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Cosmic Ray Dominated Regions
(CRDRs)
Arp 220		Merger:	2	1012 Lo

• Forming	stars	a	rate	of	>103 Msun/year	
• Time	scale	is	a	short	time	of	105 years
• Shows	an	extremely	high	SN	rate:	4/years	
• Very	obscured	Av	>	103 magnitudes	
• Large	ionization	rates	(>103)	from	high	

density

• Resembles	the	star	formation	at	high	
redshift	(z>2)

A	scale	version	of	local	starbursts	like	M82



Cosmic Ray Dominated Regions
(CRDRs)

CRs	are	expected	to	play	an	important	role	in	dense	
regions	(Av>5	mag)	creating	a		CRDR	and	regulating	:
• Thermal	state	(10	MeV≤E(CR)≤100	MeV)	
• Ionization	(chemistry	and	ambipolar diffusion)
• CRs	feedback	(talk	by	P.	Girichidis)	
• Initial	conditions	for	star	formation		setting	the	IMF

– Top	heavy	(less	stars	<	8	Msun)

Galactic	center	allows	to	study	the	importance	of	CRDRs	
in	setting	the	initial	conditions	for	star	formation	in	the	
environment	of	galactic	nuclei
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The	CMZ	covering	the	inner	300	pc	shows:
•Strong	emission	in	all	tracers	of	high	energy	activity
•Strong	nonthermal (synchrotron)	emission	associated	with	SNRs
•Gamma	ray	emission:	interaction	of	energetic	Cosmic	rays	with	molecular	
clouds	–CRDRs-

The Central Molecular Zone

Tsuboi et al.(1999)

HESS Gamma rays (E>380 GeV) Aharonian et	al	(2006)

Dense	Molecular	
Clouds ~108 M⊙

BUT	ALSO:
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The	Central	Molecular	Zone

SiO J=1-0

Fe 6.4 kev line Chandra 

HESS Gamma rays (E>380 GeV

XDRs

MDRs
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Sgr ASgr B Sgr C

Strong	emission	of	X-rays	
(Fe	6.4	keV)

Star	formation	

Large	PDRs
illuminated	by	clusters
of	massive	stars.

Huge	kinematic	activity:	
• Bar	potential	
• Cloud	collisions
• Turbulence..

Shocks



•Strong emission of X-rays (Fe 6.4 keV) (XDRs)
•Large PDRs illuminated by clusters of massive stars 
•Star formation  throughout the  region (clusters & protoclusters)
•Huge kinematic activity: Bar potential, disk-halo interactions, large 
turbulent motions (Mechanical Dominated Regions (MDRs)
•A massive black  hole with past activity 

The Central Molecular Zone

The GC dense molecular clouds provides a unique laboratory for 
understanding the relevance of enhanced Cosmic rays in star formation 
in the nuclei of galaxies 
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1 The initial conditions of star formation: cosmic rays as the fundamental regulators 7

In order to solve the gas thermal balance equation in principle we also must solve
for Tdust in CRDRs. For the purposes of computing T

(min)
kin we set Tdust=8K, which

is typical for CR-dominated cores in the Galaxy. Any stronger IR radiation field
leaking inside such cores (as expected in starbursts) or remnant turbulent gas heating
can only raise the gas temperatures computed here. In Fig. 1.3 the T(min)kin values
show that CR-heated dense gas (>104 cm−3) remains cold (∼(10-15)K) for UCR
within ∼(0.2-10)×UCR,Gal, rising decisively only when UCR∼(few)×103UCR,Gal
where the thermal balance equation yields T(min)kin ∼(40-100)K.
Solving for the coupled chemical and thermal states of dense gas in CRDRs

does not change much of the aforementioned picture while it makes clear another
important aspect that of CR-controlled thermal states of the gas, namely that high
CR energy densities will induce a strong gas-dust thermal decoupling, with T(min)kin
remaining significantly higher than Tdust, even at high gas densities (Fig. 1.4).
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Fig. 1.4 The gas and dust temperature profiles (solid and dotted lines of similar color) versus opti-
cal extinction inside a molecular cloud. These were computed by solving the coupled thermal and
chemical balance equations ([19]), while also assuming a far-UV radiation field (incident on the
Av=0 surface of plane clouds) that scales in an identical fashion as the average CR energy density
pervading the H2 cloud. Their common scaling runs as (1,10,102,103,104)×Galactic. Unlike in
Fig. 1.3 the dust is significantly warmed by the stronger (far-UV)/optical radiation fields absorbed
by the outer cloud layers and the re-radiated dust IR emission that penetrates deeper into the cloud.

Thermal	balance:	

Heating	(Γ) =	Cooling	(Λ)
Γ(CR)	=	Λ(Lines)	+	Λ(g−d)	

• Gas	kinetic	temperature	d
• Strong	dust-gas	thermal	decoupling

Λ(lines):	
• Fine	structure	lines:

- OI,	C+,	..
• H2
• CO

CR=1	::	ζ(CR)=5×10−17	s−1

Papadopoulos et	al	(2012)	

Tracers	of	CRDRs

2-4	May 2018 Cosmic rays,	Florence
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Ionization	rates	:	
x(e)∝(ζ(CR)/n(H2))-1/2					
n(H2)=105 cm−3:		x(e)Gal∼2.4×10−8.	 ζ(CR)=100:	x(e)=8.4×10−7	

Chemistry:	
Ion-neutral	gas	phase	reactions:
• Hydrogen:	H3+	(ionization	of	H2	by	CR/X-rays)	

(Geballe &	Oka 1996)	

• Oxygen:	OH +,	H2O + and	H3O+	

(Ossenkopf et	al.	2010	;	Gerin et	al.	2010)	

Icy	mantle	grain	chemistry
Talks	in	session	2-a,	2-b	and		by	S.	Zeng

R. Meijerink et al.: Star formation in extreme environments

Fig. 4. Abundances of OH+, H2O+, H3O+, O+, OH, and H2O for all models sets (see Table 1). Line styles corresponding to the different CR rates
are the same as in Fig. 1.

CH+, CH+2 , and CH abundances (Fig. 3): in the unshielded
region of the cloud, the formation of CH+ occurs mainly by
means of C+ +H∗2 → CH+ +H, where H∗2 is vibrationally excited
molecular hydrogen. Therefore, the CH+ abundances do not
change much with cosmic ray rate in the unshielded region of the
cloud. However, at larger column densities (NH ∼ 1022 cm−2),
the main route is through H+3 + C. At high density, both the H+3
and C abundances increase by orders of magnitude for the higher
CR rates, and as a result the CH+ abundance as well, despite
the higher electron abundance. In the low density case, the CH+
abundances are very similar for all CR rates because there is no
boost now through C + H+3 . The CH+2 formation occurs mainly
by means of CH+ + H2 → CH+2 + H and closely follows the
abundance of CH+, except where molecular hydrogen is not the
dominant species, i.e., in the radical region in the high density
case and for very high CR rates in the low density case.

CH can be formed by the neutral-neutral reactions C+H2 →
CH + H and C + OH → CH + O, which have energy barriers
of T ∼ 11 700 and 14 800 K, respectively, and the recombi-
nation reaction CH+2 + e− → CH + H. Destruction occurs by
means of UV photodissociation and photoionization at small
column densities, and by fast charge exchange reactions (e.g.,
H+ + CH → CH+ + H) at all column densities. At small col-
umn densities (NH <∼ 1021 cm−2), the CH abundances are fairly
similar, and UV photoionization dominates the destruction, and
neutral-neutral reactions formation. The small differences can be

explained by small deviations in H2 and C abundances. At col-
umn densities NH >∼ 5 × 1021 cm−2, the formation is dominated
by the recombination of CH+2 , and the abundance is mainly de-
termined by the CR rate.

Water chemistry (Fig. 4): H2O and related species, OH+, OH,
H2O+, and H3O+ are significantly affected by cosmic rays. First
we consider H2O. It can be formed by the neutral-neutral re-
action H2 + OH → H2O + H, for which temperatures T >
200−300 K are required. Cosmic rays are unable to increase
the temperature to above this threshold, not even at the high-
est cosmic ray rates. Another important route, especially when
gas is significantly ionized by enhanced cosmic ray rates, is,
e.g., H+2 + O → OH+ + H, then OH+ + H2 → H2O+ + H,
H2O+ + H2 → H3O+ + H, followed by recombination, H3O+ +
e− → H2O+H. Destruction is possible by UV photodissociation,
charge exchange, proton transfer, ion-molecule reactions, and
cosmic rays. Important routes are He+ +H2O→ OH +He +H+
and H++H2O→ H2O++H, and varying the cosmic ray rates af-
fects these abundances. Therefore, at intermediate column den-
sities NH ∼ 3 × 1021 to 1022 cm−2 in model sets 1a and 1b,
the water abundances are higher for higher CR rates. In these
models, the temperatures are not high enough to form H2O by
neutral-neutral reactions. When the temperature is high enough
to form water (model set 1c) by the neutral-neutral reactions,
a higher ionization degree is a drawback (H2O is destroyed by,
e.g., He+), and the water abundance decreases for very high CR

A119, page 5 of 13

CRDR:	1,10, 102,103,104
PDR:	Go =105

Meijerink et	al	(2011)	
2-4	May 2018 Cosmic rays,	Florence
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Decoupling	Tk	and	Td:	CR	heating	

CMZ	thermal balance

19
81
A&
A.
..
10
3.
.1
97
GGüsten et	al.	(1981)	

(Morris	et	al.1983,	Huttermesiter et.al.	1993)

Tk =	50-120	K	
Tdust=		20-30	K

Heating	by	CRs

ζ(CR)	~	10-15 s-1

Consistent	with	the	Gamma	ray	emission	

2-4	May 2018 Cosmic rays,	Florence

SGR	A



SiO is	one	of	the	best	tracers	of	shocks

In	the	CMZ,	large	SiO widespread		abundance	>10-8

Widespread	shocks	with	supersonic	velocities	(Td	<	Tk)

Origin	of	shocks?	
Bar	potential	dynamics	(cloud-cloud	collisions,	turbulence,	expanding	shells:	
300	shells	in	the	CO	survey	by	Hasegawa	et	al.	(1998) ,	Oka	et	al.	(1997),...

Martin-Pintado et al. (1997) , (2000) and Hüttemeister et al. (1998) 

SiO J=1-0

CMZ	thermal balance
Decoupling	Tk	and	Td:	Mechanical	heating

2-4	May 2018 Cosmic rays,	Florence
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Fine	structure	lines	and	H2:	PDRs

CMZ	thermal balance

Rodriguez-Fernandez et al.(2000),  (2001) and (2004) 

ISO + Spitzer
H2:
Gas temperature of ~150-500 K (>30% total)

Fine structure lines 
Large PDR consistent with ionization 

PDR/ C-shocks can  explain the temperatures
PDRs : (n~103 cm-3, FUV~103 Go) 

But not the intensities 
Several PDRs and/or C-shocks and /or CRs?

C-Shock from Draine et al. (1983)
J-Shock from Hollenbach & McKee (1989)

Quintuplet and	Arches ionization

2-4	May 2018 Cosmic rays,	Florence
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Large	scale	temperature	variations	

CMZ	thermal	balance

Ao et	al	(2013)	&	Ginsburg	et	al.	(2015)	

Multiline	analysis	of	H2CO	to	derive		the		temperature	over	the	CMZ	:
• Large	temperature	gradients	from	60	to	120	K
• Modeling	indicates	that	CRs	are	not	the	dominant	heating	in	the	CMZ	
• Limits	for	ionization	rates	<10-14	s−1
• Preferred	mechanical	heating

Heating	by	UV	photons	and	X-rays	were		neglected.	

Ginsburg et al: APEX CMZ H2CO
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CO	Spectral	Line	Energy	Distributions
CMZ	thermal balance

Herschel+SOFIA (CO J up to 24)

Sgr A* and Sgr B2 complexes:
Tk >300 K 

Sgr B2 : 
PDRs+shocks in cores 

Sgr A* : 
High-J  CO lines can only be excited by shocks  
Goicoechea et al. (2013) ruled out CR heating

Requena-Torres	(2012),	Goicoechea	et	al.	(2013),	Etxaluze (2013)	
Requena-Torres	(2012)

2-4	May 2018 Cosmic rays,	Florence
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CMZ	ionization

Diffuse	foreground	components
Density	of	 100	cm-3

Temperature		T	∼ 250	K	
Ionization	rate,	ζ(CR)	∼ 10-14 -10-15 s-1	
Large	filling	factors	
Small	H2 fractions

Oka	et	al.	(2005);	Goto et	al.	(2008);	Goto et	al.	(2014)
H3+

The Astrophysical Journal, 786:96 (15pp), 2014 May 10 Goto et al.

Figure 2. Velocity profiles of H+
3 R(1, 1)l , R(3, 3)l , R(2, 2)l , and 13CO v = 1–0 P(1) lines toward GCIRS 3 (left) and GCIRS 1W (right).

Figure 3. Left: absorption velocity profiles of H+
3 R(1, 1)l (black), R(3, 3)l (red), and R(2, 2)l (blue) toward GCIRS 3. R(3, 3)l absorption is scaled by the factor of 1.3

to match the broad absorption trough of the R(1, 1)l line. Right: same, but for GCIRS 1W.
(A color version of this figure is available in the online journal.)

It is noteworthy that at negative velocities the R(3, 3)l
absorption profile, which contains no spiral arm components,
matches the shape of the R(1, 1)l trough. This similarity is
clearly seen in Figure 3 in which the spectra of the R(3, 3)l line,
multiplied by a factor of 1.3 for each object, are superimposed
on the spectra of the R(1, 1)l line. This likeness has been noted
earlier (Oka et al. 2005; Goto et al. 2008), but has not previously
been seen in such detail as in Figure 3. It provides conclusive
evidence that the trough in the R(1, 1)l spectrum and the R(3, 3)l
spectrum arise in the same warm and diffuse gas. Indeed, the
accurate match indicates remarkably that although the gas that
produces the absorption trough covers a wide range of velocities
and presumably thus exists over a wide range of line of sight
locations within the CMZ, its temperature is nearly constant.

At negative velocities the R(3, 3)l profiles, and in particular
the one toward GCIRS 1W, also contain several weak and
narrow absorption features. Some of these are close to the
velocities of the foreground arms and might be interpreted as
indicating the presence of warm gas in the spiral arms. We do not
adopt this interpretation in view of the absence of such features

in the R(3, 3)l spectra on other sightlines and because close
examination reveals that the velocities of the absorption peaks
are not exact matches to those of the spiral arms (as observed in
the CO P(1) and H+

3 R(1, 1)l line profiles). It may be that they
arise in compact and warm regions of the circumnuclear disk
(CND; Genzel & Townes 1987), the chain of molecular clouds
orbiting Sgr A* at v ∼ 100 km s−1 at a radius of 1.5 pc (Zhao
et al. 2009).

3.1.2. Positive Velocities

At positive velocities the absorption profiles of the H+
3 lines

toward GCIRS 3 and GCIRS 1W are qualitatively different in
two ways from those toward the other GC sources outside the
Central Cluster shown in Oka et al. (2005) and Goto et al. (2008).
First, absorption toward other GC stars is only present to about
+30 km s−1, whereas absorption extends to +60 km s−1 toward
GCIRS 1W and to +80 km s−1 toward GCIRS 3, in both the
R(1, 1)l and the R(3, 3)l lines (Figure 2). Note that these velocity
extents are also present in the 13CO line in this figure. Second,
the sightline toward GCIRS 3 also produces strong and broad

4
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Figure 1. K-band image of the Central Cluster obtained from ESO NACO archive data with contours of HCN J = 4–3 emission (Montero-Castaño et al. 2009) from
the CND overlaid in blue. Locations of clumps I and H of Montero-Castaño et al. (2009) discussed in Section 4.3.2 are labeled. In the left panel, the dot-dashed line
is parallel to the Galactic plane and the area shown in the right panel is denoted by a dotted square (originally published in Goto et al. 2013). The locations of the
infrared sources are marked with circles in the right panel and extraction apertures of the HCN spectra in Figure 10 are shown as gray rectangles.
(A color version of this figure is available in the online journal.)

Of the previously studied 15 lines of sight within 3 pc of the
Galactic plane and longitudinally distributed from the Central
Cluster, within 1 pc of the central black hole, Sgr A*, to the
Quintuplet Cluster 30 pc east of Sgr A* (l ∼ 0.◦18; Goto
et al. 2008; T. Oka 2014, private communication), the one
toward GCIRS 3, located only a few arcseconds from Sgr
A* (Figure 1), is exceptional. While all 15 sightlines show
prominent absorption by H+

3 in its R(1, 1)l and R(3, 3)l lines,
indicating high H+

3 populations both in the lowest (J,K) = (1, 1)
level and the (3, 3) metastable level 361 K above ground, the
R(2, 2)l line is prominent only on the sightline toward GCIRS
3, over a velocity range centered near +50 km s−1 (Goto et al.
2008). Since the (2, 2) level spontaneously decays to ground
(1, 1) (Pan & Oka 1986) with a lifetime of 27 days (Neale et al.
1996), the density in the gas producing this absorption must be
considerably higher than in other regions of the CMZ observed
to date. This gas is likely to be in the form of a compact cloud,
since the sightline toward GCIRS 1W, which is only 8.′′4 away
from GCIRS 3 (0.33 pc, assuming equal radial distances of
8 kpc; Eisenhauer et. al 2003; Ghez et al. 2008), produces a
much weaker R(2, 2)l absorption line.

In this paper, we present, analyze, and discuss new and
improved spectra of H+

3 toward GCIRS 3 and GCIRS 1W, as
well as CO ro-vibrational transition spectra toward them and few
other objects in the Central Cluster and the Quintuplet Cluster.
The velocity resolution of the CO spectra is higher by factors
of ∼5–100 than previous studies of the CO fundamental band
lines toward these objects (Geballe et al. 1989; Moneti et al.
2001; Moultaka et al. 2009). The ratio of the column densities
N(CO)/N(H+

3) is invariably much lower in diffuse clouds (n <
300 cm−3) than dense clouds. Thus, observations of both species
help to discriminate between dense and diffuse environments.

2. OBSERVATIONS

The observations consisted of high resolution infrared spec-
troscopy of several GC sources using spectrographs at the Very

Large Telescope (VLT) at Paranal in Chile and the Subaru
Telescope on Mauna Kea in Hawai‘i. A summary of the ob-
servations is given in Table 1.

2.1. CRIRES/VLT

Spectra of H+
3 lines toward GCIRS 3 and GCIRS 1W were

obtained using CRIRES (Käufl et al. 2004) at the VLT on several
occasions in 2007 June and August in an open time program
(079.C-0874). The CRIRES 0.′′2 wide slit, oriented at position
angle 113◦ so that GCIRS 3 and GCIRS 1W could be observed
simultaneously, provided a velocity resolution of 3 km s−1. The
adaptive optics system MACAO (Bonnet et al. 2004) was used
with a R = 13.5 mag star 17′′ distant from GCIRS 1W as
the wavefront reference. The R(1, 1)l (3.71548 µm), R(2, 2)l
(3.62047 µm), and R(3, 3)l (3.53366 µm) lines were observed
separately using three grating settings.

Spectra of CO toward GCIRS 3, GCIRS 1W, GCIRS16 NE,
GCIRS 21 (all members of the Central Cluster; Figure 1), and
the Quintuplet Cluster source GCS 3-2 were obtained between
2006 October and 2007 September in service observing mode
during science verification time for CRIRES (60.A-9057) as
well as in the open time program (079.C-0874), using the same
adaptive optics set-up as described above and an R = 15 mag
star 8′′ away from GCS 3-2 as a wavefront reference for that
object. The 12CO v = 2–0 overtone band, which has been used
by us previously (Oka et al. 2005) was observed for GCIRS16
NE, GCIRS 21, and GCS 3-2, but not for GCIRS 3 and GCIRS
1W, since those objects are faint in the K-band; for them the
fundamental band v = 1–0 was observed. For the overtone band,
the spectral range 2.292–2.356 µm was covered in two grating
settings, allowing measurements of all R-branch lines and the
P(1)–P(4) lines. For the fundamental band, the spectral range
4.692–4.809 µm was observed in two grating settings covering
the P(3) to P(15) lines of 12CO v = 1–0 and the R(9)–R(0) and
P(1)–P(4) lines of 13CO v = 1–0. The 12CO v = 1–0 lines are
heavily saturated and have not been analyzed, unless otherwise

2

Dense	clouds
CND
Diffuse clouds

2-4	May 2018 Cosmic rays,	Florence
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CMZ	ionization

Herschel		(OH+,	H2O+,	H3O+):	Indriolo et	al.	(2015)
Sgr A*	and	Sgr B2		complexes:
Very	complex	line	profiles.	Foreground	absorption.
Two	type	of	clouds:	Diffuse	and	dense	clouds
Diffuse	:	
Large	ionization	rates	of	∼ 10-14 s-1	
Dense	clouds:	
Similar	ionization	rates	to	those	in	the	disk,	∼ 10-16 s-1 .
APEX:	Van	der	Tak et	al.	(2006)
Confirm	from	H3O+/H2O	ratio	the		ζ(CR)	∼ 4	10−16	s−1.	

The difference in the ionization rates between diffuse 
and dense cores is due to the propagation/spectrum of 
low energy CRs (Padovani et al 2009). This will also 
have a strong impact in the thermal balance. 

The Astrophysical Journal, 800:40 (26pp), 2015 February 10 Indriolo et al.

Figure 22. Distribution of fH2 as determined from our analysis of OH+ and
H2O+ abundances. The filled gray bars show all velocity intervals where fH2 is
computed, and the red bars mark the distribution for velocity intervals within
5 km s−1 of the systemic velocity of the background source (i.e., that may be
associated with material surrounding the continuum source).

these components is shown by the red bars in Figure 22, and it is
clear that they tend to have larger molecular hydrogen fractions.
If these components potentially associated with background
sources are also excluded from our analysis, the mean and
standard deviation of fH2 in our sample change to 0.042 ± 0.018.
These results are consistent with the findings of previous
studies utilizing OH+ and H2O+ observations for the same
purpose (Gerin et al. 2010a; Neufeld et al. 2010; Indriolo et al.
2012; van der Tak et al. 2013b), as well as with models of
oxygen chemistry (Hollenbach et al. 2012), confirming the
trend that the two species predominantly reside in mostly
atomic gas.

A plot of the molecular hydrogen fraction versus Galac-
tocentric radius is shown in the bottom panel of Figure 23.
Red diamonds denote velocity intervals more likely associ-
ated with background sources and black squares those thought
to be foreground clouds, and there is distinct separation be-
tween the bulk of the two samples as would be expected given
the discussion above. There does not appear to be any rela-
tion between fH2 and Rgal, either for the entire sample or for
the sub-samples separately. If metallicity increases toward the
Galactic center though (Wolfire et al. 2003, and references
therein), xe should as well, and larger values of fH2 would
be required to produce the observed N (OH+)/N (H2O+) ratios.
Whether or not fH2 changes with Rgal then hinges on the un-
derlying assumption that xe is either constant or variable with
Galactocentric radius.

4.5. Cosmic-ray Ionization Rate

The final column of Table 5 gives the cosmic-ray ionization
rates inferred from our analysis, and the distribution of ζH is
presented in the bottom panel of Figure 24. Upper limits on
ζH are the result of optically thick 21 cm H i absorption that
only allows us to place lower limits on N (H). Lower limits
on ζH arise when we are only able to place a lower limit on
N (OH+). A range of ionization rates is reported when H2O+

is not detected, with the upper bound determined by the upper
limit on N (H2O+), and the lower bound determined in the limit

Figure 23. Top: cosmic-ray ionization rate vs. Galactocentric radius. Bottom:
molecular hydrogen fraction vs. Galactocentric radius. Red diamonds denote
velocity intervals within 5 km s−1 of the systemic velocity of the background
source. Black squares denote foreground clouds. Upper limits and lower limits
are marked by arrows, and use the same color scheme denoting foreground
vs. background. Note there are four components, all in the Galactic center,
with fH2 > 0.25, but we have scaled the axis to more clearly show the entire
data set.

where N (H2O+) → 0. Uncertainties in ζH only account for the
uncertainties in observed column densities, and do not include
the effects discussed in Section 3.6. As before, in Figure 24
the gray bars represent the total sample of velocity intervals
where the ionization rate has been determined, and the red bars
denote the sub-sample of clouds that may be associated with
background sources. All components with ζH > 10−15 s−1 arise
in sight lines toward the Galactic center, and due to the unique
nature of this region we exclude all data from the M−0.13−0.08,
M−0.02−0.07, Sgr B2(M), and Sgr B2(N) sight lines during the
following analysis.

The distribution of ionization rates inferred from OH+ and
H2O+ appears to be lognormal. We find the mean value of
log(ζH) to be −15.75 (ζH = 1.78 × 10−16 s−1) with standard
deviation 0.29. The distribution in components potentially
associated with background sources does not differ appreciably,
although it lacks some of the highest ionization rates seen in
the foreground clouds. Shown in the top panel of Figure 24 is
the distribution of ionization rates in diffuse molecular clouds
found by Indriolo & McCall (2012) using observations of H+

3.
Ionization rates of molecular hydrogen (ζ2) reported therein
have been scaled by 1.5/2.3 to convert to the ionization rate
of atomic hydrogen (Glassgold & Langer 1973, 1974). This
sample has a mean value of −15.55 (ζH = 2.82 × 10−16 s−1)
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Figure 3. Same as Figure 2 but for M−0.02−0.07 (SgrA +50 km s−1 cloud).

Figure 4. Same as Figure 2 but for Sgr B2(M). In this case, however, fits shown
by blue curves were made by using absorption from all relevant transitions (e.g.,
909 GHz, 971 GHz, and 1033 GHz transitions of OH+) simultaneously.

3.4. Molecular Hydrogen Fraction

A steady-state analysis of the H2O+ abundance governed by
reactions (4), (6), and (7) gives the equation

n(OH+)n(H2)k4 = n(H2O+)[n(H2)k6 + n(e)k7], (11)

Figure 5. Same as Figure 4 but for Sgr B2(N).

Figure 6. Same as Figure 2 but for W28A.

where ki is the rate coefficient21 for reaction i within this paper.
Through substitutions and rearrangement as shown in Indriolo
et al. (2012) this is solved for the molecular hydrogen fraction,

fH2 = 2xek7/k4

N (OH+)/N (H2O+) − k6/k4
. (12)

21 Rate coefficients are taken from the UMIST database for astrochemistry
(McElroy et al. 2013).
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Figure 22. Distribution of fH2 as determined from our analysis of OH+ and
H2O+ abundances. The filled gray bars show all velocity intervals where fH2 is
computed, and the red bars mark the distribution for velocity intervals within
5 km s−1 of the systemic velocity of the background source (i.e., that may be
associated with material surrounding the continuum source).

these components is shown by the red bars in Figure 22, and it is
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Red diamonds denote velocity intervals more likely associ-
ated with background sources and black squares those thought
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the discussion above. There does not appear to be any rela-
tion between fH2 and Rgal, either for the entire sample or for
the sub-samples separately. If metallicity increases toward the
Galactic center though (Wolfire et al. 2003, and references
therein), xe should as well, and larger values of fH2 would
be required to produce the observed N (OH+)/N (H2O+) ratios.
Whether or not fH2 changes with Rgal then hinges on the un-
derlying assumption that xe is either constant or variable with
Galactocentric radius.

4.5. Cosmic-ray Ionization Rate

The final column of Table 5 gives the cosmic-ray ionization
rates inferred from our analysis, and the distribution of ζH is
presented in the bottom panel of Figure 24. Upper limits on
ζH are the result of optically thick 21 cm H i absorption that
only allows us to place lower limits on N (H). Lower limits
on ζH arise when we are only able to place a lower limit on
N (OH+). A range of ionization rates is reported when H2O+

is not detected, with the upper bound determined by the upper
limit on N (H2O+), and the lower bound determined in the limit
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velocity intervals within 5 km s−1 of the systemic velocity of the background
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are marked by arrows, and use the same color scheme denoting foreground
vs. background. Note there are four components, all in the Galactic center,
with fH2 > 0.25, but we have scaled the axis to more clearly show the entire
data set.

where N (H2O+) → 0. Uncertainties in ζH only account for the
uncertainties in observed column densities, and do not include
the effects discussed in Section 3.6. As before, in Figure 24
the gray bars represent the total sample of velocity intervals
where the ionization rate has been determined, and the red bars
denote the sub-sample of clouds that may be associated with
background sources. All components with ζH > 10−15 s−1 arise
in sight lines toward the Galactic center, and due to the unique
nature of this region we exclude all data from the M−0.13−0.08,
M−0.02−0.07, Sgr B2(M), and Sgr B2(N) sight lines during the
following analysis.

The distribution of ionization rates inferred from OH+ and
H2O+ appears to be lognormal. We find the mean value of
log(ζH) to be −15.75 (ζH = 1.78 × 10−16 s−1) with standard
deviation 0.29. The distribution in components potentially
associated with background sources does not differ appreciably,
although it lacks some of the highest ionization rates seen in
the foreground clouds. Shown in the top panel of Figure 24 is
the distribution of ionization rates in diffuse molecular clouds
found by Indriolo & McCall (2012) using observations of H+

3.
Ionization rates of molecular hydrogen (ζ2) reported therein
have been scaled by 1.5/2.3 to convert to the ionization rate
of atomic hydrogen (Glassgold & Langer 1973, 1974). This
sample has a mean value of −15.55 (ζH = 2.82 × 10−16 s−1)

21

Dense	clouds

Difusse
OH+,	H2O+,	H3O+,	H2O

2-4	May 2018 Cosmic rays,	Florence



Summary
• CRs	does	not	seem	to	dominate	the	global	heating	of	the	bulk	of	

molecular	clouds		in	the	CMZ	at	scales	>0.5	pc.
• Mechanical	heating	seems	to	be	the	global	dominant	mechanism.	

PDR/XDRs	also	play	an	important	role	locally.	So	far,	it	is	unclear	the	
contribution	of	CRs	heating.	

• The	diffuse component	shows		enhanced	ζ(CR)	by	factors	of	10-103	with	
respect	to	that	in	the	disk.	

• The	dense	component	,	however,	only	show	a	moderate	
enhancement (factor	of	<	10)	of	the	ζ(CR)	with	respect	to	the	disk.
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Future	prospects	
• The	high	angular	resolution	provided	by	ALMA	and	JWST	will	

allow	to	look	at	the	thermal	balance	with	enough	spatial	
resolution	to	disentangle	the	dominant	heating	mechanism	at	
the	relevant	scales	for	star	formation.	

• Herschel,	ALMA,	APEX,	SOFIA	would	allow	to	look	at	key	
species	like	H2O,	OH+ and	H3O+	to	better	establish	the	
ionization	rates	,	and	its	dependence	on	the	H2 column	density	
of	the	clouds	in	the	GC.	

• The	thermal	balance	and	the	ionization	rates	in	the	molecular	
clouds	in	the	GC	need	to	be	properly	modeled	by	considering	
the	propagation	of	low	energy	CRs	from	the	diffuse	envelopes	
to	the	dense	cores.	 Prediction	of	line	fluxes	of	the	main	cooling	
lines	is	crucial	to	compare	with	observations.
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