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ABSTRACT 
Spectra of the N2H

+ J = 3->2 and 15NNH+ and N15NH+ J = 1 -> 0 rotational transitions 
have been obtained toward a sample of star-forming and cold dark clouds in the Galaxy. Toward the star- 
forming regions, line profiles are relatively narrow (typically 1-5 km s_1) and show no evidence of line wings, 
in contrast to the spectra of HCO+. The apparent absence of N2H

+ in hot, shocked gas suggests that this ion 
may be a selective tracer of extended, quiescent material. Column densities of N2H

+ were found to be Nioi ~ 5 
x 1012 cm-2 toward cold clouds and Ntot ~ 1014 cm-2 toward warm clouds. These values correspond to 

fractional abundances, relative to H2, of f ~ 4 x 10“10 toward both the warm and cold clouds. Such abun- 
dances agree well with predictions of quiescent cloud ion-molecule chemistry models, provided “ steady state,” 
not “early time” values are used. Thus, the abundance and distribution of N2H

+ is well-explained by ion- 
molecule chemistry, provided it has reached steady state, as is found for interstellar NH3. In contrast, most 
abundances of simple interstellar molecules are better reproduced by models calculated for early times. The 
N2H

+ results thus are further evidence that interstellar nitrogen chemistry is anomalous. 
Subject headings: ISM: abundances — ISM: molecules — molecular processes 

1. INTRODUCTION 

The interstellar molecular ion, N2H
+, was first observed by 

Turner (1974) toward several warm clouds and tentatively 
identified by Green, Montgomery, & Thaddeus (1974). This 
identification was made on the basis of calculations of the 
molecule’s quadrupole hyperfine structure in the J = 1 -► 0 
rotational transition produced by the spin of the outer nitro- 
gen nucleus. The identification was later confirmed by Thad- 
deus & Turner (1975), who observed spectra of the J = 1 -> 0 
line toward OMC-2, which showed the hyperfine lines due to 
the spin of the inner nitrogen atom as well. The nitrogen-15 
isotopic species, 15NNH+ and N15NH+, were first observed 
by Linke, Guélin, & Langer (1983) who detected their funda- 
mental transitions toward DR 21 (OH). 

N2H
+ is predicted by chemical models of dense clouds to be 

formed primarily by ion-molecule reactions, which proceed 
quickly at low temperatures because they are generally exo- 
thermic and contain negligible activation energies. The major 
route to the formation of N2H

+ in dense gas is the reaction: 

n2 + h3
+-*n2h

+ +h2, (1) 

which proceeds at the Langevin rate, k1 = 1.8 x 10“9 cm3 s_1 

(Herbst & Klemperer 1973). In fact, virtually all of the N2H
+ 

comes from this reaction (Nejad, Williams, & Charnley 1990). 
The molecule is thought to be destroyed in regions of very 
high density [n(H2) > 106 cm-3] and high temperature (TK > 
200 K) where the ion undergoes dissociative electron recom- 
bination, 

N2H
+ +é>--N2 + H (2) 

at a rate k2 = 1.6 x 10-6 cm3 s-1, recently measured at 110 K 
(Amano 1990). 

Because they can be produced at such low temperatures, 

1 Department of Physics and Astronomy, Arizona State University, Tempe, 
AZ 85287. 

2 Department of Chemistry, Arizona State University, Tempe, AZ 85287. 
3 Presidential Young Investigator. 

molecular ions are thought to be key species in interstellar 
chemistry. The only molecular ion in dense clouds which is 
well-studied thus far is HCO + . In contrast with predictions of 
ion-molecule chemical models, HCO+ often appears to have 
large abundances in hot outflow material such as that associ- 
ated with Orion, in addition to being present in regions of 
quiescent material (e.g., Vogel et al. 1984). Curiously, recent 
observations of N2H

+ toward Orion show that this ion is 
found exclusively in the undisturbed ridge gas (Womack, 
Ziurys, & Wyckoff 1991). These data suggest a differing chemi- 
cal behavior between two very common interstellar ions that is 
not predicted by ion-molecule models. Detailed knowledge of 
the characteristics of N2H

+ emission in other molecular clouds 
is thus essential for understanding ion-molecule chemistry. 

N2H
+ is of interest from another aspect. Despite the high 

cosmic abundance of nitrogen in the galaxy, the chemistry of 
nitrogen-bearing molecules in interstellar clouds is somewhat 
anomalous. While most observed molecular abundances in 
dense gas are reproduced fairly well by ion-molecule models of 
only ~105 yr, or at so-called “early times” (Brown & Rice 
1986), ammonia abundances are better predicted by models of 
clouds of ~ 106-107 yr, or when steady state is reached (Millar 
et al. 1988; Herbst & Leung 1989). In order to better elucidate 
the nature of nitrogen chemistry, abundances of more mol- 
ecules containing this element need to be determined. N2H

+ is 
an important species to study in this regard. Furthermore, 
since it is formed directly from molecular nitrogen, knowledge 
of the abundance of N2H

+ should directly reflect the amount 
of N2 present in dense gas, which as yet remains unknown. 

A survey of N2H + in molecular clouds had previously been 
performed by Turner & Thaddeus (1977) using the NR AO 36 
foot (11m) telescope. However, at the time these data were 
taken, receiver sensitivities were poor by comparison with 
those of the present. Also, Turner & Thaddeus observed only 
the J = 1 -> 0 transition of N2H

+. Consequently, estimates of 
the abundances and distribution of this ion could be improved 
upon. Their observations indicated that N2H + emission is gen- 
erally optically thin with narrow line widths. 
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In order to better determine the chemistry of N2H + , and 
nitrogen-containing molecules in general, we have conducted a 
renewed survey of N2H

+ via its J = 1 -► 0 and J = 3 2 tran- 
sitions, as well as the J = 1 -»0 transition of its nitrogen-15 
isotopes toward various star-forming regions and several dark 
clouds using the National Radiation Astronomy Observatory 
(NRAO) 12 m telescope. Here we present our data, including 
N2H + abundances, and discuss their implications for both ion- 
molecule and nitrogen chemistry. 

2. OBSERVATIONS 

Spectra of the J = 1 -► 0 rotational transition of N2H
+ at 

93.17358 GHz, 15NNH+ at 90.26383 GHz, and N15NH+ at 
91.20600 GHz, and the J = 3->2 transition of N2H

+ at 
279.5117 GHz were obtained with the NRAO 12 m telescope4 

on Kitt Peak in 1990 March. At 93 GHz, the half-power beam- 
width (HPBW) of the telescope was 70" and the beam effi- 
ciency, r¡c, was 0.88. The receiver consisted of a dual-channel, 
cooled SIS mixer, which was tuned to reject the image side- 
band. At 279 GHz, the beamwidth was 25", rjc = 0.35, and the 
receiver was a dual-channel, cooled Schottky diode mixer. In 
this case, a single-sideband filter was used to reject the image 
sideband. The IF frequency in all cases was 1.5 GHz and data 
were taken in the upper sideband. Temperature scales were 
established by the chopper-wheel method in terms of T%. The 
line radiation temperatures, TR, were determined from the cor- 
rected antenna temperatures, T%, where TR = T%Jr¡c. 

The backends for the 3 mm observations were two 128 
channel filterbanks with 250 kHz (0.80 km s “1) resolution and 
two 128 channel filters with 100 kHz (0.32 km s-1) resolution 
for the N2H

+ J = 1 ->0 data. Two 128 channel filterbanks 
with 1 MHz (3.3 km s~ ^ resolution were used for the isotopes, 
15NNH+ and N15NH+. The 1 mm data were obtained with 
either two 256 channel 1 MHz (1.07 km s-1) filterbanks or two 
256 2MHz (2.15 km s-1) filterbanks. Two filterbanks were 
necessary for each receiver channel in all cases. The spectra 
were taken in a position-switching mode, with the reference 
position 30' west in azimuth. 

Observations of the J = 1 -► 0 transitions of N2H + and the 
nitrogen-15 isotopes were performed toward all of the sources 
listed in Table 1. The J = 3-* 2 transition of N2H

+ was 
observed toward the warm clouds only. The coordinates of the 
clouds observed are given in Table 1. 

3. RESULTS 

The N2H
+ J = 1 -► 0 rotational transition at 93.17358 GHz 

exhibits a quadrupole hyperfine structure due to the spin of the 
two nitrogen nuclei. The outer nitrogen nucleus produces three 
hyperfine components, AFi = 0 (93.171881 GHz), AF1 = — 1 
(93.173777 GHz), and AF1 = +1 (93.176310 GHz) (Cazzoli et 
al. 1985). The inner nitrogen nucleus is responsible for further 
splitting of the AFX = 0 and AFX = — 1 components into three 
lines each, less than 250 kHz apart. The frequencies and sta- 
tistical weights of these hyperfine lines are given in Table 2. 

The structure of the J = 1 -► 0 transition of N2H + is shown 
clearly in the spectra obtained with 100 kHz resolution toward 
the cold clouds L134 N and TMC-1 (Fig. 1). The local ther- 
modynamic equilibrium (LTE) relative line strengths are 
shown beneath the spectrum of LI34 N. The J = 1 0 tran- 

4 The National Radio Astronomy Observatory (NRAO) is operated by 
Associated Universities, Inc., under contract with the National Science Foun- 
dation. 

TABLE 1 
Source Coordinates 

Source a (1950.0) ¿(1950.0) 

W3(OH)  
TMC-1   
Orion S  
Orion-KL  
Orion(3N, IE) .... 
L134N  
/?Oph   
Sgr B2 N   
Sgr B2(OH)   
W49   
W51N  
W51M   
B335   
DR 21 (OH)  
NGC7538   
NGC 75381RS 1 . 
NGC 75381RS 11 

2h23m17s0 
4 38 20.3 
5 32 45.4 
5 32 46.7 
5 33 02.0 

15 51 30.0 
16 23 55.0 
17 44 09.5 
17 44 11.0 
19 07 51.3 
19 21 22.2 
19 21 26.3 
19 34 54.0 
20 37 13.8 
23 11 36.7 
23 11 36.0 
23 11 36.1 

61°38'53" 
25 42 00 

-05 2605 
-05 2423 
-05 21 20 
-02 43 31 
-24 15 49 
-28 2120 
-28 22 30 

09 01 20 
14 25 17 
14 24 37 
07 27 20 
42 1153 
61 1047 
61 1147 
61 10 30 

sition observed toward the dark clouds p Oph and Orion 
(3N, IE) is shown in Figure 2. Toward most of the warmer 
clouds, only the hyperfine structure due to the outer nitrogen 
nucleus could be resolved in the J = 1 -► 0 transition ofN2H

+. 
The top panels of Figures 3-14 show this transition observed 
with 250 kHz resolution toward the following warm sources: 
Orion-KL, Orion-S, DR 21(OH), W3(OH), NGC 7538 1RS 1, 
NGC 7538 1RS 11, NGC 7538, W51 N, W51 M, W49, Sgr 
B2(OH) and Sgr B2 N. The J = 1 ->0 transition was newly 
detected toward W49. No anomalous hyperfine ratios were 
observed in the J = 1 ^ 0 transition toward any of the sources. 
Line temperatures, LSR velocities, and linewidths of the N2H + 

J = 1 —► 0 spectra are presented in Table 3. 
The J = 3-+2 transition of N2H

+ at 279.5117 GHz was 
detected toward the warm clouds listed above, using 1 MHz 
resolution, with the exception of Orion-KL, which was 
observed with 2 MHz resolution. The hyperfine splitting of this 
transition due to the outer nitrogen nucleus is calculated to be 
less than ~ 500 kHz and that due to the inner nitrogen nucleus 
is even smaller (Sastry et al. 1981). Thus the hyperfine structure 
of the J = 3-+2 transition could not be resolved in these 
spectra. The J = 32 spectra are shown in the middle panels 
of Figures 3-14. Toward LI34 N, an upper limit ofTR < 1.4 K 
was achieved for the J = 3 -► 2 line. The J = 3 2 line was 
newly detected toward all the sources. Measured quantities of 
the J = 3 -► 2 emission are presented in Table 4. 

Spectra were also obtained of the two nitrogen-15 isotopes, 
using resolutions of 250 kHz and 1000 MHz and are shown in 
the bottom panels of Figures 3-14. As the figures shown, the 
15NNH+ J = 1 ->0 transition (90.263833 GHz) was detected 
toward the following sources: NGC 7538 1RS 11, NGC 7538 

TABLE 2 
N2H

+ J = 1 0 Transition Frequencies 

F\F'-*FiF v(MHz) Relative Intensity 

10 11 93171.619 1 
12 12 93171.947 5 
11 10 93172.078 3 
22 11 93173.505 5 
23 12 93173.809 7 
21 11 93174.016 3 
01 12 93176.310 3 
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VLSR (km/s) 

Fig. 1.—Spectrum of the J = 1 -► 0 transition of N2H
+ observed toward 

{a) L134 N and (b) TMC-1, obtained with the NRAO 12 m telescope. Relative 
strengths of the hyperfine lines are indicated beneath the spectrum of LI34 N. 
Spectral resolution is 100 kHz (0.32 km s ~1). 

VLSr (km/s) 
Fig. 2.—Spectrum of the J = 1-+0 transition of N2H

+ observed toward 
(a) p Oph and {b) Orion (3N, IE). Spectral resolution is 100 kHz. 

Fig. 3.—Spectra toward Orion-KL of the N2H+ (a) J=l->0, (b) 
J = 3 -► 2, and (c) the 15NNH+ J = 1 -► 0 transitions, with 250 kHz (0.8 km 
s-1), 2 MHz (2.15 km s_1), and 1 MHz (3.2 km s-1) resolution, respectively. 
The J = 1 -+0 spectrum shows evidence of two separate velocity components 
indicative of two clouds (see Womack et al. 1991 ; Ziurys et al. 1992). 

Vlsr (km s x) 
Fig. 4.—Spectra toward Orion-S of the N2H+ {a) J =l-+0 and {b) 

J = 3 -► 2 transitions. Spectral resolution is 250 kHz (0.8 km s-1) for (à) and 
1 MHz (1.1 km s-1) for (b). Only one velocity component is present in these 
spectra, taken ~ V.5 south of KL/IRc 2. 
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VLSR (km s ^ 
Fig. 5.—Spectrum toward NGC 7538 of the N2H + (a) J = 1 ->0, (b) J = 

3-^2, and (c) N15NH+ J = 1 -► 0 transitions. Spectral resolution is 250 kHz 
for (a), and 1 MHz for (b) and (c). The nitrogen-15 isotope line is clearly present 
in this source. 

Vlsr (km s ) 
Fig. 7—Spectrum toward NGC 7538 1RS 11 of the N2H+ (a) J = 1 - 0, 

(b) J = 3-> 2, and (c) 15NNH+ J = 1 ->• 0 transitions. Spectral resolution is 
250 kHz for {a) and (c), and 1 MHz for (b). 

Fig. 6.—Spectrum toward NGC 7538 1RS 1 of the N2H
+ (a) J = 1 - 0, (h) 

J = 3 -+2, and (c) 15NNH+ J = 1 -► 0 transition. Spectral resolution is 
250 kHz for (a) and (c), and 1 MHz for (b). No evidence of line wings are 
present in the spectra, in contrast with CS and HCO+. 

Fig. 8.—Spectra toward W49 of the N2H + (a) J = 1 -► 0 and (b) J = 3-* 2 
transitions. Spectral resolution is 250 kHz for (a) and 1 MHz for {b). The 
j = 1 -+ 0 line profile peaks at 1^SR ~ 5 and 13 km s" ^ while the / = 3 -► 2 
line appears to have a single peak at ~ 11 km s-1. 
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VLSR (km s ^ 
Fig. 9.—Spectrum toward W51 N of the N2H

+ (a) J = 1 -► 0, (b) 
J = 3-^2, and (c) 15NNH+ J=l->0 transitions. Spectral resolution is 
250 kHz for (a), 2 MHz for (b), and 1 MHz for (c). There appears to be a single 
velocity component in all three transitions at FLSR ~ 62 km s~1. 

VLSR (km s ^ 
Fig. 11.—Spectrum toward DR 21(OH) of the N2H

+ (a) J = 1 - 0, {b) 
J = 3 -> 2, and (c) N15NH+ J = 1 ->0 transitions. Spectral resolution is 
250 kHz for {a) and (c), and 1 MHz for (b). 

Vlsr (km s l) 
Fig. 10.—Spectrum toward W51 M of the N2H

+ (a) J = 1 -► 0, (b) 
J = 3->2, and (c) 15NNH+ J=l->-0 transitions. Spectral resolution is 
250 kHz for (a), and 1 MHz for (b) and (c). The N2H

+ J = 1 -*0 and J = 
3 2 transitions both peak at FLSR ~ 57 km s-1, while the 15NNH+ line has a 
component at ~ 66 km s " ^ 

^lsr (km s ) 
Fig. 12—Spectrum toward W3(OH) of the N2H+ (a) 7 = 1^0, (b) 

J = 3-+2, and (c) 15NNH+ J=l-^0 transitions. Spectral resolution is 
250 kHz for {a), and 1 MHz for (b) and (c). 
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Fig. 13.—Spectra toward Sgr B2(OH) of the N2H+ (a) J = l->0, (b) 
J = 3-+2, and (c) 15NNH+ J=l-+0 transitions. Spectral resolution is 
250 kHz for (a) and 1 MHz for (b) and (c). Two velocity components were 
detected in the J = 1 -► 0 line profile, at ~75 and 48 km s-1. Two different 
components are seen in the J = 3 -► 2 transition, at ~69 and 52 km s-1. The 
isotope appears to peak at ~69 and 58 km s_1. These differences are likely due 
to varying beam sizes and/or optical depth effects. 

Fig. 14.—Spectrum toward Sgr B2 N of the N2H
+ (a) J = 1 —► 0, (b) 

J = 3->2, and (c) 15NNH+ J = 1 -*• 0 transitions. Spectral resolution is 
250 kHz for {a), 2 MHz for (b), and 1 MHz for (c). Two velocity components 
were detected in the J = 1 -► 0 profile, at ~84 and 49 km s_1. Two different 
velocities were detected in the J = 3 -* 2 transition at 74 and 55 km s-1. The 
isotope appears to have a single velocity at ~75 km s” \ These differences are 
likely due to varying beam sizes and/or optical depth effects. 

TABLE 3 
Observations of the N2H

+ J = 1 - ► 0 Transition 

^(K) 

F, = 1-1 Fi = 2-1 Fl = 0-1 

Source 
Av, rLSR L*ul/2 

F = 0-1 F = 2-2 F =1-0 F = 2-1 F = 3-2 F = 1-1 F = 1-2 (km s“1) (km s-1) 

W3(OH)   
TMC-1   
Orion-S  
Orion-KL   
Orion-KL   
Orion (3N,1E)   
L134N   
pOph  
Sgr B2 N  
Sgr B2 N  
Sgr B2(OH)  
Sgr B2(OH)  
W49  
W49  
W51 N  
W51M   
B335   
DR 21 (OH)   
NGC 7538   
NGC 75381RS 1 ... 
NGC 7538S 1RS 11 

0.52 

0.45 

1.68 

1.85 
0.90 
0.62 
0.06 

<0.10 

2.10 

3.68 
2.83 
2.70 
2.85 

1.43 

1.22 

1.30 

1.43 

2.65 
1.11 
1.62 
1.92 
0.79 
0.57 

3.15 
<0.07 

2.96 

2.42 
1.14 
0.77 
0.11 
1.72 

<0.10 

2.37 

5.98 
4.77 
4.01 
4.47 

1.75 

1.36 

0.72 
0.98 
0.72 
0.42 
0.30 

<0.03 
1.19 

<0.05 

1.17 

1.69 
1.31 
1.16 
1.40 

-46.2 
5.5 
6.4 
9.5 
7.5 

10.5 
2.1 
3.3 

83.8 
49.3 
75.2 
48.4 
13.2 

5.1 
61.1 
57.6 

-3.8 
-55.9 
-57.9 
-55.8 

3.15 
0.64 
1.91 
1.0 
1.7 

<3.2 
0.32 
2.0 

15.3 
14.5 
18.0 
15.1 
12.6 
10.6 
5.9 

13.5 

2.95 
3.91 
1.70 
2.90 
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TABLE 4 
Observations of the N2H+ J = 3 - ► 2 Transition 

Source 
Tr Llsr 

(K) (kms"1) 
A^l/2 

(km s 1) 

W3(OH)  
Orion-S   
Orion-KL  
L134N  
Sgr B2 N   
Sgr B2 N   
Sgr B2(OH)   
Sgr B2(OH)   
W49   
W51N  
W51 M   
DR 21(OH)   
NGC7538   
NGC 75381RS 1 . 
NGC 75381RS 11 

3.74 
10.38 
4.00 

<1.20 
2.44 
2.96 
3.42 
5.80 
1.31 
4.52 
4.45 

11.59 
6.15 
8.46 
4.94 

-45.3 
6.7 
9.0 

74.2 
55.3 
68.8 
52.3 
11.1 
61.8 
57.3 

-2.8 
-55.7 
-57.5 
-55.0 

5.2 
3.2 
5.0 

6.7 
6.4 

11.6 
16.8 
10.7 
7.5 

10.1 
5.2 
5.4 
3.2 
6.5 

1RS 1, Orion-KL, Sgr B2 N, Sgr B2(OH), W3(OH), W51 N, 
and W51 M. The splitting of the hyperfine lines of this tran- 
sition was less than the resolution of the filterbanks used 
(Linke et al. 1983) and thus, could not be observed. The 
N15NH+ J = 1 -► 0 transition (91.205999 GHz) was observed 
toward DR 21(OH) and NGC 7538. The hyperfine structure of 
this isotope could have been resolved in the 250 kHz filter- 
banks. However, the signal was so weak toward both sources 
that the isotope was clearly apparent only in the 1 MHz filter- 
banks, which were unable to resolve the hyperfine structure. 
Thus, toward DR 21(OH) and NGC 7538, a single line was 
detected, possibly broadened by the blended hyperfine struc- 
ture. Upper limits to the 15NNH+ J = 1 ->0 emission were 
obtained for TMC-1, L134 N, Orion (3N, IE), Orion S, B335, 
W49, and p Oph. Line parameters of the nitrogen-15 isotopes 
are presented in Table 5. 

4. DISCUSSION 

4.1. Column Densities 
Toward some of the dense clouds the N2H

+ emission may 
be saturated, and thus, column densities may be underesti- 

TABLE 5 
Observations of the 15NNH+ and N15NNH+ Lines3 

KsR Aü1/2 
Source (K) (kms ^ (kms-1) 

W3(OH)  0.02 -44.7 6.3 
TMC-1   <0.03 
Orion-S   <0.03 
Orion-KL  0.06 9.0 6.6 
Orion (3N, IE)  <0.04 
L134N  <0.02 
pOph   <0.03 
Sgr B2 N   0.09 75.4 13.5 
Sgr B2(OH)   0.03 68.7 6.7 
Sgr B2(OH)    0.03 57.5 10.3 
W49   <0.01 
W51N  0.04 63.7 4.0 
W51M   0.05 66.4 9.8 
B335   <0.02 
DR21(OH)a   0.08 -3.3 4.1 
NGC 7538a  0.04 -55.7 6.7 
NGC 75381RS 1   0.07 -56.3 4.2 
NGC 75381RS 11   0.04 - 55.0 3.8 

3 Denotes measurement of N15NH+ J = 1 ->0 transition. All 
others are of the 15NNH+ J = 1 -► 0 transition. 

mated if the opacity is not taken into account. The optical 
depth can be estimated from analysis of the relative intensities 
of the hyperfine components of N2H

+, as well as from the 15N 
isotope lines (see Swade 1989a). Both methods were used in our 
analysis. 

Opacities were derived from analysis of the J = 1 -► 0 tran- 
sitions of N2H

+ and 15NNH+ assuming 14N/15N - 300, 
found in the outer Galaxy (Wannier, Linke, & Penzias 1981). 
Where the hyperfine structure of the N2H

+ J = 1 ->0 tran- 
sition could be resolved, the relative intensities of the lines were 
used to calculate the optical depth as well. In particular, the 
opacity of the AFj = +1 component was computed since it 
was not blended with other nearby hyperfine lines toward most 
of the sources. Once the optical depth was determined for the 
AF1 = +1 line, the value was then divided by its statistical 
weight of ^ in order to calculate the total opacity of the N2H + 

J = 1 0 transition. 
Excitation temperatures for the J = 1 -► 0 transition were 

measured for the sources for which an N2H
+ opacity was 

reasonably estimated. Since no anomalous excitation was 
observed in the J = 1 0 hyperfine structure, LTE was 
assumed. The line radiation temperature and optical depth of a 
single hyperfine line were used to calculate Tex for this tran- 
sition assuming a unity filling factor. The energy difference 
between the J = 1 -► 0 hyperfine lines is so small (< 10-8 eV) 
that all hyperfine transitions were assumed to have the same 
excitation temperature. The calculated values of Tex are given 
in Table 6. 

For sources where both the J = 3 -► 2 and J = 1 -► 0 tran- 
sitions of N2H

+ were detected, a column density was calcu- 
lated using the ratio of the observed radiation temperatures of 
the two transitions with a large velocity gradient (LVG) 
analysis. Source sizes were estimated from mapping data of 
molecules with high dipole moments thought to be excited 
under similar physical conditions as N2H

+, such as CS, HCN, 
and HCO+. The sources were found to be extended with 
respect to the telescope beams for all transitions of N2H

+. 
Collisional cross sections for N2H

+ were taken from Green 
(1975). Typical cloud characteristics for the LVG modeling, 
such as Tk and n(H2), were estimated from the literature and 
are listed in Table 6. 

In addition, column densities were calculated analytically. 
Using the N2H

+ J = 1 -► 0 transition, the following equation 
was used to calculate the total column density of the molecule 
assuming the Rayleigh-Jeans approximation and t 1 : 

N tot 
3kl05TRAv1/2 Çrot 

Sti3Pqv(J + i)e-
AE'/T«* ’ (3) 

where 7^ot = rotational temperature, (rot = rotational partition 
function, J = lower rotational level, p0 = dipole moment of 
N2H

+ (3.4 D, Havenith et al. 1990), v = rest frequency of line, 
and AEj = energy above ground state. For the cold clouds, a 
correction due to the cosmic background temperature (Thg) 
was necessary and the above equation was modified to include 
(1 — Thg/Tex) in the denominator. Rotational temperatures for 
the warm clouds were estimated from the LVG analysis of the 
data. For the cold clouds, the rotational temperatures were 
assumed to be equal to the excitation temperatures (see Table 
6). All rotational temperatures used are given in Table 6. For 
optically thick emission at 3 mm, TR was substituted by TTex in 
equation (3) to calculate a column density. 

At 1 mm, the Rayleigh-Jean’s approximation was not used 
and equation (3) was changed to include ehv/kTex in the numer- 
ator to calculate column densities. For all sources the emission 
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TABLE 6 
N,H+ Column Densities and Fractional Abundances 

Source 
Tex 
(K) 

T,«‘ 
(K) (cm-3) 

TK‘ 
(K) 

JV(H2) 
(cm 2) 

JV(N2H+) 
(cm-2) /(N2H+) 

W3(OH)   
TMC-1   
Orion-S  
Orion-KLe   
Orion(3N, IE) .... 
L134N   
p Oph  
Sgr B2 Ne  
Sgr B2(OH)e  
W49  
W51M   
W51 N  
B335   
DR 21(OH)  
NGC7538   
NGC 75381RS 1 .. 
NGC 75381RS 11. 

12.0 
5.5 

10.7 

5.0 

5.8 

14.0 
26.0 
10.6 
27.0 

12.0 
5.5 

19.0 
25.0 
10.0 
5.0 

10.0 
25.0 
25.0 
15.0 
30.0 
12.0 
10.0 
13.0 
12.0 
15.0 
12.0 

3 x 105 

8 x 105 

8 x 105 

8 x 105 

1 x 105 

5 x 105 

2 x 105 

3 x 105 

1 x 105 

70 

100 
100 

80 

60 

50 
200 
200 
200 

2 x 1023b 

1 x 1022c 

1 x 1023d 

7 x 1023f 

1 x 1022c 

8 x 1021g 

2 x 1023h 

1024i 

1024i 

1024j 

1024j 

1024j 

1021k 

10231 

9 x 1022m 

9 x 1022m 

9 x 1022m 

(1.5 ± 1.0) 
(7.0 ± 3.0) 
(2.5 ± 1.0) 
(1.3 ± 1.0) 
(6.0 ± 3.0) 
(5.0 ± 3.0) 
(7.0 ± 3.0) 
(4.0 ± 3.0) 
(3.0 ± 2.0) 
(1.5 ± 0.5) 
(1.0 ± 0.5) 
(2.0 ± 1.5) 

<1.0 
(5.0 ± 1.5) 
(2.0 ± 1.5) 
(3.0 ± 2.0) 
(3.0 ± 2.0) 

1013 

1012 

1013 

1014 

1012 

1012 

1011 

1013 

1013 

1013 

1015 

1014 

1011 

1013 

1013 

1013 

1013 

7 x 10"11 

7 x 10"10 

3 x 10“10 

2 x lO“10 

6 x 10“10 

7 x 10"10 

4 x 10-12 

4 x 10-11 

3 x lO”11 

2 x lO-11 

1 x 10“9 

2 x lO"10 

<1 x lO“10 

5 x lO"10 

2 x lO-10 

T v in-10 

a Assumed quantity, see text for explanation. 
b Guilloteau et al. 1983. 
c Irvine et al. 1985. 
d Ziurys et al. 1990. 
e Average of multiple velocity components. 
f Plambeck et al. 1982. 
g Swade 1989a. 
h Loren and Wootten 1986. 
1 Goldsmith, Snell, & Lis 1987; Lis & Goldsmith 1990. 
j Jaffee, Becklin, & Hildebrand 1984; Jaffee, Harris, & Genzel 1987. 
k Frerking et al. 1987. 
1 Richardson et al. 1986. 
m Wilson et al. 1983. 

was assumed to be optically thin in the J = 3 -► 2 transition as 
indicated by an LVG analysis. If the J = 3 -► 2 transition is 
thick toward a source, then the column density calculated ana- 
lytically would be underestimated. 

4.2. The Dark Clouds 

L134 N (L183) and TMC-1 are cold dense clouds thought to 
have Tk and n(H2) ~ 104 cm-3 (Irvine, Schloerb, & Hjalmar- 
son 1985). LI34 N is rich in a wide variety of oxygen- 
containing species, such as S02 and HC02H. TMC-1 is a 
small condensation known to be rich in long carbon chain 
molecules. 

As is seen in Figure la, the line profiles of the J = 1 -► 0 
transition of N2H

+ toward L134 N and TMC-1 are very 
narrow. The measured linewidth toward L134 N, Ap1/2 = 0.32 
km s_1, and radial velocity, I^SR = 2.1 ± km s-1, are similar 
to measurements of other nitrogen-bearing molecules in the 
region such as NO (McGonagle et al. 1990) and NH3 and 
HCN (Swade 1989b). In addition, N2H

+ was observed toward 
L134 N by Swade (1989b), who measured Av1/2 = 0.47 km s_1 

and Flsr = 1.83 km s-1 within an arcminute of our source 
position (for a J = 1 -► 0 rest frequency = 93.17358 GHz). 

Toward TMC-1, the N2H
+ emission has an LSR velocity of 

4.8 km s~1 and linewidth of 0.64 km s~ ^ These line parameters 
are typical of observed emission in this region like NH3 
(Gaida, Ungerechts, & Winnewisser 1984). 

Analysis of the observed relative intensities of the hyperfine 
lines indicate that the N2H

+ J = 1 -► 0 emission is optically 
thick toward LI34 N (t = 8) and TMC-1 (t = 5). Thus, the 
column densities were calculated under this assumption. The 
rotational temperatures were taken to be 7^ot = 5 K, which is 

typically found for molecules with high dipole moments in 
cold, dark clouds (Swade 1989a). 

The excitation temperature for N2H')' toward L134 N was 
calculated to be 5.02 ± 0.25 K, in agreement with that of Tex = 
4.74 K derived by Swade (1989a) of a position less than one 
arcminute from our source position. Toward LI34 N, a 
column density of Ntoi = (5.2 ± 3.0) x 1012 cm-2 was calcu- 
lated from the J = 1 -► 0 transition of N2H

+. This agrees well 
with two values derived by Swade (1987) of Niot = 5.7 x 1012 

cm-2 and Ntot = 3.8 x 1012 cm-2. A fractional abundance of 
/~ 7 x 10“10 is derived for N2H + . Toward TMC-1, the exci- 
tation temperature was calculated to be Tex = 5.50 ± 0.40 K. 
For this source, a column density of Ntot = (6.9 ± 3.0) x 1012 

cm-2 was calculated, corresponding to/~7 x 10-10. 
The p Oph complex of molecular clouds contains several 

strong infrared sources and dense molecular cores and has a 
slightly higher kinetic temperature of 10-20 K (Wootten & 
Loren 1987). Excitation temperatures are also typically ~5 K 
higher than found in most dark clouds. Emission profiles typi- 
cally are narrow (~l-2 km s-1) with ^lsr ~ 3-5 km s-1 

(Loren, Wootten, & Wilking 1990; Loren 1989). 
Only the AF^ — and 0 hyperfine components were 

detected toward p Oph as shown in Figure 2a. The N2H + 

emission was found to be quite strong in this region by Loren 
& Wootten (1986), in contrast with our data. Comparison of 
our source position with their mapping data suggests that our 
N2H

+ spectrum was obtained at the outer edges of the cloud, 
which explains its weak intensity. 

A column density of iVtot = (6.7 ± 3.0) x 1011 cm-2 was cal- 
culated analytically for N2H + toward p Oph assuming that the 
emission is optically thin. This corresponds to a fractional 
abundance of/~ 5 x 10“12. 
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No N2H
+ emission was detected toward the B335, a dark 

globule thought to contain a compact far-infrared source 
(Keene et al. 1983). However, an upper limit of 7^ < 0.07 K 
was achieved for the J = 1 -► 0 transition. If the transition is 
assumed to be optically thin and Tex~ 10 K, then an upper 
limit to the N2H

+ column density is Ntot <1 x 1011 cm-2 and 
/< 1 x 10"10. 

4.3. Orion-KL, Orion-S, and Orion (3N, IE) 
The Orion molecular cloud OMC-1 is the nearest and best 

studied site of star formation and contains several regions of 
energetic activity. The most closely studied region within 
OMC-1 is Orion-KL, a ~30" area containing hot, dense gas 
with moderate to high-velocity outflows possibly associated 
with the young stellar object, IRc 2 (Downes et al. 1981 ; Plam- 
beck et al. 1982). The surrounding quiescent gas extends 
several arcminutes north and south of Orion-KL and is usually 
called the ridge or spike component, in reference to the very 
narrow line widths (Av1/2 ~ 2 km s”x) of molecular emission in 
this region. 

Two velocity components were detected in the 100 kHz 
spectrum of the N2H

+ J = 1 -> 0 emission at Orion-KL. They 
are somewhat visible with 250 kHz resolution (Fig. 3) and 
clearly seen with 100 kHz resolution (Fig. 15). These velocity 
components were mapped by Womack et al. (1991). Once com- 
ponent was observed at IlSR ~ 9.5 km s_1 to the northeast of 
KL and another to the southwest of KL at ^LSR ~ 7.2 km s 1. 
Both components have a line width ~1.5 km s-1 indicating 
that the N2H

+ emission arises from quiescent gas. The pre- 
sence of two separate clouds is the simplest interpretation of 
these observations. These spectra are discussed in further detail 
by Womack et al. (1991). 

The spatial distribution of N2H
+ differs from that of HCO + 

in Orion. For example, while HCO+ is observed in the 8 and 
10 km s-1 components of the quiescent ridge gas, with narrow 
line-widths of ~2.5 km s-1, the molecular ion is also observed 
to have broad line wings of up to 30 km s-1, thought to arise 

Fig. 15.—Spectrum of the N2H
+ J = 1 ->0 transition observed toward 

Orion-KL. Spectral resolution is 100 kHz (0.32 km s_1). Two velocity com- 
ponents are seen for each of the three AFX hyperfine lines; one has a radial 
velocity of ^lsr — 9-5 km s 1 and the other has ^LSR — 7.5 km s 1. This 
spectrum suggests the presence of two separate clouds in Orion-KL. 

from the moderate and high-velocity outflows near IRc 2 
(Vogel et al. 1984). On the other hand, N2H

+ has narrow line 
widths (~1.5 km s-1) toward Orion-KL, and maps of the 
region in this ion show the complete absence of any line wings 
or broadened velocity components (Womack et al. 1991; 
Ziurys et al. 1992). Both N2H

+ and HCO+ are thought to be 
produced largely by ion-molecule reactions, which typically 
proceed at low temperatures. The contrast between the two 
species is thus surprising. 

Spectra were also obtained of the N2H
+ J = 3-^2 and 

15NNH+ J = 1-+0 transitions toward Orion-KL, but with 
lower spectral resolution, as is shown in Figure 3. Thus, a 
single line was observed for each transition. For the 3 -► 2 
transition, a line width of 4 km s ~1 and ^lsr — 9 km s 1 were 
measured. For the isotope, IlSR ~ 9.0 km s-1 and Avi/2 = 6.6 
km s“1. An N2H

+ column density was calculated for Orion- 
KL both analytically and using the LVG model and was found 
to be Ntot = (1.5 ± 1.0) x 1014 cm-2 corresponding to frac- 
tional abundance off~2x 10“10. This column density is 
about an order of magnitude larger than the upper limit of 
Ntot < 1013 cm-2 measured by Turner & Thaddeus (1977). 

An additional site of star formation in Orion has been dis- 
covered at ~ 100" to the south of KL. This region, known as 
Orion S, contains an apparent young stellar object with a 
bipolar outflow (Ziurys et al. 1990) and hot dust (Keene, Hil- 
debrand, & Whitcomb 1982). Most molecular emission from 
Orion-S arises from a ^lsr — 6-5 km s 1 component with line 
widths -3-4 km s“1 for C34S, CH3CN, and NH3 and -6-8 
km s“1 for SiO (Batrla 1983; Ziurys et al. 1990). 

The N2H
+ emission toward Orion S was found to have a 

relatively narrow line width of Avi/2 — 2.5 km s-1, with a 
radial velocity of ^lsr ~ 6.5 km s 1 (see Fig. 4). There is no 
evidence of line wings, as found in SiO (Ziurys et al. 1990). A 
column density of Ntot = (2.5 ± 1.0) x 1013 cm-2 was calcu- 
lated using an LVG analysis and a fractional abundance of 
/— 3 x 10"10 is derived for N2H

+. 
Toward the north of Orion-KL is another source considered 

to be cold and dense called Orion (3N, IE). The N2H + 

J = 1 -► 0 line was found to be relatively narrow ( — 3 km s “x) 
toward this region with IlSR = 10.5 km s_1 (see Fig. 2b). This 
line profile is similar to those observed for other molecules in 
the region, such as NH3, CCH, and CN (Ziurys et al. 1982; 
Ziurys et al. 1981; Turner & Gammon 1975). These molecules 
have narrow line widths, but are found at slightly lower 
velocities of IlSR = 9.5-9.9 km s_1. Analysis of the J = 1 -► 0 
transition of N2H

+ and upper limit to 15NNH+ indicate 
that the emission toward Orion (3N, IE) is optically thin. 
The N2H

+ column density was calculated analytically and 
found to be Ntot = (6.0 ± 3.0) x 1012 cm-2, corresponding to 
/= 6 x nr10. 

4.4. NGC 7538, NGC 75381RS 1, and NGC 75381RS 11 
NGC 7538 is a star-formation region characterized by 

several compact infrared sources, a bipolar outflow and form- 
aldehyde masers (Pratap, Batrla, & Snyder 1990). Toward the 
nominal position, the J = 1 -► 0 and J = 3 -► 2 transitions of 
N2H

+ were observed to have Az;1/2 = 3.9 km s_1 and J'lsr — 

— 55.9 km s-1, as is seen in Figure 5. This line profile is similar 
to those observed for other molecules in the region such as 
HCN and CS (Pratap, Batrla, & Snyder 1989; Kameya et al. 
1986). The 15NNH+ isotope line was marginally detected, with 
a line temperature of 7^ = 0.04 K, indicating that the emission 
is probably optically thin (t — 0.3). An excitation temperature 
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of 7¡x = 27 K for the J = 1 -> 0 transition was derived. The 
N2H

+ column density was calculated to be Ntot = (2.0 ± 1.5) 
x 1013 cm-2, corresponding to a fractional abundance of 

/~2 x nr10. 
As Figure 6 shows, toward NGC 7538 1RS 1 the N2H + 

emission exhibits a narrow line width of Ai>1/2 = 1.7 km s-1 

with J^SR = —57.9 km s-1. The profile of N2H
+ is about half 

as broad as that observed toward the nominal position only T 
to the south. Analysis of the hyperfine line intensity ratios 
indicates a line opacity of t ~ 1 and cloud excitation tem- 
perature of Tex ~ 11 K. A column density of Niot = (3.0 ± 2.0) 
x 1013 cm-2 was calculated toward this position correspond- 

ing to a fractional abundance of/~3 x 10-10. 
Toward NGC 7538 1RS 11 all three transitions of N2H

+ 

were observed, with a line width of Ai>1/2 = 2.9 km s-1 and 
Vlsr= —55.8 km s-1 (see Fig. 7). This profile is slightly 
broader than the emission at NGC 7538 1RS 1, but less than 
that of the nominal position. Toward NGC 75381RS 1, HCO + 

line profiles have line widths of ~2 km s-1 with 10 km s-1 

wings, suggestive of high-velocity outflows (Pratap et al. 1990). 
Interestingly, none of the N2H

+ data shows such a line wings. 
Analysis of the N2H

+ and 15NNH+ J = 1 ->0 lines and the 
main isotope’s hyperfine lines indicate that the N2H + emission 
is nearly optically thin (t = 0.25) and the excitation tem- 
perature is Tex ~ 27 K. A column density of Ntot = (3.0 + 2.0) 
x 1013 cm-2 and a fractional abundance of f ~ 3 x 10“10 

was found for N2H
+ toward NGC 7538 1RS 11. 

4.5. W49, W51 N, and W51 M 
W49, W51 N, and W51 M are all regions of active high-mass 

star formation, characterized by high temperatures and den- 
sities. The cloud morphology toward W49 region is difficult to 
ascertain due to unusual molecular line profiles, which have 
several disputed explanations. Observations of CO and HCO + 

suggest that two clouds are present along the line of sight—one 
with a I^SR = + 4 km s -1 and another +12 km s “1 (Mufson & 
Liszt 1977; Miyawaki, Hayashi, & Hasegawa 1986; Nyman 
1983). However, line profiles of 13CO, C180, and H13CO+ are 
consistent with emission from a single cloud with J^SR ~ 7 km 
s_1 and line widths of ~15 km s-1 (Mufson & Liszt 1977; 
Nyman 1984). A dip in emission is observed in the profiles of 
HCO+, 13CO, C2H, CS, and SiO, but not in H13CO+. Thus, it 
has also been argued that the two apparent velocities in some 
line profiles are due to self-reversal. In addition, HCO+ and 
SiO are both observed to have broad line wings toward W49 
(Nyman 1983 ; Downes et al. 1982). 

The N2H
+ spectra toward W49 also exhibits a complicated 

profile. As is seen in Figure 8, the J = 1 0 profile peaks at 
two radial velocities : one with J^SR ~ + 5 km s -1 and another 
with I^SR ~ +13 km s-1. This shape closely resembles that 
obtained of CS obtained by Miyawaki et al. (1986), which 
shows the same dip in emission at about ~8 km s_1. It is not 
clear whether the two peaks are due to the presence of two 
different sources of N2H

+ emission or whether they are evi- 
dence for self-reversal. The J = 3 -► 2 transition of the mol- 
ecule was marginally detected toward W49 and its profile 
suggests a single velocity component at Jlsr ~ 10 km s 1 with 
a line width of ~ 11 km s-1. Although the signal-to-noise ratio 
is poor, the J = 3 -► 2 profile does appear to arise from the 
higher velocity component. 

The 15NNH+ J = 1 —» 0 line was not detected toward W49 
down to a limit ofTR< 0.01 K. Consequently, the N2H

+ emis- 
sion was assumed to be optically thin. A column density was 

calculated under this assumption to be Ntot = (1.5 + 0.5) 
x 1013 cm-2 corresponding to a fractional abundance of 

/~5 x KT11. 
The W51 molecular complex has two regions containing 

infrared sources associated with H20 masers: W51 N and 
W51 M. The J = 1 -» 0 and J = 3 -► 2 transitions of N2H

+ 

were detected toward W51 N, and the J=l-^0 line of 
15NNH+ was marginally detected toward this source, as is 
seen from Figure 9. The emission for all three transitions was 
at IlSR ~ 62 km s ~1 with line widths of ~ 4-7 km s “ ^ The line 
profiles of N2H

+ are about half as broad as those observed for 
other molecules such as CO toward W51 N (e.g., Jaffee, Harris, 
& Genzel 1987). In addition, there is evidence of emission at 
~45 km s-1 seen in the N2H

+ J = 1 ->0 spectrum. Several 
velocity components have been observed toward W51 in other 
molecules, including peaks in emission at IlSR ~ 52 km s ~1 in 
CO and CS, 58 km s_1 in CO, CS, and H2CO and at 66 km 
s“1 in CS, H2CO, and HCN (e.g., Mufson & Liszt 1979; 
Penzias et al. 1971; Snyder & Buhl 1971). The N2H

+ emission 
toward W51 N peaks at a different velocity, 62 km s-1. An 
opacity of t = 5 was determined from the analysis of the indi- 
vidual hyperfine line intensities and also from the isotope data 
and an excitation temperature of 7¡x ~ 6 K was derived. A 
column density of N2H

+ toward this source was found to be 
Ntot = (2.0 + 1.5) x 1014 cm-2 corresponding to a fractional 
abundance of/ ~ 7 x 10“10. 

The W51 M region has been compared with the star- 
forming environment of Orion-KL (Bally et al. 1987). As 
Figure 10a shows, the N2H

+ J = 1 ->0 line profile toward 
W51 M was found to be unusually shaped with f^SR ~ 57 km 
s-1 and Ai;1/2 = 13.5 km s_1. This shape cannot be explained 
by the hyperfine structure. The J = 3 -► 2 transition was also 
observed at IlSR ~ 57 km s “1 with a slightly narrower line 
width of 10.1 km s_1 (see Fig. 11b). Interestingly, the 15NNH + 

transition was observed at J'lsr ~ 66 km s 1 with Ai;1/2 = 9.8 
km s-1, a ~9 km s-1 shift in velocity from the peak of the 
main isotope N2H

+ emission. Thus, there appear to be two 
components of emission in N2H

+ toward W51 M. Possible 
emission at 66 km s -1 may explain the shoulder feature on the 
J = 1 -► 0 line profile in Figure 10a. The 66 km s-1 velocity 
component is also seen in H2CO, CS, and HCN as noted 
above. Analysis of the main and lesser isotope emission indi- 
cates an optical depth of t ~ 5 for N2H

+. The column density 
toward this cloud is ATtot = (1.0 + 0.5) x 1015 cm-2 with 
/- 5 x lO"10. 

4.6. DR 21(OH) and W3(OH) 
DR 21 (OH) is a compact molecular cloud associated with 

H20 maser activity. All three N2H
+ transitions were observed 

toward this source (Fig. 11). The J = 1 -► 0 transition has a line 
width of ~3 km s-1 with ^lsr — ~ 5.8 km s \ similar to 
observations made of the molecule in the same region by Linke 
et al. (1983). Other molecules observed in this region, such as 
CS and C2H, have similarly narrow line widths, while HCO + 

and HCN spectra exhibit broad wings (Nyman 1984). N2H + 

does not exhibit these line wings. 
Analysis of the nitrogen-14 and -15 isotope emission and the 

relative intensities of the N2H
+ hyperfine lines indicate an 

optical depth of t ~ 1.5 toward DR 21(OH), slightly higher 
than the determination of t = 0.4 for this source by Linke et al. 
(1983). An excitation temperature of Tex ~ 14 K was calculated 
for the J = 1 -► 0 transition. 

An N2H
+ column density toward DR 21(OH) was deter- 
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mined using both the J = 1 -> 0 and 3 -> 2 lines in an analyti- 
cal calculation as well as an LVG analysis and found to be 
Ntot = (5.0 ± 1.5) x 1013 cm-2. This is in good agreement with 
the value of Ntot = 6 x 1013 cm-2, derived by Linke et al. 
(1983) from spectra of 15NNH+ and N15NNH+ and an 
assumed 14N/15N abundance ratio. A fractional abundance of 
/~8 x 10”11 is derived for N2H

+. 
W3(OH) is considered to be a site of recent O star formation 

and includes a very compact H n region. The cloud has a radial 
velocity of —44.8 km s-1 and line widths of ~2 km s_1 as 
measured in NH3 spectra (Reid, Myers, & Bieging 1987). The 
J = 1 ->0 and J = 3 -> 2 transitions of N2H

+ were both found 
to be relatively strong toward W3(OH) with 1^SR = —47.2 
km s-1 and Ai;1/2 ~ 5 km s-1 (see Fig. 12). The 15NNH+ was 
marginally detected at J^SR ~ —46 km s -1 with a line width of 
~6 km s“1. The optical depth was estimated from analysis of 
the hyperfine line intensities, as well as comparison of the main 
and isotope lines of the J = 1 -► 0 transition, and found to be 
thin. A column density of Ntot = (1.3 ± 1.0) x 1013 cm-2 was 
calculated for N2H

+ toward W3(OH) corresponding to a frac- 
tional abundance off ~ 7 x 10“11. 

4.7. Sgr B2(OH) and Sgr B2 N 

Virtually all interstellar molecules discovered to date have 
been observed toward the giant molecular clouds associated 
with the compact H n region Sgr B2. This source, located only 
~120 pc from the Galactic center, is a site of massive star 
formation and has a very complicated cloud structure, as is 
shown in the spectra of many molecules (e.g., Cummins, Linke, 
& Thaddeus 1986). Likewise, a complex velocity structure was 
observed in the N2H + emission toward the Sgr B2 clouds. 

Toward Sgr B2(OH) what appear to be two velocity com- 
ponents were detected in the J = 1 -► 0 transition of N2H

+ : 
one with J^SR = 75 km s“1 and another at J^SR = 48 km s“1, 
both with approximately the same line width of Aí;1/2 = 15 km 
s“1 (see Fig. 13). These two components were observed in 
N2H

+ by Turner & Thaddeus (1977) and have also been seen 
in other molecules such as HCN, HCO+, CH3OH, and SiO. 
However, the J = 3 -► 2 transition was detected at ~ 53 km 
s“1 with a hint of emission at ~71 km s“1. The discrepancy 
between the J = 1 -► 0 and J = 3 -> 2 line profiles may be due 
to the differing beam sizes at the respective frequencies, or 
possibly optical depth effects. These two velocities were also 
seen in HC3N. In the 15NNH+ emission, only a broad com- 
ponent was observed near Ilsr ~ 61 km s“1. This velocity 
corresponds to the dip in the main isotope spectrum and may 
indicate self-reversal in the main line. 

Toward Sgr B2 N, the N2H
+ emission also arises from 

several velocity components. The J = 1 -► 0 profile has two 
peaks, one at 83 km s“1 and another at 50 km s“1 as is shown 
in Figure 14. The higher velocity emission is about 2.5 times as 
strong as the 50 km s“1 component. Two different velocities 
are apparent in the J = 3 -► 2 emission—one at 55 km s“1 and 
another at 74 km s“1. Both of the velocity components in the 
3 -► 2 emission are much narrower than those of the J = 1 -► 0 
emission. Again, varying beam sizes and optical depth effects 
are likely to account for the differences in these two spectra. 
The 15NNH+ emission was detected only in the 74 km s“1 

component apparent in the J = 3 -► 2 line. 
Interpretation of the N2H

+ spectra is difficult due to the 
many different velocity components in these two clouds. 
Because of the discrepancies in the J = 1 -► 0 and J = 3 -► 2 
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line profiles, an LVG analysis was not performed for the 
Sgr B2 sources. Instead, column densities were calculated from 
the individual rotational lines using the optically thin approx- 
imation and assumed rotational temperatures. Because the 
J = 1 -* 0 line may be optically thick, the column densities 
may be underestimated. Average column densities were found 
to be Atot = (3.0 ± 2.0) x 1013 cm“2 for Sgr B2(OH) and 
ATtot = (4.0 ± 3.0) x 1013 cm“2 for Sgr B2 N corresponding to 
fractional abundances of 3 x 10“11 and 4 x 10“^ respec- 
tively. Again, these values are likely to be underestimated. 

4.8. Implications for Ion-Molecule Chemistry 

Ion-molecule models predict that molecular ions should be 
produced primarily in cold, quiescent gas. The only molecular 
ion in dense gas which has been previously studied in detail is 
HCO+, which is abundant in cold, unperturbed regions. For 
example, spectra of the HCO+ J = 1 -► 0 transition obtained 
toward Orion-KL, DR 21 (OH), and NGC 7538 have relatively 
narrow line widths (At;1/2 = 2-4 km s“x) characteristic of emis- 
sion from cold, quiescent regions, However, the HCO+ line 
profiles also exhibit broad line wings of 10-25 km s“1 (Vogel et 
al. 1984; Nyman 1984; Pratap et al. 1990). Such extended line 
wings are indicative of emission arising from hot, perturbed 
gas in outflows. Thus, the chemical behavior of HCO + cannot 
be explained entirely by ion-molecule models. 

On the other hand, our survey shows that N2H
+ is present 

overwhelmingly in quiescent regions. This is shown by the 
narrow line-widths observed (At;1/2 < 3-5 km s“1) for N2H

+ 

and the generally low-excitation temperatures (Tex < 20 K) of 
the J = 1 -► 0 transition. Also, there are no line wings observed 
in any of the N2H + spectra, even toward sources where HCO + 

exhibits them quite prominently. In addition, LVG modeling 
results of the J = 1 -> 0 and J = 32 transitions suggest that 
N2H

+ is present in gas of moderate density, rc(H2) ~ 105 cm“3 

(see Table 6), consistent with ion-molecule models, which 
predict molecular ions to be destroyed as densities increase 
[n(H2) > 106 cm“3]. The chemical behavior of N2H

+ thus 
appears to be well-explained by ion-molecule models. 

The differences between HCO+ and N2H
+ are puzzling. 

This is particularly true since HCO+ is produced and 
destroyed in a similar manner to N2H + . It is formed by the 
reaction 

CO + H3
+-HCO++H2 (4) 

and destroyed by electron recombination. However, in more 
diffuse shocked gas, HCO+ is thought to also be formed by 
reactions of C+ (Mitchell & Deveau 1983), i.e., by formation 
routes not available to N2H

+. Perhaps this may explain the 
absence of N2H

+ in shocked outflow material. Observations 
probing possible correlations of HCO+ with C i and C+ may 
be helpful in clarifying the chemistry of HCO +. 

The fractional abundances of N2H
+ in the dense clouds 

observed have a mean value of/= (3.6 ± 3.1) x 10“10. Within 
the errors, there is no appreciable difference between the ion’s 
abundances in dark and warm clouds. This is additional evi- 
dence for the production of N2H

+ in quiescent gas. Curiously, 
these abundances correspond to those predicted by models of 
ion-molecule chemistry which have reached steady state. For 
example, early time models predict fractional abundances for 
N2H

+ of f ~ 10“13 to 10“12, while the steady state models 
predict /- 10“11 to 10“10 (Millar 1990; Herbst & Leung 
1989; Brown & Rice 1986). 

SURVEY OF N2H
+ IN DENSE CLOUDS 
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4.9. N2H
+ and Interstellar Nitrogen Chemistry 

It is significant that N2H
+ abundances in both warm and 

cold dense clouds are better reproduced by ion-molecule 
models which have reached steady state. As mentioned, NH3 
abundances in dense clouds are also better predicted by 
models of steady state rather than of early times (Millar 1990). 
However, dense cloud abundances of NO appear well 
explained by models of early time chemistry (Ziurys et al. 
1991). The differences between the model predictions of N2H

+, 
NH3, and NO may be due to the different formation pathways. 
The production of NO in dense clouds is thought to be from 
the neutral neutral reaction 

N + OH -► NO + H (5) 

(Pineau des Forêts, Roueff, & Flower 1990; Millar 1990). 
Molecular nitrogen can then be produced via 

NO + N -► N2 + O . (6) 

At this point, N2H
+ can be formed from N2 according to 

equation (1). The direct link between the N2 and NO pro- 
duction suggests that the abundances of both molecules should 
be predicted best by the same type of ion-molecule chemical 
model. Thus, it is difficult to understand why NO abundances 
are better fit by early time models, while N2H

+ abundances 
indicate a steady state model is more appropriate. 

Another set of reactions, initiated by carbon-bearing rather 
than oxygen-bearing molecules, has been suggested for the 
production of N2H

+ (Nejad et al. 1990). In this model, the 
following reaction sequence 

N N 
CH -► CN -► N2 (7) 

and equation (1) is considered to be the most important route 
to N2H

+ formation. Once N2 has been formed, ammonia is 
considered to be produced primarily from the following reac- 
tion 

He+ H2 H2 H2 H2 e- 
N2->N+^NH+-^NH2

+^NH3
+^NH^^NH3. (8) 

Thus, perhaps the agreement of N2H
+ and NH3 abundances 

with steady state models is due to a nitrogen chemistry initi- 
ated by reactions with carbon-based species, as opposed to the 
usual assumption of oxygen-based molecules as precursors. In 
order to better understand the chemistry of simple nitrogen- 
bearing molecules, more studies of the spatial distribution and 
line profiles of NO and N2H

+ are needed. In addition, com- 
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parison of CN, CH, and N2H
+ data may be helpful in examin- 

ing formation pathways in nitrogen chemistry. 

4.10. N2H + : A T racer of Quiescent Gas ? 
These observations do suggest that N2H

+ appears to be an 
excellent tracer of quiescent gas. This is shown by the narrow 
line widths found in both transitions of the ion, its low- 
excitation temperatures, and the lack of appreciable difference 
in abundances in warm and cold clouds. Such behavior is pre- 
dicted from ion-molecule chemistry, but as discussed, is not 
found for HCO+. In fact, molecules normally used to trace 
large-scale structure of clouds such as CO, CS, HCO+, and 
HCN are usually present both in hot and cold material. Thus, 
they are not very selective as tracers of extended gas, unlike 
N2H

+. N2H
+ sharply contrasts the chemical behavior of SiO, 

which appears to be present only in hot, disturbed gas (Ziurys, 
Friberg, & Irvine 1989). 

5. CONCLUSIONS 

Our survey of N2H
+ toward both warm and cold clouds 

suggests that there is little difference in the chemical behavior 
of this species in the two cloud types. Column densities of 
N2H

+ calculated from the data were found to be Ntot ~ 5 
x 1012 cm-2 for the cold clouds and Ntot ~ 1 x 1014 cm-2 for 

the warm clouds. However, fractional abundances of N2H + 

with respect to H2 were found to be fairly uniform between the 
two classes of objects, with typically/~6 x 10~10 for cold 
clouds and/~ 3 x 10“10 for warm regions, with an average of 
f ~ 4 x 10-10. Also, N2H

+ in all sources was found to exhibit 
narrow line widths and low-excitation temperatures. No evi- 
dence for the presence of the ion in hot, shocked outflows was 
found. Thus the abundance and distribution of N2H

+ is well- 
explained by quiescent cloud, ion-molecule chemistry. 
However, the observed abundances of this species compare 
better with ion-molecule model calculations which have 
reached “steady state,” versus those at “early times.” Inter- 
estingly, observed abundances of NH3 are also better pro- 
duced by steady state models. Thus, the chemistry of nitrogen 
and hydrogen containing compounds in quiescent gas may 
have reached steady state. 
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