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Appendix A: Additional figures
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Fig. A.1. Energy level diagram of NH2. The observed transitions in this
paper are marked in red.
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Therefore statistically a 3:1 ratio is obtained.

Without any external force spontaneous flip are not likely to happen (e.g., the characteristic

timescale for radiative spontaneous spin flip from the ortho-H2 ground state (J = 1) to the para-H2

ground state (J = 0) is ⇡ 1013 yr Raich & Good 1964; Pachucki & Komasa 2008). So the para

and ortho forms remain in their originel configurations and then fomed two distinct molecules.

This constitutes the statistical population of the molecules which is di↵erent from the thermal

population of the molecule. If interactions between the two distinguishable species are possible

and e�cient then the OPR can relax towards the lower energy state and then tends to the thermal

OPR value (which depends on the molecule and temperature considered). This thermal OPR is

oftently oberved to be di↵erent than the statistical value for the lower temperature where only the

lower energy ground state tends to be populated. So the observations of OPRs di↵erent from their

statistical value should indicate that the surroundings temperatures are low.

2.1. NH2 OPR

The NH2 OPR can be expressed as follows:

OPR(Tkin) =
3
Portho

J gJ exp(�EJKa ,Kc
/kBT )

Ppara
J gJ exp(�EJKa ,Kc

/kBT )
(4)

with gJ , the degeneracy of the total angular momentum, EJ the energy of the rotational levels

(which also depends on the Ka and Kc pseudo-quantum numbers corresponding to the projections

of the total angular momentum J on, respectively, the plane axis (a) perpendicular to the rotation

axis and the axis perpendicular to the molecular plane (c)). kB stands for the Boltzmann constant.

Note that for simplicity the fine- and hyperfine-structures are ommited in this formula.

Figures 2 and 4 show in black the variation of the OPR of NH2 as a function of the kinetic

temperature at thermal equilibrium. Without any environmental constraints, the OPR should be

equal to the ratio of the statistical weights of all odd and even levels, that is to say 3 at high

temperature. At low temperatures only ground states are populated.

Due to the anti-symmetry of the electronic wave function, the ground spin state of ortho NH2

is the lowest level (see NH2 energy level diagram Fig. A.1 in Persson et al. 2016), the ground spin

state of the para form lying at an energy ⇠ 30.4 K higher. Thus, at low temperatures the NH2 OPR

can be written as follows:

OPR(Tlow) t
3 gJ=0 exp(�E000/Tkin)
gJ=1 exp(�E101/Tkin)

= exp
 ��E

Tkin

!
= exp

 
30.4
Tkin

!
(5)

where �E = E000 � E101 = �30.4 K is the energy di↵erence between the two ground spin states

ortho and para. Thus, OPR(15K) t 7.6, OPR(10K) t 21, and the OPR keep increasing with the

decreasing temperature, as shown by the black curve on Figures 2 and 4.

2.2. How to explain NH2 OPR below the thermal value?

In Persson et al. (2016), we suggested that the observed NH2 OPRs lower than the statistical weight

value could be due to the non-LTE OPR of H2 which should pertain at those low temperatures (see

Figure 1). The H2 OPR is indeed controlling the initiating key reaction involved in the formation

5
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Fig. 6. W31C. Upper: normalised spectra of the ortho 953 GHz and para
1444 GHz lines. Middle: deconvolved spectra where the strongest hfs
component is plotted for both transitions. The hot core VLSR is marked
with a dotted vertical line. Lower: the optical depth and column den-
sity ratios of the convolved spectra as functions of VLSR for absorptions
larger than 5σ. The horizontal dashed line marks the high-temperature
OPR limit of three. (Details are found in Sect. 3.4.)

exceeded five times the thermal root mean square (rms), as mea-
sured in line-free regions of the baseline. In a few cases we show
lower limits, where only the ortho line satisfies this condition.
Assuming that the OPR is constant across the line profile in each
velocity component, we show the equally weighted averages of
ratios over velocity ranges in magenta. All the resulting OPR
averages are listed in Table 3.

In summary, we find a value above the statistical limit in
the molecular envelope of W49N, 3.5 ± 0.1 (formal errors),
while for the other three molecular envelopes we find values
slightly below three, in the range (2.3−2.7) ± 0.1. In the translu-
cent interstellar gas towards W31C we find similar values of
(2.2−2.9) ± 0.2. However, we also obtain values above three in
the translucent gas; towards W31C we find one component with
!4.2, and, similarly, towards W49N one component with !5.0.
In addition, we find an OPR of 3.4 ± 0.1 in the redshifted dense
and cold filament interacting with W51 at VLSR ∼ 68 km s−1.

3.5. Uncertainties

The 1σ errors shown in Figs. 6–9 and given in Table 3 corre-
spond to quadratically summed uncertainties that are due to ther-
mal noise and and calibration, including uncertainties in the gain
ratios of upper and lower sidebands. The variation within the dy-
namical velocity components seems to be somewhat larger than
the formal errors when averaging over components. We do not
know at this time if this is a real chemical effect or a symptom
of imperfections in our approach or data.

Additional uncertainties, much more difficult to estimate ac-
curately, consist of errors in the deconvolution, emission from
the background hot cores, and the excitation. The deconvolution
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Fig. 7. W49N. Notation as in Fig. 6.

was checked by comparison of the main hfs component of the
respective line obtained from the deconvolution with the results
from Gaussian fits with good agreements. Examples are shown
for W31C in Figs. A.2, A.3, where we have used the results from
the Gaussian fitting performed in paper II. The emission of the
ortho line from the background hot core has a minor impact
on the derived OPR. For example, in W31C we obtain an OPR
of 1.6 without any of the emission or correction for excitation.
Adding the removal of emission the mean OPR increases to 1.8.

The largest uncertainty in the derived OPR is the excita-
tion, as shown in Fig. A.4. Using Eq. (3), we find upper limits
to the excitation temperatures as follows: Tex(ortho) " 15.1 K,
"17.0 K, "17.4 K, and "10.5 K, and Tex(para) " 29 K, "34 K,
"33 K, and "26 K, in the W31C, W49N, W51, and G34.3
molecular envelopes, respectively. Applying the correction
from the ALI modelling in W31C, Tex(ortho) = 12.8 K and
Tex(para) = 17.4 K, we find that the mean OPR increases from
1.8 to 2.5. It is clear that if the excitation temperatures are un-
derestimated, the derived OPRs will also be underestimated and
could reach, or exceed, the thermal equilibrium value. However,
the opposite is also true. The OPRs will be overestimated if we
apply too high excitation temperatures. The result in the W31C
molecular envelope, OPR = 2.5 ± 0.1, can, however, be com-
pared to the ALI model, where we find a similar value of 2.6
(Fig. 5), in support of an OPR below three. Towards G34.3, we
used an ortho excitation temperature that equals the upper limit
obtained from the observed almost saturated line, which sup-
ports a mean OPR below three in this source as well, even though
the para excitation may also play a role. For W49N and W51
the excitation temperature is more difficult to pinpoint, since we
were not able to find good ALI models, and the upper limits are
rather high. The OPR in these sources may in fact have been
overestimated since we have used the Tex derived from the ALI
models that did not reproduce the depth of the ortho absorptions,
partly because the excitation temperature was too high.

Assuming that the excitation along the sight-line gas is low,
the OPR in these components is not affected and hence can

A128, page 7 of 20

Romane	
  Le	
  Gal	
  –	
  The	
  Hydride	
  Toolbox	
  –	
  13	
  december	
  2016	
   7	
  

NH2	
  OPR	
  towards	
  W31C	
  &W49N	
  

Persson, Olofsson, Le Gal et al., A&A. (2016) 



A&A 586, A128 (2016)

Table 3. Resulting average OPRs, observed temperatures, TK, and the temperature ranges in which the OPRs are reproduced by model b, Tmod,
for a density of nH = 2 × 104 cm−3 (Fig. 10) in the molecular envelopes and the dense core associated with W51, and nH = 1 × 103 cm−3 for the
translucent gas (Fig. A.12).

Source VLSR OPR TK Tmod(t ≃ 5 × 105 yrs) Tmod(t ! 106 yrs)
(km s−1) (K) (K) (K)

Molecular envelopes

W31C −3.5 2.5(±0.1) 30−50(a) 28−35 32−35
W49N +8 3.5(±0.1) ∼130(b) 5−12 23−25
W51 +57 2.7(±0.1) 20−50(c) 23−28 29−32
G34 +58 2.3(±0.1) 20−70(c,d) !35 !35

Dense and cold core

W51 +68 3.4(±0.1) 10−30( f ) 10−13 23−25

Translucent gas Tmod(t ≃ 104 yrs) Tmod(t ! 106 yrs)
W31C +22 2.2(±0.2) 30−100(e) !27 !34

+28 2.9(±0.2) 20−100(e) 5−16 25−29
+40 2.6(±0.2) 25−75(e) 12−27 28−34

Tmod(t ! 5 × 104 yrs)
W31C +10 !1.7 . . . . . .

+17 !4.2 30−85(e) 17−21
W49N +39 !5.0 <15(e) 14−19

+63 !1.4 20−120(e) . . .

Notes. Details about the models are found in Sect. 4. The tabulated errors are the formal errors (details in Sect. 3.5.) (a) Fazio et al. (1978) and
Mueller et al. (2002). (b) Vastel et al. (2001). (c) van der Tak et al. (2013). (d) Derived from NH3 rotational transitions (Hajigholi et al. 2016). (e) The
excitation temperature of the CI 492 GHz line (Gerin et al. 2015). ( f ) Derived from CN and NH3 rotational transitions (Mookerjea et al. 2014).
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be considered as more robust than the results in the molecular
envelopes. However, Emprechtinger et al. (2013) showed that
the assumption that all population of water is in the ground
state is not valid in the foreground gas towards NGC 6334I. The
ortho-NH2 953 GHz line is less affected by the excitation than
the ortho-H2O 557 GHz line, however. Flagey et al. (2013) stud-
ied the water OPR along the same sight-lines as analysed in
this paper and found from analysing the two ortho ground-state
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Fig. 9. G34.3+0.1. Notation as in Fig. 6.

transitions at 557 GHz and 1 669 GHz that Tex ≈ 5 K. Assuming
that NH2 and NH3 co-exist, we checked in addition our ammo-
nia data along the same sight-lines as reported in this paper. We
observed ammonia JK = 10–00, 20–10, 30–20, 21–11, 31–21, and
32–22 lines and find no signs of absorptions, except for the lines
connecting to the lowest ground states. This suggests that the
excitation is also negligible in the 953 GHz and 1444 GHz NH2
lines (see Hajigholi et al. 2016, for ALI modelling of ammonia
in G34.3).

A128, page 8 of 20

Romane	
  Le	
  Gal	
  –	
  The	
  Hydride	
  Toolbox	
  –	
  13	
  december	
  2016	
   8	
  

A&A 586, A128 (2016)

Table 3. Resulting average OPRs, observed temperatures, TK, and the temperature ranges in which the OPRs are reproduced by model b, Tmod,
for a density of nH = 2 × 104 cm−3 (Fig. 10) in the molecular envelopes and the dense core associated with W51, and nH = 1 × 103 cm−3 for the
translucent gas (Fig. A.12).
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W51 +57 2.7(±0.1) 20−50(c) 23−28 29−32
G34 +58 2.3(±0.1) 20−70(c,d) !35 !35

Dense and cold core

W51 +68 3.4(±0.1) 10−30( f ) 10−13 23−25

Translucent gas Tmod(t ≃ 104 yrs) Tmod(t ! 106 yrs)
W31C +22 2.2(±0.2) 30−100(e) !27 !34

+28 2.9(±0.2) 20−100(e) 5−16 25−29
+40 2.6(±0.2) 25−75(e) 12−27 28−34

Tmod(t ! 5 × 104 yrs)
W31C +10 !1.7 . . . . . .

+17 !4.2 30−85(e) 17−21
W49N +39 !5.0 <15(e) 14−19

+63 !1.4 20−120(e) . . .

Notes. Details about the models are found in Sect. 4. The tabulated errors are the formal errors (details in Sect. 3.5.) (a) Fazio et al. (1978) and
Mueller et al. (2002). (b) Vastel et al. (2001). (c) van der Tak et al. (2013). (d) Derived from NH3 rotational transitions (Hajigholi et al. 2016). (e) The
excitation temperature of the CI 492 GHz line (Gerin et al. 2015). ( f ) Derived from CN and NH3 rotational transitions (Mookerjea et al. 2014).
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be considered as more robust than the results in the molecular
envelopes. However, Emprechtinger et al. (2013) showed that
the assumption that all population of water is in the ground
state is not valid in the foreground gas towards NGC 6334I. The
ortho-NH2 953 GHz line is less affected by the excitation than
the ortho-H2O 557 GHz line, however. Flagey et al. (2013) stud-
ied the water OPR along the same sight-lines as analysed in
this paper and found from analysing the two ortho ground-state
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transitions at 557 GHz and 1 669 GHz that Tex ≈ 5 K. Assuming
that NH2 and NH3 co-exist, we checked in addition our ammo-
nia data along the same sight-lines as reported in this paper. We
observed ammonia JK = 10–00, 20–10, 30–20, 21–11, 31–21, and
32–22 lines and find no signs of absorptions, except for the lines
connecting to the lowest ground states. This suggests that the
excitation is also negligible in the 953 GHz and 1444 GHz NH2
lines (see Hajigholi et al. 2016, for ALI modelling of ammonia
in G34.3).
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2. NH2 OPR and ortho-para interconversion

2.1. NH2 OPR under thermal conditions

The NH2 OPR under thermal conditions can be expressed by the
equation:

OPRNH2
(T ) =

3
Portho

J gJ exp(�EJKa ,Kc
/kBT )

Ppara
J gJ exp(�EJKa ,Kc

/kBT )
(1)

with gJ , the degeneracy of the total angular momentum, EJ the
energy of the rotational levels, which also depends on the Ka and
Kc pseudo-quantum numbers corresponding to the projections
of the total angular momentum J on the symmetry axes of the
prolate and oblate symmetric top limits, respectively (Townes &
Schawlow 1955). Ortho-NH2 corresponds to Ka + Kc = 2n, and
para-NH2 to Ka+Kc = 2n+1, with n a non-negative integer. For
simplicity the fine- and hyperfine-structure energies are omitted
in this formula.

Figure 1 shows in black the variation of the OPR of NH2
as a function of the temperature at thermal equilibrium. At high
temperatures, where many rotational levels are populated, the
thermal OPR is equal to three, the ratio of the statistical weights
of all ortho and para levels. At very low temperatures or strongly
subthermal rotational excitation, only the lowest ortho and para
rotational states are populated. Due to the anti-symmetry of the
ground electronic wave function, the ground rotational-spin state
(000) is an ortho state of NH2 while the lowest para rotational
state (101) lies 30.4 K higher (Persson et al. 2016). Thus, with
the additional assumption that the fine-structure and hyperfine-
structure energies are degenerate, at low temperatures, the NH2
OPR can be expressed by the equation:

OPRNH2
(Tlow) t

3 gJ=0 exp(�E000/T )
gJ=1 exp(�E101/T )

= exp
 ��E

T

!

= exp
 

30.4
T

!
, (2)

where �E = E000 � E101 = �30.4 K is the energy di↵erence
between the two ground rotational-spin states. Thus, the low-
temperature OPR continues to increase strongly with decreasing
temperature.

In the interstellar medium, true thermodyamic equilibrium,
at least between kinetic and rotational energy, is only reached at
the higher densities attainable. At lower densities, the rotational
excitation can be subthermal, so that the rotational temperature
lies below the kinetic temperature. In this case, it would be more
appropriate to use the rotational temperature in the OPR formu-
lae. For regions in which NH2 is detected in absorption, as is the
case for the observed values considered in the present study, the
low temperature limit is normally adequate.

2.2. NH2-OPR values below thermal equilibrium

In Persson et al. (2016), it was suggested that those observed
NH2-OPR values lower than the thermal value could arise be-
cause in such low temperature environments H2 is para-enriched.
The H2 OPR controls the key initiating reaction involved in the
formation of nitrogen hydrides and in particular the formation
of the ammonium ion, NH+4 , the main direct precursor of NH2 in
cold dense gas (Persson et al. 2016). NH2 can also be produced
through the dissociative recombination of NH+3 with electrons.
This pathway is not dominant for cold dense gas but can become

more e�cient for di↵use and translucent gas, where the electron
fraction is higher. For dense cold gas conditions, the nuclear spin
branching ratios in the dissociative recombination with electrons
of the three spin configurations of NH+4 (ortho, meta, and para)
primarily determines the NH2 OPR if it is only due to formation
processes, according to the formula:

OPRNH2 formation =
2 ⇥MPRNH+4 +

4
3 ⇥ OPRNH+4 + 1

2
3 ⇥ OPRNH+4 + 1

(3)

where MPR stands for meta-to-para ratio. Considering these
nuclear-spin selection rules, the gas-phase spin-conservation
model developed in Le Gal et al. (2014a,b) was able to reproduce
the NH2-OPR values below the statistical value of 3:1 observed
towards the molecular envelopes of W31C, W51 and G34.3, and
in translucent gas towards W31C. However, as mentioned in the
Introduction, this model was not able to reproduce a variety of
NH2-OPR values above three found towards the molecular en-
velope of W49N, a dense filament connected to W51, and some
translucent gas towards W31C and W49N.

2.3. Plausible H-exchange reaction between o-NH2 and
p-NH2

In order to understand the NH2-OPR values found above the sta-
tistical value of three, Persson et al. (2016) suggested that once
formed, the NH2 ortho and para radicals should undergo an H-
exchange reaction with H, allowing interconversion between the
lowest rotational states of ortho-NH2 and para-NH2, hereafter
o�NH2 and p�NH2 respectively:

p�NH2 + H ���*)��� o�NH2 + H + 30.4K, (4)

Such processes are likely to thermalize the OPR given su�cient
time. But if the reactive collisions are ine�cient, either because
they are inherently slow or because there are faster competitive
destruction mechanisms, the OPR should lie in between the for-
mation value of the NH2 OPR, produced by exothermic dissocia-
tive electronic recombination of NH+4 , and the thermalized value,
e.g. 7.6 at 15 K or 21 at 10 K. If, on the other hand, the average
time between two successive ortho/para exchange collisions be-
tween H and NH2 is negligible compared with the average life-
time of NH2 then the NH2 OPR should reflect the temperature
of the gas and follow the LTE OPR, which can be quite high at
su�ciently low temperatures.

To quantify these points, Persson et al. (2016) added the fol-
lowing two reactions to the Le Gal et al. (2014a) model:

H + o�NH2
ko!p���! H + p�NH2, (5)

H + p�NH2
kp!o���! H + o�NH2, (6)

with ko!p = kp!o exp(�30.4/T ) cm3 s�1, which should be accu-
rate at low temperatures. For the kp!o rate coe�cient, a typical
radical-radical value of 1⇥10�10 cm3 s�1 was chosen initially.

We label, as Model 1, the model b used in Persson et al.
(2016), which takes into account the network of reactions of Le
Gal et al. (2014a) with the addition of the forward and back-
ward NH2 + H reactions (5) and (6). The physical fixed condi-
tions used to run this model are typical of dense gas: a density
nH = 2⇥104 cm�3, the commonly used value ⇣ = 1.3⇥ 10�17 s�1

for the cosmic-ray ionization rate (Spitzer & Tomasko 1968;
Prasad & Huntress 1980; Wakelam et al. 2005; Vastel et al. 2006)

3
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prolate and oblate symmetric top limits, respectively (Townes &
Schawlow 1955). Ortho-NH2 corresponds to Ka + Kc = 2n, and
para-NH2 to Ka+Kc = 2n+1, with n a non-negative integer. For
simplicity the fine- and hyperfine-structure energies are omitted
in this formula.

Figure 1 shows in black the variation of the OPR of NH2
as a function of the temperature at thermal equilibrium. At high
temperatures, where many rotational levels are populated, the
thermal OPR is equal to three, the ratio of the statistical weights
of all ortho and para levels. At very low temperatures or strongly
subthermal rotational excitation, only the lowest ortho and para
rotational states are populated. Due to the anti-symmetry of the
ground electronic wave function, the ground rotational-spin state
(000) is an ortho state of NH2 while the lowest para rotational
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where �E = E000 � E101 = �30.4 K is the energy di↵erence
between the two ground rotational-spin states. Thus, the low-
temperature OPR continues to increase strongly with decreasing
temperature.

In the interstellar medium, true thermodyamic equilibrium,
at least between kinetic and rotational energy, is only reached at
the higher densities attainable. At lower densities, the rotational
excitation can be subthermal, so that the rotational temperature
lies below the kinetic temperature. In this case, it would be more
appropriate to use the rotational temperature in the OPR formu-
lae. For regions in which NH2 is detected in absorption, as is the
case for the observed values considered in the present study, the
low temperature limit is normally adequate.

2.2. NH2-OPR values below thermal equilibrium

In Persson et al. (2016), it was suggested that those observed
NH2-OPR values lower than the thermal value could arise be-
cause in such low temperature environments H2 is para-enriched.
The H2 OPR controls the key initiating reaction involved in the
formation of nitrogen hydrides and in particular the formation
of the ammonium ion, NH+4 , the main direct precursor of NH2 in
cold dense gas (Persson et al. 2016). NH2 can also be produced
through the dissociative recombination of NH+3 with electrons.
This pathway is not dominant for cold dense gas but can become

more e�cient for di↵use and translucent gas, where the electron
fraction is higher. For dense cold gas conditions, the nuclear spin
branching ratios in the dissociative recombination with electrons
of the three spin configurations of NH+4 (ortho, meta, and para)
primarily determines the NH2 OPR if it is only due to formation
processes, according to the formula:

OPRNH2 formation =
2 ⇥MPRNH+4 +

4
3 ⇥ OPRNH+4 + 1
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3 ⇥ OPRNH+4 + 1

(3)

where MPR stands for meta-to-para ratio. Considering these
nuclear-spin selection rules, the gas-phase spin-conservation
model developed in Le Gal et al. (2014a,b) was able to reproduce
the NH2-OPR values below the statistical value of 3:1 observed
towards the molecular envelopes of W31C, W51 and G34.3, and
in translucent gas towards W31C. However, as mentioned in the
Introduction, this model was not able to reproduce a variety of
NH2-OPR values above three found towards the molecular en-
velope of W49N, a dense filament connected to W51, and some
translucent gas towards W31C and W49N.

2.3. Plausible H-exchange reaction between o-NH2 and
p-NH2

In order to understand the NH2-OPR values found above the sta-
tistical value of three, Persson et al. (2016) suggested that once
formed, the NH2 ortho and para radicals should undergo an H-
exchange reaction with H, allowing interconversion between the
lowest rotational states of ortho-NH2 and para-NH2, hereafter
o�NH2 and p�NH2 respectively:

p�NH2 + H ���*)��� o�NH2 + H + 30.4K, (4)

Such processes are likely to thermalize the OPR given su�cient
time. But if the reactive collisions are ine�cient, either because
they are inherently slow or because there are faster competitive
destruction mechanisms, the OPR should lie in between the for-
mation value of the NH2 OPR, produced by exothermic dissocia-
tive electronic recombination of NH+4 , and the thermalized value,
e.g. 7.6 at 15 K or 21 at 10 K. If, on the other hand, the average
time between two successive ortho/para exchange collisions be-
tween H and NH2 is negligible compared with the average life-
time of NH2 then the NH2 OPR should reflect the temperature
of the gas and follow the LTE OPR, which can be quite high at
su�ciently low temperatures.

To quantify these points, Persson et al. (2016) added the fol-
lowing two reactions to the Le Gal et al. (2014a) model:

H + o�NH2
ko!p���! H + p�NH2, (5)

H + p�NH2
kp!o���! H + o�NH2, (6)

with ko!p = kp!o exp(�30.4/T ) cm3 s�1, which should be accu-
rate at low temperatures. For the kp!o rate coe�cient, a typical
radical-radical value of 1⇥10�10 cm3 s�1 was chosen initially.

We label, as Model 1, the model b used in Persson et al.
(2016), which takes into account the network of reactions of Le
Gal et al. (2014a) with the addition of the forward and back-
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2.1. NH2 OPR under thermal conditions

The NH2 OPR under thermal conditions can be expressed by the
equation:

OPRNH2
(T ) =
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Portho

J gJ exp(�EJKa ,Kc
/kBT )

Ppara
J gJ exp(�EJKa ,Kc

/kBT )
(1)

with gJ , the degeneracy of the total angular momentum, EJ the
energy of the rotational levels, which also depends on the Ka and
Kc pseudo-quantum numbers corresponding to the projections
of the total angular momentum J on the symmetry axes of the
prolate and oblate symmetric top limits, respectively (Townes &
Schawlow 1955). Ortho-NH2 corresponds to Ka + Kc = 2n, and
para-NH2 to Ka+Kc = 2n+1, with n a non-negative integer. For
simplicity the fine- and hyperfine-structure energies are omitted
in this formula.

Figure 1 shows in black the variation of the OPR of NH2
as a function of the temperature at thermal equilibrium. At high
temperatures, where many rotational levels are populated, the
thermal OPR is equal to three, the ratio of the statistical weights
of all ortho and para levels. At very low temperatures or strongly
subthermal rotational excitation, only the lowest ortho and para
rotational states are populated. Due to the anti-symmetry of the
ground electronic wave function, the ground rotational-spin state
(000) is an ortho state of NH2 while the lowest para rotational
state (101) lies 30.4 K higher (Persson et al. 2016). Thus, with
the additional assumption that the fine-structure and hyperfine-
structure energies are degenerate, at low temperatures, the NH2
OPR can be expressed by the equation:
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where �E = E000 � E101 = �30.4 K is the energy di↵erence
between the two ground rotational-spin states. Thus, the low-
temperature OPR continues to increase strongly with decreasing
temperature.

In the interstellar medium, true thermodyamic equilibrium,
at least between kinetic and rotational energy, is only reached at
the higher densities attainable. At lower densities, the rotational
excitation can be subthermal, so that the rotational temperature
lies below the kinetic temperature. In this case, it would be more
appropriate to use the rotational temperature in the OPR formu-
lae. For regions in which NH2 is detected in absorption, as is the
case for the observed values considered in the present study, the
low temperature limit is normally adequate.

2.2. NH2-OPR values below thermal equilibrium

In Persson et al. (2016), it was suggested that those observed
NH2-OPR values lower than the thermal value could arise be-
cause in such low temperature environments H2 is para-enriched.
The H2 OPR controls the key initiating reaction involved in the
formation of nitrogen hydrides and in particular the formation
of the ammonium ion, NH+4 , the main direct precursor of NH2 in
cold dense gas (Persson et al. 2016). NH2 can also be produced
through the dissociative recombination of NH+3 with electrons.
This pathway is not dominant for cold dense gas but can become

more e�cient for di↵use and translucent gas, where the electron
fraction is higher. For dense cold gas conditions, the nuclear spin
branching ratios in the dissociative recombination with electrons
of the three spin configurations of NH+4 (ortho, meta, and para)
primarily determines the NH2 OPR if it is only due to formation
processes, according to the formula:

OPRNH2 formation =
2 ⇥MPRNH+4 +

4
3 ⇥ OPRNH+4 + 1

2
3 ⇥ OPRNH+4 + 1

(3)

where MPR stands for meta-to-para ratio. Considering these
nuclear-spin selection rules, the gas-phase spin-conservation
model developed in Le Gal et al. (2014a,b) was able to reproduce
the NH2-OPR values below the statistical value of 3:1 observed
towards the molecular envelopes of W31C, W51 and G34.3, and
in translucent gas towards W31C. However, as mentioned in the
Introduction, this model was not able to reproduce a variety of
NH2-OPR values above three found towards the molecular en-
velope of W49N, a dense filament connected to W51, and some
translucent gas towards W31C and W49N.

2.3. Plausible H-exchange reaction between o-NH2 and
p-NH2

In order to understand the NH2-OPR values found above the sta-
tistical value of three, Persson et al. (2016) suggested that once
formed, the NH2 ortho and para radicals should undergo an H-
exchange reaction with H, allowing interconversion between the
lowest rotational states of ortho-NH2 and para-NH2, hereafter
o�NH2 and p�NH2 respectively:

p�NH2 + H ���*)��� o�NH2 + H + 30.4K, (4)

Such processes are likely to thermalize the OPR given su�cient
time. But if the reactive collisions are ine�cient, either because
they are inherently slow or because there are faster competitive
destruction mechanisms, the OPR should lie in between the for-
mation value of the NH2 OPR, produced by exothermic dissocia-
tive electronic recombination of NH+4 , and the thermalized value,
e.g. 7.6 at 15 K or 21 at 10 K. If, on the other hand, the average
time between two successive ortho/para exchange collisions be-
tween H and NH2 is negligible compared with the average life-
time of NH2 then the NH2 OPR should reflect the temperature
of the gas and follow the LTE OPR, which can be quite high at
su�ciently low temperatures.

To quantify these points, Persson et al. (2016) added the fol-
lowing two reactions to the Le Gal et al. (2014a) model:

H + o�NH2
ko!p���! H + p�NH2, (5)

H + p�NH2
kp!o���! H + o�NH2, (6)

with ko!p = kp!o exp(�30.4/T ) cm3 s�1, which should be accu-
rate at low temperatures. For the kp!o rate coe�cient, a typical
radical-radical value of 1⇥10�10 cm3 s�1 was chosen initially.

We label, as Model 1, the model b used in Persson et al.
(2016), which takes into account the network of reactions of Le
Gal et al. (2014a) with the addition of the forward and back-
ward NH2 + H reactions (5) and (6). The physical fixed condi-
tions used to run this model are typical of dense gas: a density
nH = 2⇥104 cm�3, the commonly used value ⇣ = 1.3⇥ 10�17 s�1

for the cosmic-ray ionization rate (Spitzer & Tomasko 1968;
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between the two ground rotational-spin states. Thus, the low-
temperature OPR continues to increase strongly with decreasing
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excitation can be subthermal, so that the rotational temperature
lies below the kinetic temperature. In this case, it would be more
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tween H and NH2 is negligible compared with the average life-
time of NH2 then the NH2 OPR should reflect the temperature
of the gas and follow the LTE OPR, which can be quite high at
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To quantify these points, Persson et al. (2016) added the fol-
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H + o�NH2
ko!p���! H + p�NH2, (5)
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with ko!p = kp!o exp(�30.4/T ) cm3 s�1, which should be accu-
rate at low temperatures. For the kp!o rate coe�cient, a typical
radical-radical value of 1⇥10�10 cm3 s�1 was chosen initially.

We label, as Model 1, the model b used in Persson et al.
(2016), which takes into account the network of reactions of Le
Gal et al. (2014a) with the addition of the forward and back-
ward NH2 + H reactions (5) and (6). The physical fixed condi-
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between the two ground rotational-spin states. Thus, the low-
temperature OPR continues to increase strongly with decreasing
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at least between kinetic and rotational energy, is only reached at
the higher densities attainable. At lower densities, the rotational
excitation can be subthermal, so that the rotational temperature
lies below the kinetic temperature. In this case, it would be more
appropriate to use the rotational temperature in the OPR formu-
lae. For regions in which NH2 is detected in absorption, as is the
case for the observed values considered in the present study, the
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cold dense gas (Persson et al. 2016). NH2 can also be produced
through the dissociative recombination of NH+3 with electrons.
This pathway is not dominant for cold dense gas but can become
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where MPR stands for meta-to-para ratio. Considering these
nuclear-spin selection rules, the gas-phase spin-conservation
model developed in Le Gal et al. (2014a,b) was able to reproduce
the NH2-OPR values below the statistical value of 3:1 observed
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in translucent gas towards W31C. However, as mentioned in the
Introduction, this model was not able to reproduce a variety of
NH2-OPR values above three found towards the molecular en-
velope of W49N, a dense filament connected to W51, and some
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In order to understand the NH2-OPR values found above the sta-
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exchange reaction with H, allowing interconversion between the
lowest rotational states of ortho-NH2 and para-NH2, hereafter
o�NH2 and p�NH2 respectively:
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Such processes are likely to thermalize the OPR given su�cient
time. But if the reactive collisions are ine�cient, either because
they are inherently slow or because there are faster competitive
destruction mechanisms, the OPR should lie in between the for-
mation value of the NH2 OPR, produced by exothermic dissocia-
tive electronic recombination of NH+4 , and the thermalized value,
e.g. 7.6 at 15 K or 21 at 10 K. If, on the other hand, the average
time between two successive ortho/para exchange collisions be-
tween H and NH2 is negligible compared with the average life-
time of NH2 then the NH2 OPR should reflect the temperature
of the gas and follow the LTE OPR, which can be quite high at
su�ciently low temperatures.
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Gal et al. (2014a) with the addition of the forward and back-
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Table 2. NH2 and NH destruction updates.

Chemical reactions(a) ↵ � � References
( cm3 s�1)

NH2 N ! N2 H H 1.2(-10) 0.00 0.00 KIDA(b)

NH2 O ! NH OH 7.0(-12) -0.1 0.00 KIDA(c)

3.5(-12) 0.5 0.00 Le Gal et al. (2014a)(d)

NH2 O ! HNO H 6.3(-11) -0.1 0.00 KIDA(c)

NH2 O ! NO H2 0.00 0.00 0.00 KIDA(c)

NH N ! N2 H 5.0(-11) 0.1 0.00 KIDA(e)

NH O ! OH N 0.00 0.00 0.00 KIDA(e)

2.9(-11) 0.00 0.00 Le Gal et al. (2014a)(d)

NH O ! NO H 6.6(-11) 0.00 0.00 KIDA(e)

Notes: Numbers in parentheses are powers of 10.
(a) For the reactions involving NH2 as a reactant, the same rate coe�cient is used for both ortho and para forms.
(b) Wakelam et al. (2013), KIDA datasheet (http://kida.obs.u-bordeaux1.fr/datasheet/datasheet 5734 N+NH2 V1.pdf);
(c) Wakelam et al. (2013), KIDA datasheet (http://kida.obs.u-bordeaux1.fr/datasheet/datasheet 290 O+NH2 V4.pdf);
(d) from Prasad & Huntress (1980);
(e) Wakelam et al. (2013), KIDA datasheet (http://kida.obs.u-bordeaux1.fr/datasheet/datasheet 1500 O+NH V7.pdf).

Table 3. Di↵erent models used in this work(a) .

Modifications
Models

1 2 3 4 5 6 7 1’

H + NH2 H-exchange addition (reactions 5 and 6) X X X X X X X X

NH2 destruction updates (see Table 2) X X X X X X

[Htot]ini = 2 ⇥ [H2] X X X X X

[Htot]ini = [H] X

[Htot]ini =
1
2 ⇥ [H] + [H2] X X

⇣ = 1.3⇥10�17 s�1 X X X X

⇣ = 3⇥10�17 s�1 X

⇣ = 2⇥10�16 s�1 X X X

nH = 2⇥104 cm�3 X X X X X

nH = 1⇥103 cm�3 X X X

[S]tot = 3.0⇥10�6 X X X X X

[S]tot = 1.3⇥10�5 X X X

Notes.

(a) All these models are based on the Le Gal et al. (2014a) model to which we have applied the modifications mentioned in the first column.

⇠ 2⇥105 yr, the thermalization becomes less e�cient due to the
decrease of the atomic hydrogen abundance.

Since our astrochemical model is a pseudo-time dependent
model, meaning that the physical conditions are fixed for the
entire simulation as a function of time, it would probably be
more realistic to start with hydrogen initially half atomic and half
molecular. This constitutes Model 4, for which the OPR results
are represented in Figure 9 and the H, N, O, o-NH2 and p-NH2
abundances at 20 K by the dashed-dotted lines in Figure 7. The
results are quite similar to those for Model 3, by comparison of
the dotted and dashed-dotted lines in the figure.

3.5. Impact of the cosmic-ray ionization rate

Another possible way to increase the atomic hydrogen abun-
dance in the gas phase is to vary the cosmic-ray ionization rate,
⇣, which is not well constrained in dense cold gas. We have var-
ied ⇣ in between the commonly used value of 1.3⇥10�17 s�1 and
1⇥10�16 s�1, which lies at the upper limit for dark cores (see

e.g. Caselli et al. 1998). The OPR values that we obtained by
running Model 2 with these di↵erent values of the cosmic-ray
ionization rate are displayed in Figure 10 as functions of temper-
ature at steady state and an earlier time. As can be seen, increas-
ing the cosmic-ray ionization rate increases the thermalization
of the NH2 OPR at low temperatures. The results in Figure 11
show that increasing ⇣ increases the atomic hydrogen abundance
in the gas phase and thus makes the H + NH2 H-exchange reac-
tion more e�cient compared to the destruction reactions of NH2
by N and O.

Specifically, we find that increasing the cosmic-ray ioniza-
tion rate by one order of magnitude increases the abundance
of hydrogen by approximately the same amount, and also that
even an increase to ⇣ = 3⇥10�17 s�1, a factor approximately
two times the standard value, allows the model to produce NH2-
OPR values above 3. This particular model is named Model 5
in Tables 3. Interestingly, the increased thermalization in Model
5 complements the increased thermalization produced by an ini-
tial non-zero abundance of atomic hydrogen in that the impact
of the ionization rate starts to a↵ect the hydrogen abundance at

7

Le Gal et al., A&A. (2016) 
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Table 3. Di↵erent models used in this work(a) .

Modifications
Models

1 2 3 4 5 6 7 1’

H + NH2 H-exchange addition (reactions 5 and 6) X X X X X X X X

NH2 destruction updates (see Table 2) X X X X X X

[Htot]ini = 2 ⇥ [H2] X X X X X

[Htot]ini = [H] X

[Htot]ini =
1
2 ⇥ [H] + [H2] X X

⇣ = 1.3⇥10�17 s�1 X X X X

⇣ = 3⇥10�17 s�1 X

⇣ = 2⇥10�16 s�1 X X X

nH = 2⇥104 cm�3 X X X X X

nH = 1⇥103 cm�3 X X X

[S]tot = 3.0⇥10�6 X X X X X

[S]tot = 1.3⇥10�5 X X X

Notes.

(a) All these models are based on the Le Gal et al. (2014a) model to which we have applied the modifications mentioned in the first column.

⇠ 2⇥105 yr, the thermalization becomes less e�cient due to the
decrease of the atomic hydrogen abundance.

Since our astrochemical model is a pseudo-time dependent
model, meaning that the physical conditions are fixed for the
entire simulation as a function of time, it would probably be
more realistic to start with hydrogen initially half atomic and half
molecular. This constitutes Model 4, for which the OPR results
are represented in Figure 9 and the H, N, O, o-NH2 and p-NH2
abundances at 20 K by the dashed-dotted lines in Figure 7. The
results are quite similar to those for Model 3, by comparison of
the dotted and dashed-dotted lines in the figure.

3.5. Impact of the cosmic-ray ionization rate

Another possible way to increase the atomic hydrogen abun-
dance in the gas phase is to vary the cosmic-ray ionization rate,
⇣, which is not well constrained in dense cold gas. We have var-
ied ⇣ in between the commonly used value of 1.3⇥10�17 s�1 and
1⇥10�16 s�1, which lies at the upper limit for dark cores (see

e.g. Caselli et al. 1998). The OPR values that we obtained by
running Model 2 with these di↵erent values of the cosmic-ray
ionization rate are displayed in Figure 10 as functions of temper-
ature at steady state and an earlier time. As can be seen, increas-
ing the cosmic-ray ionization rate increases the thermalization
of the NH2 OPR at low temperatures. The results in Figure 11
show that increasing ⇣ increases the atomic hydrogen abundance
in the gas phase and thus makes the H + NH2 H-exchange reac-
tion more e�cient compared to the destruction reactions of NH2
by N and O.

Specifically, we find that increasing the cosmic-ray ioniza-
tion rate by one order of magnitude increases the abundance
of hydrogen by approximately the same amount, and also that
even an increase to ⇣ = 3⇥10�17 s�1, a factor approximately
two times the standard value, allows the model to produce NH2-
OPR values above 3. This particular model is named Model 5
in Tables 3. Interestingly, the increased thermalization in Model
5 complements the increased thermalization produced by an ini-
tial non-zero abundance of atomic hydrogen in that the impact
of the ionization rate starts to a↵ect the hydrogen abundance at
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