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From	the	amount	of	fine-structure	excita=on	of	C	I	in	each	case,	we	have	derived	
informa=on	on	the	thermal	gas	pressures	within	the	diffuse	clouds.		Most	clouds	have	p/k	
between	103	cm-3K	and	104	cm-3K,	but	we	found	that	at	least	6%	of	the	C	I-bearing	material	
is	at	p/k	>	104	cm-3K,	and	one-third	of	the	gas	has	upper	limits	for	pressure	below	103	cm-3K.	



Overall Average ISM Pressure in the 
Galactic Midplane 

•  Total pressure p/k ≈  2.5 × 104 cm-3K 
– Arises from the weight of material in the Galactic 

plane’s gravitational potential      (Boulares & Cox 1990: 
ApJ, 365, 544) 

•  Many forms of pressure: 
– Thermal   
– Magnetic Fields 
– Dynamical (or Turbulent) 
– Cosmic Rays 
 

pressure p/k only of order  4 × 103 cm-3K 





Classical	Phase	Diagram	for	a	Neutral,	
Sta'c	ISM	

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).
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Diagram taken from Vázquez-Semadeni 
(2012) “Are there Phases in the ISM?” 

Local Particle Density	



Cooling	Func=on	
Note:	This	is	not	the	
conven=onal	
representa=on	in	
terms	of	erg	cm3	s-1	



Hea=ng	Func=on	
Primary	source	of	
heat	is	from	the	
ac=on	of	starlight	on	
dust	grains,	which	
emit	energe=c	
photoelectrons	–		
cosmic	ray	hea=ng	is	
minor	by	comparison.	



Both	Func=ons	
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Cooling	and	Hea=ng	
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For	details	on	physical	
processes	that	lead	to	
the	construc=on	of	
the	equilibrium	curve,	
see	Wolfire	et	al.	
(1995:	ApJ,	443,	152,	
2003,	ApJ,	587,	278).	



Cooling	and	Hea=ng	
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WNM	 CNM	

Average	ISM	pressure	

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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pmin	

pmax	

Pressure	Range	for	a	Sta=c,	2-Phase	medium	



pmin	

pmax	

Too	much	material	condenses	
into	gravita=onally	bound	
clouds,	which	increases	the	rate	
of	star	forma=on	

What	happens	when	

A principle outlined by Ostriker, McKee & Leroy 2010 

Regula=on	of	star	forma=on	



pmin	

pmax	

Too	much	material	reverts	to	the	
diffuse	phases,	which	inhibits	the	
forma=on	of	gravita=onally	bound	
clouds	and	stars	

What	happens	when	

A principle outlined by Ostriker, McKee & Leroy 2010 

Regula=on	of	star	forma=on	



Prediction by Jenkins, Jura & Loewenstein in 1983: 

Jenkins & Tripp (2001, 2011) analyzed UV spectra of 89 stars 
recorded at a resolution of 1.5−3 km s-1 by the Space Telescope 
Imaging Spectrograph (STIS) on HST.  

Reality about 18-28 years later: 



Nine C I absorption multiplets in the UV 
spectrum of λ Cep (Jenkins & Tripp 

2001, ApJS, 137, 
297) 



Fine-structure Levels in the Ground 
State of C I 

3P0 (E = 0 cm-1, g = 1)    
3P1 (E = 16.4 cm-1, g = 3) 

3P2 (E = 43.4 cm-1, g = 5) 

C I 
C I* 

C I** 

Upper Electronic Levels 

Collisionally Induced 
Transitions 

Optical Pumping 
(by Starlight) Spontaneous Radiative 

Decays 

E/k = 23.6 K 

E/k = 62.4 K 



Most	Useful	Way	to	Express	Fine-
structure	Popula=on	Ra=os	

•  n(C	I)total	=	n(C	I)	+	n(C	I*)	+	n(C	I**)	
•  f1	≡	n(C	I*)/n(C	I)total	
•  f2	≡	n(C	I**)/n(C	I)total	

	

f1	
f2
	Then	consider	the	plot:	

Collision partners at a given density 
and temperature are expected to 
yield specific values of f1 and f2 



n(H)	=	10	cm-3	

n(H)	=	100	cm-3	

n(H)	=	1000	cm-3	

n(H)	=	104	cm-3	

n(H)	=	105	cm-3	

Collisional	Excita@on	by	
Neutral	H	

T	=	100	K	



Tracks	for	Different	
Temperatures	

n(H)	=	100	cm-3	

	

T	=	30	K	

T	=	60	K	

T	=	120	K	

T	=	240	K	



Tracks	for	Different	
Temperatures	

T	=	30	K	

T	=	60	K	

T	=	120	K	

T	=	240	K	

p/k	=	104	cm-3	K	



Cloud	1	

Cloud	2	

A	Theorem	on	how	to	deal	
with	superposi=ons	



A	Theorem	on	how	to	deal	
with	superposi=ons	

C	I-weighted	
�Center	of	Mass�	
gives	Composite	

f1,f2	



Outcomes	from	89	Sightlines	



Must	Correct	for	Ioniza=on	Equilibium	
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Log	p/k	

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.	

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

Pressure	Distribu=on	Func=on	
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Jenkins & Tripp (2011: 
ApJ, 734, 65) 
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Pressure	Distribu=on	Func=on	



High	Pressure	Material	



From	the	amount	of	fine-structure	excita=on	of	C	I	in	each	case,	we	have	derived	
informa=on	on	the	thermal	gas	pressures	within	the	diffuse	clouds.		Most	clouds	have	p/k	
between	103	cm-3K	and	104	cm-3K,	but	we	found	that	at	least	6%	of	the	C	I-bearing	material	
is	at	p/k	>	104	cm-3K,	and	one-third	of	the	gas	has	upper	limits	for	pressure	below	103	cm-3K.	

For	T	=	80	K,	about	40%	of	all	the	C	I	we	saw	had	f1	and	f2	consistent	with	3.4	≤	log	p/k	≤	3.8.	
Roughly	one-third	of	the	C	I	had	definite	upper	limits	for	pressure	below	this	range,	and	
Around	6%	of	the	material	had	lower	limits	above	the	interval.	

Abstract:	

Text:	

Conclusion	from	Jenkins	&	Tripp	(2011):	
60%	of	the	C	II	is	found	between	3.3	≤	log	p/k	≤	3.8,	29%	
is	below	log	p/k	=	3.3	and	11%	is	above	log	p/k	=	3.8.		


