
Ju
ne

 1
9,

 2
00

7

H
3+

in
 D

iff
us

e 
In

te
rs

te
lla

r C
lo

ud
s:

 
A

 T
ra

ce
r f

or
 th

e 
C

os
m

ic
-R

ay
 

Io
ni

za
tio

n 
R

at
e

N
ic

k 
In

dr
io

lo
1 , 

Th
om

as
 R

. G
eb

al
le

2 , 
Ta

ke
sh

i O
ka

3 , 
an

d 
B

en
ja

m
in

 J.
 M

cC
al

l1

1 
U

ni
ve

rs
ity

 o
f I

lli
no

is
 a

t U
rb

an
a-

C
ha

m
pa

ig
n

2
G

em
in

i O
bs

er
va

to
ry

3
U

ni
ve

rs
ity

 o
f C

hi
ca

go



Ju
ne

 1
9,

 2
00

7

M
ot

iv
at

io
ns

•
H

3+
is

 th
e 

co
rn

er
st

on
e 

of
 io

n-
m

ol
ec

ul
e 

re
ac

tio
ns

 in
 th

e 
in

te
rs

te
lla

r m
ed

iu
m

 (I
SM

)
•

Si
m

pl
e 

ch
em

is
try

 a
llo

w
s f

or
 th

e 
in

fe
re

nc
e 

of
 v

ar
io

us
 p

hy
si

ca
l p

ar
am

et
er

s (
de

ns
ity

, 
te

m
pe

ra
tu

re
, i

on
iz

at
io

n 
ra

te
, c

lo
ud

 si
ze

)



Ju
ne

 1
9,

 2
00

7

O
bs

er
va

tio
ns

C
G

S4
 sp

ec
tro

m
et

er
 o

n 
th

e 
U

ni
te

d 
K

in
gd

om
 In

fr
ar

ed
 

Te
le

sc
op

e 
(U

K
IR

T)
ad

ap
te

d 
fr

om
 M

cC
al

l e
t a

l. 
(1

99
9)



Ju
ne

 1
9,

 2
00

7A
tm

os
ph

er
ic

 In
te

rf
er

en
ce

•
co

m
pl

ex
 o

f C
H

4
lin

es
 

ce
nt

er
ed

 a
t 3

66
75

.3
 Å

re
du

ce
s t

ra
ns

m
is

si
on

 to
 

ab
ou

t 5
0%

•
va

rio
us

 H
D

O
 li

ne
s a

ls
o 

cr
ow

d 
th

e 
re

gi
on

 a
nd

 c
ut

 
tra

ns
m

is
si

on
 to

 a
bo

ut
 8

0%
•

H
3+

lin
es

 o
nl

y 
ha

ve
 a

bo
ut

 
1-

2%
 a

bs
or

pt
io

n,
 so

 a
 

hi
gh

 S
/N

 is
 n

ec
es

sa
ry



Ju
ne

 1
9,

 2
00

7

D
et

ec
tio

ns



Ju
ne

 1
9,

 2
00

7

N
on

-d
et

ec
tio

ns



Ju
ne

 1
9,

 2
00

7R
el

at
in

g 
co

lu
m

n 
de

ns
ity

 to
 

co
sm

ic
-r

ay
 io

ni
za

tio
n 

ra
te

•
Fo

rm
at

io
n 

pa
th

w
ay

–
C

R
 +

 H
2
→

C
R

 +
 H

2+
+ 

e-

–
H

2
+ 

H
2+
→

H
3+

+ 
H

•
D

es
tru

ct
io

n 
m

ec
ha

ni
sm

–
H

3+
+ 

e- →
H

2
+ 

H
 o

r 3
H

•
U

si
ng

 th
e 

st
ea

dy
-s

ta
te

  
ap

pr
ox

im
at

io
n 

w
e 

ob
ta

in
...

L
N

n
)

H(
)

H(
3

3

+
+
=

H

2
)

H(
2
nn

f
=

)
H(

2
I) 

H(
2

H
n

n
n

+
=

H
3

2
)

(
2

)
H(

ne
n

f
Lk

N
e

+
=

ζ

2
2
)

H(
ζ

n
)

(
)

H(
3

e
n

n
k e

+
=



Ju
ne

 1
9,

 2
00

7V
ar

ia
bl

es
 &

 A
ss

um
pt

io
ns

•
N

(H
3+ )

 is
 m

ea
su

re
d

•
k e

is
 k

no
w

n 
fr

om
 e

xp
er

im
en

ts
 

(~
10

-7
cm

3
s-1

)
•
n(
e)

/n
H

is
 re

la
tiv

el
y 

co
ns

ta
nt

 
in

 d
iff

us
e 

cl
ou

ds
 (1

.4
×1

0-
4 

as
su

m
in

g 
el

ec
tro

ns
 c

om
e 

fr
om

 io
ni

ze
d 

ca
rb

on
)

•
2 

is
 c

er
ta

in
ly

 st
ill

 2

•
fc

an
 b

e 
ap

pr
ox

im
at

ed
 u

si
ng

 
m

ea
su

re
d 

H
 I 

an
d 

H
2

co
lu

m
n 

de
ns

iti
es

•
L

= 
N

H
/n

H
–
N

H
ca

n 
be

 m
ea

su
re

d 
or

 
es

tim
at

ed
 fr

om
 E
(B
-V
)

–
n H

is
 e

st
im

at
ed

 in
 v

ar
io

us
 

w
ay

s (
C

 I 
le

ve
ls

, C
2

le
ve

ls
, 

J=
4 

le
ve

l o
f H

2)
•
ζ 2

= 
2.

3ζ
p

H
3

2
)

(
2

)
H(

ne
n

f
Lk

N
e

+
=

ζ

⎥ ⎦⎤
⎢ ⎣⎡

=
+

H
H

H
3

p
)

(
)

H(
3.22

ne
n

Nk
fn

N
e

ζ



Ju
ne

 1
9,

 2
00

7

R
es

ul
ts

(1
0-1

6
s-1

)
(1

014
cm

-2
)

O
bj

ec
t

(1
0-1

6
s-1

)
(1

014
cm

-2
)

O
bj

ec
t

<
1.

2
<

0.
6

P 
C

yg

<
2.

1
<

0.
7

χ2
O

ri
2.

3
2.

3
H

D
 1

83
14

3

<
1.

3
<

1.
2

H
D

 1
94

27
9

1.
5

2.
6

C
yg

O
B

2 
5

<
0.

5
<

0.
6

H
D

 1
68

60
7

1.
8

3.
8

C
yg

O
B

2 
12

<
1.

3
<

0.
8

λ
C

ep
1.

7
2.

2
W

R
 1

21

<
0.

8
<

0.
8

H
D

 1
68

62
5

2.
0

6.
5

W
R

 1
18

<
1.

5
<

0.
3

ζ
O

ph
1.

4
2.

3
W

R
 1

04

<
1.

6
<

0.
6

H
D

 1
47

88
9

1.
5

3.
4

W
40

 IR
S 

1a

<
0.

9
<

0.
5

o
Sc

o
0.

5
0.

6
B

D
 -1

4 
50

37

<
14

<
2.

7
62

 T
au

2.
9

3.
9

H
D

 2
29

05
9

<
4.

5
<

0.
5

ξ
Pe

r
0.

9
0.

6
H

D
 1

69
45

4

<
2.

4
<

0.
5

ε
Pe

r
3.

1
0.

8
X

 P
er

<
5.

0
<

0.
6

o
Pe

r
3.

2
0.

7
ζ

Pe
r

<
2.

6
<

0.
9

40
 P

er
1.

8
1.

0
H

D
 2

13
89

<
5.

7
< 

2.
2

H
D

 2
14

83
2.

9
1.

6
H

D
 2

00
41

ζ p
N

(H
3+ )

ζ p
N

(H
3+ )



Ju
ne

 1
9,

 2
00

7

C
os

m
ic

-R
ay

 Io
ni

za
tio

n 
R

at
es

: 
M

ea
su

re
d 

an
d 

M
od

el
ed

m
od

el
s

H
3+

m
od

el
s

O
H

 &
 H

D

O
H

 &
 H

D

H
3+

M
et

ho
d

Le
 P

et
it 

et
 a

l. 
(2

00
4)

…
…

…
…

2.
5

M
cC

al
l e

t a
l. 

(2
00

3)
…

…
…

…
5.

2

va
n 

D
is

ho
ec

k
&

 B
la

ck
 

(1
98

6)
≥4

…
…

≥8
1-

2

Fe
de

rm
an

et
 a

l. 
(1

99
6)

…
≤0

.2
6

…
1.

30
0.

17

H
ar

tq
ui

st
et

 a
l. 

(1
97

8)
0.

17
0.

06
0.

01
2.

50
0.

22

th
is

 w
or

k
<1

.5
<4

.5
<2

.4
<5

.0
3.

2

R
ef

er
en

ce
ζ

O
ph

ξ
Pe

r
ε

Pe
r

ο
Pe

r
ζ

Pe
r

ζ p
(1

0-1
6

s-1
)



Ju
ne

 1
9,

 2
00

7

Po
ss

ib
le

 E
xp

la
na

tio
ns

 fo
r D

iff
er

en
ce

s

•
sm

al
le

r v
al

ue
 o

f k
e

us
ed

 in
 th

e 
pa

st
•

ch
ar

ge
 tr

an
sf

er
 H

+
to

 O
 is

 e
nd

ot
he

rm
ic

•
gr

ai
n 

ne
ut

ra
liz

at
io

n 
‘r

em
ov

es
’ H

+

•
N

(D
 I)

/N
(H

 I)
 o

ve
re

st
im

at
es

 d
eu

te
riu

m
 

fr
ac

tio
n 
n D

/n
H



Ju
ne

 1
9,

 2
00

7

C
on

cl
us

io
ns

•
H

3+
is

 c
om

m
on

 a
nd

 a
bu

nd
an

t i
n 

di
ff

us
e 

in
te

rs
te

lla
r c

lo
ud

s
•

D
ue

 to
 it

s s
im

pl
e 

ch
em

is
try

, H
3+

ca
n 

be
 

us
ed

 to
 in

fe
r t

he
 c

os
m

ic
-r

ay
 io

ni
za

tio
n 

ra
te

•
ζ p

in
 d

iff
us

e 
cl

ou
ds

 is
 re

la
tiv

el
y 

co
ns

ta
nt

 
an

d 
an

 o
rd

er
 o

f m
ag

ni
tu

de
 la

rg
er

 th
an

 
pr

ev
io

us
ly

 b
el

ie
ve

d



Ju
ne

 1
9,

 2
00

7

Fu
tu

re
 P

ro
sp

ec
ts

•
O

bs
er

vi
ng

 ru
n 

at
 U

K
IR

T 
Ju

ne
 2

9-
Ju

ly
 2

 to
 re

-
vi

si
t 4

 si
gh

tli
ne

s a
nd

 in
ve

st
ig

at
e 

4 
ne

w
 si

gh
tli

ne
s

•
36

 h
ou

rs
 in

 Ja
nu

ar
y 

at
 U

K
IR

T 
to

 g
et

 b
et

te
r S

/N
 

on
 P

er
se

us
so

ur
ce

s
•

Pr
op

os
al

 su
bm

itt
ed

 fo
r t

im
e 

on
 G

em
in

i S
ou

th
 in

 
D

ec
em

be
r t

o 
in

ve
st

ig
at

e 
th

e 
di

ff
us

e 
IS

M
 in

 th
e 

La
rg

e 
M

ag
el

la
ni

c
C

lo
ud



Ju
ne

 1
9,

 2
00

7

A
ck

no
w

le
dg

m
en

ts

•
U

K
IR

T 
st

af
f

•
N

SF
•

R
ef

er
en

ce
s

–
Fe

de
rm

an
, S

. R
., 

W
eb

er
, J

., 
&

 L
am

be
rt,

 D
. L

. 1
99

6,
 A

pJ
, 4

63
, 1

81
–

H
ar

tq
ui

st
, T

. W
., 

D
oy

le
, H

. T
., 

&
 D

al
ga

rn
o,

 A
. 1

97
8 

A
&

A
, 6

8,
 6

5
–

Le
 P

et
it,

 F
., 

R
ou

ef
f, 

E.
, &

 H
er

bs
t, 

E.
 2

00
4,

 A
&

A
, 4

17
, 9

93
–

M
cC

al
l, 

B
. J

., 
G

eb
al

le
, T

. R
., 

H
in

kl
e,

 K
. H

., 
&

 O
ka

, T
. 1

99
9,

 A
pJ

, 5
22

, 3
38

–
M

cC
al

l, 
B

. J
., 

et
 a

l. 
20

03
, N

at
ur

e,
 4

22
, 5

00
–

va
n 

D
is

ho
ec

k,
 E

. F
., 

&
 B

la
ck

, J
. H

. 1
98

6,
 A

pJ
S,

 6
2,

 1
09


