have a
short mean free path in a neutral medium. Under these circum-
stances, the zone of influence of the source is sharply bounded,
and the resulting ionization is nearly total inside the region and
zero outside it. At the other extreme, one can imagine that the
photons, ones that have relatively high energy, can travel over
a significant fraction of the intersource distances before they
are absorbed. In addition, the sources themselves could move
rapidly enough that they never have a chance to establish a stable
condition of ionization equilibrium. (This issue will be investi-
gated quantitatively in Section 7.5.) These conditions could lead
to the ionization being more evenly distributed and not neces-
sarily complete. If the sources have large enough velocities, we
can even imagine a picture where there is a random network of
“fossil Strömgren trails” (Dupree & Raymond 1983) that ulti-
mately might blend together. More extreme manifestations of
such trails in denser media may have already been discovered
by McCullough & Benjamin (2001) and Yagi et al. (2012), who
observed faint but straight and narrow lines of Hα emission in
the sky (but were unable to identify the sources that created
them).

It is difficult to establish where in the continuum between
the two extremes for the dispersal of ionization the true effects
of embedded EUV and X-ray sources are to be found. For our
treatment of the influence of these production sites for ionizing
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Temperature	  of	  the	  Ionized	  Gas	  
For the free-free emission at 41 GHz observed by WMAP that is 
correlated with Hα emission, the ratio 

 
 
  
 
indicates that T = 3000K, which is much lower than standard, steady-state 
H II region temperatures (Dobler, Draine & Finkbeiner 2009: ApJ, 699, 1374). 
 
This indicates a strong presence of gas that was once ionized by starlight, 
but then cooled more rapidly than it recombined when the ionizing 
photon flux was removed [either by the hot stars evolving off the main 
sequence or the gas became shielded from the radiation]                            
(Dong & Draine, 2011, ApJ, 727, 35). 
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Early	  Evidence	  for	  Interstellar	  
Molecules	  
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First	  DetecEon	  of	  H2	  in	  the	  ISM	  
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IniEal	  ObservaEon	  of	  H2	  toward	  ζ	  Oph	  with	  
the	  Scanning	  Spectrometer	  on	  the	  	  

Copernicus	  Satellite	  

Scan	  
centered	  
on	  the	  
4,0	  R(0)	  
transiEon	  
of	  H2	  

Obtained	  soon	  a|er	  launch	  in	  August	  1972	  



IniEal	  ObservaEon	  of	  H2	  toward	  ζ	  Oph	  
with	  Copernicus	  
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Hydrogen	  in	  Molecular	  and	  Atomic	  
Forms	  
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Copernicus	  survey	  of	  H2	  reported	  by	  
Savage	  et	  al.	  1977:	  ApJ,	  216,	  291	  
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H2	  is	  a	  Key	  Ingredient	  for	  Molecular	  
Chemistry	  
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CNM	  Molecular	  Phases	  
ANRV284-AA44-09 ARI 28 July 2006 14:14
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Figure 1
Results from photodissociation region model [with nH = 100 cm−3 and χUV = 1] from
Neufeld et al. (2005), illustrating the revised definitions of cloud types.

Our proposed classification of cloud types may be easily reconciled with the work-
ing definition that infrared astronomers sometimes use to designate “diffuse” versus
“dense” sightlines. For an infrared astronomer, a line of sight showing no evidence of
ice coatings on grains is considered “diffuse” even though the total visual extinction
may be ten or more magnitudes. For instance, several lines of sight in Cygnus, such
as the very well-studied clouds toward Cygnus OB2 12, have large total extinctions
but are considered diffuse because they show no ices. In our view these sightlines
may be interpreted simply as extended aggregations of diffuse atomic and/or diffuse
molecular clouds as defined below.

2.2. Definitions of Key Quantities
There are a number of important quantities that are useful in describing lines of sight,
and for classifying the nature of parcels of gas. To make our notation clear, we collect
the definitions of these quantities here.

We define the local number density (in cm−3) of a certain species X to be n(X).
The directly observable quantity is not the number density, but the column density
(essentially the integral of the number density along the line of sight), which we denote
N(X). For a given atom Y, we define the total number density of its nuclei to be nY; for

370 Snow · McCall
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Summary	  of	  Phases	  
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