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Abstract. The problem of the origin of nitrogen is considered within the framework of an empirical approach. The oxygen
abundances and nitrogen to oxygen abundances ratios are derived in H  regions of a number of spiral galaxies through the re-
cently suggested P–method using more than six hundred published spectra. The N/O–O/H diagram for H  regions in irregular
and spiral galaxies is constructed. It is found that the N/O values in H  regions of spiral galaxies of early morphological types
are higher than those in H  regions with the same metallicity in spiral galaxies of late morphological types. This suggests a
long-time-delayed contribution to the nitrogen production. The N/O ratio of a galaxy can then be used as an indicator of the time
that has elapsed since the bulk of star formation occurred, or in other words of the nominal “age” of the galaxy as suggested by
Edmunds & Pagel more than twenty years ago. The scatter in N/O values at a given O/H can be naturally explained by differ-
ences in star formation histories in galaxies. While low-metallicity dwarf galaxies with low N/O do not contain an appreciable
amount of old stars, low-metallicity dwarf galaxies with an appreciable fraction of old stars have high N/O. Consideration of
planetary nebulae in the Small Magellanic Cloud and in the Milky Way Galaxy suggests that the contribution of low-mass stars
to the nitrogen production is significant, confirming the conclusion that there is a long-time-delayed contribution to the nitrogen
production.
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1. Introduction

The origin of nitrogen has always been one of the central
problems of the theory of chemical evolution of galaxies.
The theoretical stellar yields of nitrogen have been computed
by many investigators (Renzini & Voli 1981; Maeder 1992;
Marigo et al. 1996, 1998, 2001; van den Hoek & Groenewegen
1997; Boothroyd & Sackmann 1999; Rauscher et al. 2002;
Meynet & Maeder 2002a,b; among others). However, the re-
sults are not undisputed. Therefore, the “empirical” approach
to study the origin of nitrogen, i.e. the comparison of the pre-
dictions of models of chemical evolution of galaxies computed
with different assumptions for nitrogen yields with observed N
abundances, has been widely used (Edmunds & Pagel 1978;
Lequeux et al. 1979; Serrano & Peimbert 1983; Matteucci
& Tosi 1985; Matteucci 1986; Garnett 1990; Pilyugin 1992,
1993, 1999; Vila-Costas & Edmunds 1993; Marconi et al.
1994; Thuan et al. 1995; Thurston et al. 1996; Kobulnicky &
Skillman 1996, 1998; van Zee et al. 1998a; Izotov & Thuan
1999; Coziol et al. 1999; Henry et al. 2000; Contini et al. 2002;
among others). The interpretation of the observed N/O vs. O/H
diagram is at the base of the empirical approach.
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Thanks to the work of Thuan et al. (1995), Kobulnicky &
Skillman (1996), van Zee et al. (1997), Izotov & Thuan (1999),
and others, the N/O vs. O/H diagram appears to be well es-
tablished in the low-metallicity range. In the low-metallicity
range, it has significantly changed during the last decade. There
is no commonly accepted interpretation of the present-day N/O
vs. O/H diagram. Izotov & Thuan (1999) have concluded that
massive stars are responsible for the nitrogen abundances ob-
served in low-metallicity blue compact galaxies, while Henry
et al. (2000) have found that intermediate-mass stars make a
dominant contribution to the nitrogen production. As noted by
Henry et al. (2000), a major problem with N/O ratios has been
to try to explain the spread in N/O at a given O/H. Close exami-
nation of the suggested explanations of the origin of the scatter
in the present-day N/O–O/H diagram shows that existing ex-
planations are not satisfactory (see below). This provides the
motivation for this study.

We use also here an empirical approach to study the ori-
gin of nitrogen. Why should we hope that this attempt would
be more successful than previous ones based on the empirical
approach in establishing the origin of nitrogen? Most studies
on the origin of nitrogen have concentrated on low-luminosity
dwarf galaxies. Van Zee et al. (1998a) have shown that the
use of low-metallicity H  regions at the periphery of spiral
galaxies for investigation of the origin of nitrogen provides
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some advantages in comparison to H  regions in dwarf irreg-
ular galaxies. In previous studies, the oxygen abundances in
high-metallicity H  regions, where [OIII]λ4363 line is usually
not available, were derived using an empirical method (usu-
ally the R23–method suggested by Pagel et al. 1979). Recently
it has been shown (Pilyugin 2000, 2001a,b) that the oxygen
abundance derived with the R23–method produces a system-
atic error depending on the excitation parameter P: the R23–
method provides more or less realistic oxygen abundances in
high-excitation H  regions, but yields overestimated oxygen
abundances in low-excitation H  regions. This is in agreement
with the result of Kinkel & Rosa (1994), who showed the need
of lowering all H  region abundances obtained with the R23

calibration of Edmunds & Pagel (1984) for intrinsic solar-like
O/H values and above. Castellanos et al. (2002) also found that
the R23–method yields an overestimated oxygen abundances in
low-excitation H  regions. Thus, the high-metallicity part of
the N/O vs. O/H diagram in previous studies can be highly
uncertain. A new way of oxygen abundance determination in
H  regions (called the P–method) was suggested by Pilyugin
(2001a). It was demonstrated that the oxygen abundances de-
rived with the P–method are as reliable as the ones derived
with the classic Te–method (Pilyugin 2001a,b). Thus, we will
be able to construct a more realistic high-metallicity part of the
N/O vs. O/H diagram in the present study.

Traditionally, the problem of the nitrogen production is
discussed in the framework of primary versus secondary pro-
cesses. Since an empirical approach is adopted in the present
study, the problem of the nitrogen production will be discussed
in the framework of metallicity-independent versus metallicity-
dependent yields. The metallicity dependence of the yield of el-
ement x does not necessary imply that element x is a secondary
one. Instead it can be result of stellar mass loss which can af-
fect both stellar evolution and the production of element x. The
dependence of stellar mass loss on metallicity leads to a metal-
licity dependence of the yield of element x even if that element
is primary. Indeed, Maeder (1992) predicts a metallicity depen-
dence of the yield of the primary element oxygen as the result
of a metallicity-dependent mass loss process.

The determination of oxygen abundances and nitrogen to
oxygen abundance ratios in high-metallicity H  regions of
galaxies and the construction of an accurate N/O–O/H diagram
for H  regions in irregular and spiral galaxies is described in
Sect. 2. The nitrogen production sites derived from the analysis
of the N/O–O/H diagram and observational data of other kinds
are reported in Sect. 3. A discussion is presented in Sect. 4.
Section 5 is a brief summary.

2. The N/O–O/H diagram

2.1. Low-metallicity H II regions in irregular galaxies

Generally, the precision of the oxygen abundance determina-
tion in oxygen-poor H  regions with bright emission lines
in irregulars is higher than in oxygen-rich H  regions in spi-
rals. However, many irregular galaxies have no bright H  re-
gions with readily measured emission lines. As was noted by
Hidalgo-Gámez & Olofsson (1998) the uncertainties in the
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Fig. 1. The N/O versus O/H diagram for H  regions in irregular galax-
ies. The open circles are data from Izotov & Thuan (1999), the pluses
are data from Kobulnicky & Skillman (1996). The filled square de-
notes the Small Magellanic Cloud (this work).

intensity of the [OIII]λ4363 line in spectra of H  regions in
dwarf irregular galaxies reported in the literature fluctuate be-
tween 11% and 120%. Then the precision of the oxygen abun-
dance determination in oxygen-poor irregulars without H  re-
gions with bright emission lines is rather low (Pilyugin 2001c).
Therefore we did not collect all the available data but instead
have considered only two data sets.

Kobulnicky & Skillman (1996) have selected from the
literature a large sample (72 measurements in 60 galaxies)
of spectroscopic measurements in metal-poor galaxies (12 +
log(O/H) < ∼8.4) and have recomputed the O and N/O abun-
dances in a self-consistent manner. Their data are shown in
Fig. 1 with pluses. Izotov & Thuan (1999) have presented O
and N abundances derived from high-quality spectroscopic ob-
servations of 54 supergiant H  regions in 50 low-metallicity
blue compact galaxies with oxygen abundances 12 + log(O/H)
between 7.1 and 8.3. These data are presented in Fig. 1 with
open circles.

The observed N/O–O/H diagram in the low-metallicity
range has appreciably changed over the last decade. The early
N/O–O/H diagram (see Fig. 7 in Garnett 1990, Fig. 1 in
Pilyugin 1992) consisted of a cloud of points with a more or
less constant upper envelope of N/O, and with the spread in
N/O at a given O/H sligtly decreasing with increasing O/H. In
contrast, the scatter in N/O at a given O/H in the present N/O–
O/H diagram is extremelly small at low O abundances. The
scatter becomes large only when the metallicity exceeds a cer-
tain value (12+ log(O/H) around 7.6), and up to O abundances
around 12+ log(O/H) = 8.3 the lower envelope of N/O is equal
to the N/O value at low O abundances, Fig. 1, (see also Fig. 2
in Thuan et al. 1995, Fig. 15 in Kobulnicky & Skillman 1996,
Fig. 2 in Izotov & Thuan 1999).
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2.2. H II regions in the Small Magellanic Cloud

The Small Magellanic Cloud is a well observed dwarf irregu-
lar galaxy. Examination of this galaxy can clarify the chemical
enrichment history in irregulars. The H  regions in the Small
Magellanic Cloud were observed by a number of investigators.
Their oxygen and nitrogen abundances were recomputed here
in the same way with the classic Te–method, using published
spectra. The electron temperature within the [OIII] zone is de-
rived from equation (Pagel et al. 1992)

t3 = 1.432/
[
log R − 0.85 + 0.03 log t3

+ log
(
1 + 0.0433xt0.06

3

) ]
, (1)

where R = I[OIII]λ4959+λ5007/I[OIII]λ4363. Using the obtained value
of t3, the oxygen and nitrogen abundances were derived from
the following expressions (Pagel et al. 1992)

N
O
=

N+

O+
, (2)

log(N+/O+) = log
I[NII]λ6548+λ6584

I[OII]λ3726+λ3729
+ 0.307 − 0.726

t2
−0.02 log t2, (3)

O
H
=

O+

H+
+

O++

H+
, (4)

12 + log(O++/H+) = log
I[OIII]λ4959+λ5007

IHβ
+ 6.174

+
1.251

t3
− 0.55 log t3, (5)

12 + log(O+/H+) = log
I[OII]λ3726+λ3729

IHβ
+ 5.890

+
1.676

t2
− 0.40 log t2 + log(1 + 1.35x), (6)

x = 10−4net
−1/2
2 , (7)

where ne is the electron density in cm−3, t2 = t[NII] is the elec-
tron temperature in units of 104 K. We adopt t2 = t[NII] = t[OII].
The value of ne is adopted to be equal to 100 cm−3 for all H 
regions. The t2 − t3 relation was taken from Garnett (1992):

t2 = 0.7 t3 + 0.3. (8)

The results are presented in Table 1. The name of the H  region
is listed in Col. 1. The oxygen abundance is reported in Col. 2.
The nitrogen to oxygen abundance ratio is given in Col. 3. The
reference is listed in Col. 4. Examination of Table 1 shows that
the oxygen and nitrogen abundances in the interstellar medium
of the Small Magellanic Cloud are well defined; oxygen and ni-
trogen abundances derived with spectroscopic data from differ-
ent studies are in good agreement. We note that the nitrogen to
oxygen ratio in the H  regions of the Small Magellanic Cloud
is very close to that in the H  regions of the most oxygen-poor
blue compact galaxies, Fig. 1.

Table 1. The oxygen and nitrogen abundances in H  regions of the
Small Magellanic Cloud recomputed here with the classic Te–method
using published spectra. The name of the H  region is listed in Col. 1.
The oxygen abundance is reported in Col. 2. The nitrogen to oxygen
abundance ratio is given in Col. 3. The reference is listed in Col. 4.

H  region 12 + log(O/H) log(N/O) reference

N66a 8.081 −1.525 Duf75
N83a 8.122 −1.582 Duf75
NGC 346 I 8.034 −1.520 PTP76
NGC 346 II 8.068 −1.633 PTP76
NGC 356 I 7.980 −1.678 PTP76
NGC 456 I 8.087 −1.502 PTP76
N12a 8.156 −1.509 DH77
N12b 8.018 −1.590 DH77
N22 8.206 −1.665 DH77
N25 8.037 −1.551 DH77
N66NW 8.098 −1.603 DH77
N66SE 8.114 −1.465 DH77
N76E 7.986 −1.321 DH77
N76SW 7.902 −1.418 DH77
N81 8.120 −1.513 DH77
N83 8.105 −1.597 DH77
N88 7.971 −1.591 DH77
N90 8.094 −1.546 DH77
N13 8.117 −1.547 Pag78
NGC 346 A 8.056 −1.598 PPR00
NGC 346 B 8.033 −1.593 PPR00
 8.066 ± 0.068 −1.550 ± 0.080

List of references:
DH77 – Dufour & Harlow (1977); Duf75 – Dufour (1975); Pag78 –
Pagel et al. (1978); PPR00 – Peimbert et al. (2000); PTP76 – Peimbert
& Torres-Peimbert (1976).

2.3. High-metallicity H II regions in spiral galaxies

The N/O vs. O/H diagram for H  regions in spiral galaxies
has been constructed in a number of studies (Matteucci 1986;
Vila-Costas & Edmunds 1993; van Zee et al. 1998a; Henry
et al. 2000; among others). In those studies, the oxygen abun-
dances in high-metallicity H  regions of spiral galaxies are
derived using an empirical R23–calibration, inducing a large
uncertainty in the N/O vs. O/H diagram as mentioned in the
Introduction. Here we attempt to construct a more precise N/O
vs. O/H diagram for H  regions in spiral galaxies. The oxy-
gen abundances and N/O abundance ratios in high-metallicity
H  regions, where λ4363 is not available, are determined with
the following algorithm. The oxygen abundance is determined
from the expression (Pilyugin 2001a)

12 + log(O/H)P =
R23 + 54.2 + 59.45P + 7.31P2

6.07 + 6.71P + 0.371P2 + 0.243R23
· (9)

The following notations have been adopted here: R2 =

I[OII]λ3727+λ3729/IHβ, R3 = I[OIII]λ4959+λ5007/IHβ, R23 = R2 + R3,
P = R3/R23.

Using the value of O/H derived from Eq. (9) and measured
line intensities, Eqs. (4)–(8) can be solved for t2. Then the N/O
abundance ratio is derived from the Eqs. (2)–(3).
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Alternatively, the value of t2 can be also found from the
following expression for tP = t3 (Pilyugin 2001a)

tP =
R23 + 3.09 + 7.05P + 2.87P2

9.90 + 11.86P + 7.05P2 − 0.583R23
(10)

and Eq. (8). The value of t2 determined from Eqs. (8) and (10)
is in good agreement with the value of t2 derived from Eqs. (4)–
(9) for the majority of the H  regions considered. However, for
H  regions in which most of the oxygen is in the O+ stage, the
two values of t2 are not in agreement. Equations (4)–(9) give
more realistic values of t2 for these H  regions.

The comparison between the (N/O)Te–(O/H)Te and (N/O)P–
(O/H)P diagrams for H  regions of the well – observed spi-
ral galaxy M101 allows to test the reliability of the (N/O)P

values. The spectra of the H  regions in M101 with mea-
sured temperature-sensitive line ratios are given in a num-
ber of publications (Garnett & Kennicutt 1994; Garnett et al.
1999; Kinkel & Rosa 1994; McCall et al. 1985; Rayo et al.
1982; Shields & Searle 1978; Smith 1975; Torres-Peimbert
et al. 1989; van Zee et al. 1998b). The (N/O)Te–(O/H)Te di-
agram for H  regions of M101 with measured temperature-
sensitive line ratios is presented in Fig. 2 by open circles. Two
or more independent observations of the same H  region are
connected by a solid line. The (N/O)P–(O/H)P diagram for
the H  regions of M101 is shown in Fig. 2 by the pluses.
The intensities of I[OII]λ3727+λ3729/IHβ, I[OIII]λ4959+λ5007/IHβ, and
I[NII]λ6548+λ6584/IHβ were taken from Smith (1975), Shields
& Searle (1978), Rayo et al. (1982), McCall et al. (1985),
Torres-Peimbert et al. (1989), Garnett & Kennicutt (1994),
Kinkel & Rosa (1994), Kennicutt & Garnett (1996), van Zee
et al. (1998b), Garnett et al. (1999). Inspection of Fig. 2 shows
that there is good agreement between the (N/O)Te–(O/H)Te

and (N/O)P–(O/H)P diagrams, confirming the reliability of the
(N/O)P and (O/H)P values.

The oxygen abundances (O/H)P and nitrogen-to-oxygen
abundances ratios (N/O)P have been derived for H  regions
in the following galaxies: NGC 224, NGC 253, NGC 300,
NGC 598, NGC 628, NGC 753, NGC 925, NGC 1058,
NGC 1232, NGC 1365, NGC 1637, NGC 2403, NGC2 805,
NGC 2841, NGC 2903, NGC 2997, NGC 3031, NGC 3184,
NGC 3351, NGC 4254, NGC 4258, NGC 4303, NGC 4321,
NGC 4395, NGC 4501, NGC 4751, NGC 4651, NGC 4654,
NGC 4689, NGC 4713, NGC 4736, NGC 5055, NGC 5194,
NGC 5236, NGC 5457, NGC 6384, NGC 6946, NGC 7331,
NGC 7793, and IC342. We use Eqs. (2)–(9) and more than
six hundred published spectra from Alloin et al. (1981), Blair
et al. (1982), Bresolin et al. (1999), Dennefeld & Kunth (1981),
Diaz et al. (1991), Dufour et al. (1980), Edmunds & Pagel
(1984), Ferguson et al. (1998), Fierro et al. (1986), Henry et al.
(1992, 1994, 1996), Garnett et al. (1997), Garnett et al. (1999),
Garnett & Shields (1987), Kennicutt & Garnett (1996), Kinkel
& Rosa (1994), Kwitter & Aller (1981), McCall et al. (1985),
Pagel et al. (1979), Rayo et al. (1982), Roy & Walsh (1997),
Searle (1971), Shields et al. (1991), Skillman et al. (1996),
Smith (1975), Staufer & Bothum (1984), Torres-Peimbert
et al. (1989), van Zee et al. (1998b), Vilchez et al. (1988),
and Webster & Smith (1983). The N/O–O/H diagram for
H  regions in spiral galaxies is shown in Fig. 3. The detailed
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Fig. 2. The (N/O)Te –(O/H)Te diagram for H  regions of M101 with
measured temperature-sensitive line ratios is shown by open circles.
Two or more independent observations of the same H  region are con-
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Fig. 3. The N/O–O/H diagram for H  regions in spiral galaxies.

discussion of the radial nitrogen abundance distribution across
the disks of spiral galaxies will be given elsewhere.

A prominent feature of Fig. 3 is the lack of H  regions
with 12 + log(O/H) lower 8.2. This lack does not mean that
there are no low-metallicity H  regions in the outer parts
of spiral galaxies. Rather, it is caused by the following rea-
son: the relationship between oxygen abundance and strong
line intensities is double-valued with two distinctive parts usu-
ally known as the lower and upper branches of the R23–O/H



L. S. Pilyugin et al.: On the origin of nitrogen 491

-2

-1.5

-1

-0.5

0

7 7.5 8 8.5 9

l
o
g
(
N
/
O
)

log(O/H)+12
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(circles) galaxies.

diagram. Thus, one has to know in advance on which of the two
branches the H  region lies. The above expression for the oxy-
gen abundance determination in H  regions, Eq. (9), is only
valid for H  regions which belong to the upper branch, with
12 + log(O/H) higher than around 8.2. It has been known for a
long time (Searle 1971; Smith 1975) that disks of spiral galax-
ies can show radial oxygen abundance gradients, in the sense
that the oxygen abundance is higher in the central part of the
disk and decreases with galactocentric distance. Thus, we start
from the H  regions in the central part of disk and move out-
ward until the radius R∗ where the oxygen abundance decreases
to around 12+ log(O/H) = 8.2. An unjustified use of Eq. (9) in
the determination of the oxygen abundance in low-metallicity
H  regions beyond R∗ would result in overestimated oxygen
abundances, and would cause a false bend in the slope of abun-
dance gradients to appear. Therefore, H  regions with galacto-
centric distances larger than R∗, those with 12 + log(O/H) less
than 8.2 were rejected.

The general N/O–O/H diagram for H  regions in spiral and
irregular galaxies is shown in Fig. 4.

3. The nitrogen production sites traced
by the observational data

3.1. The N/O–O/H diagram

The observed trend of nitrogen abundance with metallicity as
measured by oxygen abundance has been widely used as a
clue to identify the sites for nitrogen production (Edmunds &
Pagel 1978; Garnett 1990; Pilyugin 1992, 1993; Marconi et al.
1994; Thuan et al. 1995; Izotov & Thuan 1999; Henry et al.
2000; among others). Conclusions about the nitrogen produc-
tion sites are reached from the interpretation of three prominent
features in the observed N/O–O/H diagram : i) the remarkable
constancy of N/O in the lowest metallicity (12 + log(O/H) <
7.6) galaxies, and the fact that, up to O abundances around
12 + log(O/H) = 8.3 the lower envelope of N/O is equal to
the N/O value at low O abundances; ii) beginning at roughly

12 + log(O/H) = 7.6, there is a large scatter in N/O at a given
O/H value; iii) beginning at roughly 12 + log(O/H) = 8.3, the
lower envelope of N/O increases with O/H.

In the early 1990s, several studies were devoted to the ex-
planation of the N/O–O/H diagram (Garnett 1990; Pilyugin
1992, 1993; Vila-Costas & Edmunds 1992, Marconi et al.
1994). The problem of the scatter in N/O at a given O/H value
has attracted particular attention. Two mechanisms have been
suggested to explain the scatter. The first mechanism is time-
delayed production of nitrogen. The second mechanism is se-
lective heavy-element loss through enriched galactic winds. As
mentioned above, the observed present-day N/O–O/H diagram
at low metallicities differs significantly from the earlier one:
while the earlier diagram suggests that the scatter in N/O grows
as O/H decreases, the present one shows exactly the reverse.
Therefore the interpretation suggested in the early 1990s has
been revised in later studies.

Thuan et al. (1995) and Izotov & Thuan (1999) have con-
cluded that the small dispersion of N/O at low metallicities
is strong evidence against any time-delayed production of ni-
trogen in the lowest metallicity blue compact galaxies and
the constancy of N/O can be explained only by nitrogen pro-
duction in short-lived massive stars, i.e. oxygen and nitro-
gen must be made in the same massive stars. Nitrogen pro-
duction by massive stars was also suggested by Matteucci
(1986). Thuan et al. (1995) and Izotov & Thuan (1999) have
concluded that the large dispersion of N/O in galaxies with
12 + log(O/H) > 7.6 can be explained by the addition of
nitrogen production in intermediate-mass stars; by the time
intermediate-mass stars have evolved and released their nucle-
osynthetic products (100–500 Myr), all galaxies have become
enriched to 7.6 < 12 + log(O/H) < 8.2 – the delayed release
of nitrogen greatly increase the scatter in N/O. Close examina-
tion of the N/O–O/H diagram shows that this scenario for the
history of galaxy enrichment in nitrogen meets difficulties in
galaxies with 12 + log(O/H) > 7.6. Indeed, the N/O value in
the Small Magellanic Cloud is close to that in the lowest metal-
licity blue compact galaxies, Fig. 1, (see below). According to
the above scenario, only massive stars are responsible for the
N/O value in the Small Magellanic Cloud. Then one has to con-
clude that most of the stars in the Small Magellanic Cloud have
formed recently so that the nitrogen-producing stars have not
yet returned their nucleosynthesis products to the interstellar
medium because they have not had enough time to evolve. In
that scenario, most of the stars in the Small Magellanic Cloud
formed in last 100–500 Myr, which is not the case.

Henry et al. (2000) have concluded that the constancy of
the N/O in metal-poor galaxies is entirely and naturally ex-
plained if they are characterized by historically low star for-
mation rates, with nearly all of the nitrogen being produced by
intermediate mass stars between 4 and 8 M�, with a moder-
ate time delay (a characteristic lag time of roughly 250 Myr
following their formation). Those authors have found that this
moderate time delay in nitrogen release by intermediate-mass
stars does not appear to be an important factor in the evolution
of this element. They concluded that the scatter is caused by in-
termittent increases in nitrogen caused by local contamination
by Wolf-Rayet stars or luminous blue variables. Given that the
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(T-type = 6,7).

scatter is large (more than 0.3 dex at 12+ log(O/H) = 7.9), this
conclusion appears to be in conflict with their other conclusion
that nearly all of the nitrogen is produced by intermediate-mass
stars between 4 and 8 M�.

Thus, the existing explanations of the large scatter in N/O
at a given O/H do not appear to be satisfactory. We have found
that the low-metallicity H  regions in the outer parts of spiral
galaxies are more suitable objects for establishing the origin
of the scatter than H  regions in irregular galaxies. Our find-
ing is the following. The positions of spiral galaxies of differ-
ent morphological types in the N/O–O/H diagram are shown

in Fig. 5 by different symbols. The dashed lines correspond
to Sb and Sbc galaxies (T-type = 3,4), and the solid lines to
Scd and Sd galaxies (T-type = 6,7). Figure 5 shows clearly
that the N/O values in H  regions of galaxies of early mor-
phological types are systematically higher than the N/O values
in H  regions with the same O/H value in galaxies of late mor-
phological types. It can be also seen in Fig. 6 where the N/O
ratio at 12 + log(O/H) = 8.2 is shown as a function of numeri-
cal morphological T-type. It is interesting to note that although
Vila-Costas & Edmunds (1992) have concluded that there is
no obvious difference between morphological types, a hint that
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the N/O ratios in the H  regions of the late-type spiral galax-
ies are lower than the ones in the H  regions with the same
oxygen abundance in early-type spiral galaxies can be seen in
their Fig. 5. The much more distinct correlation of the N/O ra-
tio with galaxy morphological type in the present study is due
to the fact that the positions of H  regions in the N/O–O/H di-
agram derived here with the P–method are more accurate than
those derived by Vila-Costas & Edmunds (1992).

It is well-known that galaxies of different morphological
types have different star formation histories. The schematic
star formation histories of galaxies of different morphologi-
cal types according to Sandage (1986) are presented in Fig. 7.
The star formation rate is in arbitrary units. Figure 7 shows
that the spiral galaxies with early morphological types have a
significantly larger fraction of old stars (with ages 8–13 Gyr)
than the galaxies of late morphological types. This suggests
that the high N/O values in the galaxies of early morphological
types can be caused by the contribution of low-mass stars (with
masses around a solar mass) to the nitrogen production, while
in the galaxies of late morphological types these stars have not
yet returned their nucleosynthesis products to the interstellar
medium because they have not had enough time to evolve. The
long time delay for nitrogen production appears to be an im-
portant factor in the evolution of this element. The scatter in
N/O values at a given O/H can be naturally explained by differ-
ences in star formation histories in galaxies. This conclusion is
not new. More than twenty years ago, Edmunds & Pagel (1978)
have suggested that observations of the N/O abundance ratio in
external galaxies can be understood if nitrogen is manufactured
principally in stars of 1–2.5 M�. The N/O ratio of a galaxy then
becomes an indicator of the time that has elapsed since the bulk
of star formation occurred, or in other words of the nominal
“age” of the galaxy.

The explanation that the increase of the lower envelope of
N/O with O/H, beginning roughly at 12 + log(O/H) = 8.3, is

0

0.2

0.4

0.6

0.8

0 1 2 3 4 5 6 7 8 9 10 11 12 13

S
t
a
r
 
F
o
r
m
a
t
i
o
n
 
R
a
t
e

Time (Gyr)

Sb
Sc
Sd
Sm

Fig. 7. The schematic star formation history of galaxies of different
morphological types according to Sandage (1986). The star formation
rate is in arbitrary units.

controlled by the metallicity-dependent nitrogen production in
intermediate-mass stars is commonly accepted now.

Thus, the present and previous studies of N/O–O/H di-
agram lead to the following conclusions about the sites of
nitrogen production: (1) at low metallicities the metallicity-
independent nitrogen production takes place in short-lived
massive stars with no time delay between the release of nitro-
gen and oxygen or/and in intermediate-mass stars with mod-
erate time delay, with a characteristic time delay of a few
hundred Myr between the release of nitrogen and oxygen;
(2) at metallicities higher than roughly 12 + log(O/H) = 8.3,
the metallicity-dependent nitrogen production by intermediate-
mass stars dominates; (3) the contribution of low-mass stars to
the nitrogen production with long time delay, with characteris-
tic time delay of several Gyr, can be significant.

Observational data of other kinds can be used to verify and
refine conclusions reached by us and other authors from con-
sideration of the N/O–O/H diagram.

3.2. The self-enriched H II regions

Generally, stars of different masses from all the previous star
formation events can make contributions to the N abundances
measured in the interstellar medium. Fortunately, there are
cases where the contribution to nitrogen production from mas-
sive stars from a current star formation event can be estab-
lished. Kunth & Sargent (1986) have suggested that H  re-
gions may “pollute” themselves on short (106 yr) timescales
with nucleosynthetic products from the current burst of star for-
mation. This suggestion is not beyond question. There may be
some time lag (∼107 yrs) between supernova explosions and
the appearance of the freshly produced oxygen in the warm
phase of the interstellar gas (Tenorio-Tagle 1996; Kobulnicky
& Skillman 1996, 1997). There are however examples where
the enrichment in heavy elements by massive stars on short
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timescales is exhibited. Those examples can tell us something
about the nitrogen production by massive stars.

Let us test the conclusion of Izotov & Thuan (1999) that
the nitrogen in low-metallicity (with 12+ log(O/H) < 7.6) blue
compact galaxies is produced by massive stars only. The best
fit to Izotov & Thuan’s data results in ∆N/∆O ∼ 1/40 (solid
line in Fig. 8a).

Kobulnicky & Skillman (1996) carried out an investiga-
tion of the multiple starburst knots in the nucleus of the low-
metallicity irregular galaxy NGC 4214. From optical spec-
troscopy at distinct spatial locations they reveal large scale
(about 200 pc) variations in the oxygen abundance. The south-
ernmost, and apparently youngest emission line region exhibits
a higher oxygen abundance than the rest of the galaxy. The
N/O ratio is lower in this region. Kobulnicky & Skillman sug-
gest that recent oxygen polution from supernovae has occurred
in this very young population of massive stars. Their data
(taken from their Fig. 8) are shown in Fig. 8b by triangles. The
variation of oxygen and nitrogen abundances computed with
∆N = 1

40∆O is shown by the solid line. Examination of Fig. 8b
shows that Kobulnicky and Skillman’s data agree satisfactory
with the prediction of the model with ∆N = 1

40∆O (solid line),
however these data agree equally satisfactory with the predic-
tion of the model without nitrogen production by massive stars,
∆N = 0, (dashed line).

Cunha & Lambert (1992, 1994) have measured the N, C, O,
Si, and Fe abundances of main-sequence B stars in the Orion
star formation region. There is a time lag of about 11 Myr be-
tween the formation of the oldest and the youngest subgroups
of stars in the Orion association. The stars in the youngest
subgroup are enriched in heavy elements relative to the stars
belonging to the oldest subgroup, i.e. the later subgeneration
of stars have formed out of material whose chemical com-
position has been altered by the nucleosynthesis products of
massive stars from previous subgenerations. Again, the track
with ∆N/∆O ∼ 1/40 (solid line) and the track with ∆N = 0
(dashed line) cannot be chosen on the basis of observational
data (Fig. 8c).

Thus, the consideration of the H  regions taken to be self-
enriched does not result in a firm argument pro or contra nitro-
gen production by massive stars.

3.3. The planetary nebulae

It is usually accepted that the oxygen abundances measured in
planetary nebulae reflect the initial abundance of the progen-
itor stars while the nitrogen abundances in planetary nebulae
with progenitors from some range of stellar mass are modified
by the progenitor’s evolution. Then the oxygen abundance in
the planetary nebula can serve as some kind of “age” indica-
tor of the progenitor if the chemical evolution of the galaxy
(the history of galaxy enrichment in oxygen) is established. It
should be stressed that we do not imply to derive the age of
the progenitor of individual planetary nebula based on its oxy-
gen abundance. Indeed, the temporal evolution of the oxygen
abundance in our Galaxy is nonsmooth (Pilyugin & Edmunds
1996a,b), therefore the oxygen abundance in the individual
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Fig. 8. Examples in which the enrichment in heavy elements by mas-
sive stars is expected. a). Pluses are H  regions in extremely metal-
poor blue compact dwarf galaxies from Izotov & Thuan (1999). The
solid line is the best fit to them. b). Triangles are distinct spatial
locations of multiple starburst knots within the galaxy NGC 4214
(Kobulnicky & Skillman 1996). Points are the same objects as in
Fig. 4. The solid line is the track corresponding to the ratio of nitrogen
to oxygen enrichment yields ∆N = 1

40∆O. The dashed line corresponds
to ∆N = 0. c). Squares are B stars from the Orion association (Cunha
& Lambert 1994). Points are the same objects as in Fig. 1. The solid
line is the track corresponding to a ratio of nitrogen to oxygen enrich-
ment yields ∆N = 1

40∆O. The dashed line corresponds to ∆N = 0.
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planetary nebula is not a reliable “age” indicator of its progen-
itor. We only mean that the assumption, that the oxygen-rich
planetary nebulae (with 12 + log O/H > 7.7 in the case of the
Small Magellanic Cloud) were formed from younger (in av-
erage) and therefore more massive stars than the oxygen-poor
planetary nebulae (with 12 + log O/H < 7.5 in the case of the
Small Magellanic Cloud), is justified. Then the examination of
nitrogen abundances of planetary nebulae with different oxy-
gen abundances allows to make conclusion about the contribu-
tion of the intermediate- and low-mass stars to the enrichment
of the interstellar medium in nitrogen.

The determinations of the chemical composition in a num-
ber of planetary nebulae of the Small Magellanic Cloud are
available now (Richer 1993; Leisy & Dennefeld 1996; Costa
et al. 2000). This data allows to make conclusion about the
contribution of the intermediate- and low-mass stars to the en-
richment of the interstellar medium in nitrogen. Richer (1993)
reported the oxygen and nitrogen abundances for twenty-five
planetary nebulae in the Small Magellanic Cloud, Leisy &
Dennefeld (1996) for fifteen planetary nebulae, and Costa et al.
(2000) for twenty-one planetary nebulae

The list of Richer (1993) has ten planetary nebulae in com-
mon with the list of Leisy & Dennefeld (1996) and fifteen plan-
etary nebulae in common with the list of Costa et al. (2000).
Comparison of the oxygen abundances in common planetary
nebulae shows that the ones derived by Costa et al. (2000) and
Leisy & Dennefeld (1996) are shifted towards higher oxygen
abundances when compared to those derived by Richer (1993).
In order to have a homogeneous set of abundances, the abun-
dances of both oxygen and nitrogen of Costa et al. and of Leisy
& Dennefeld were reduced to the system of Richer. We chose
Richer’s system because his planetary nebulae oxygen abun-
dances are in better agreement with those in H  regions.
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Fig. 10. The N/O–O/H diagram (points) and N/Ar–Ar/H diagram
(pluses) for planetary nebulae in the Small Magellanic Cloud. The
original data from Leisy & Dennefeld (1996) and Costa et al. (2000)
are shown.

The O/H–N/O diagram for H  regions and planetary neb-
ulae in the Small Magellanic Cloud is shown in Fig. 9. The
points are original data for planetary nebulae from Richer
(1993), the triangles are the corrected data for planetary neb-
ulae from Leisy & Dennefeld (1996), the crosses are the cor-
rected data for planetary nebulae from Costa et al. (2000). The
open circles are data for H  regions from Table 1. Inspection
of Fig. 9 shows that the scatter of oxygen abundances in plane-
tary nebulae of the Small Magellanic Cloud is large, more than
one order of magnitude. An anti-correlation between N/O and
O/H is clearly seen. The most evident explanation of the scat-
ter is that the oxygen abundance of planetary nebulae traces the
time of the progenitor star formation, the oxygen-poor plane-
tary nebulae progenitors being older (Leisy & Dennefeld 1996;
Costa et al. 2000).

Other possible origins of the oxygen abundance scatter
and the N/O–O/H trend have also been discussed in the lit-
erature. Leisy & Dennefeld (1996, 2000) considered the pos-
sibility that the oxygen abundance in planetary nebulae does
not reflect the initial composition of the progenitor star, that it
can be destroyed in Type I planetary nebulae (He-N rich ob-
jects, Peimbert 1978) as well as produced in non-Type I plan-
etary nebulae, during the progenitor star life-time. If this is the
major reason for the oxygen abundance scatter and the N/O–
O/H trend then: i) the Ar/O ratio would be higher in plane-
tary nebulae with low O abundances and ii) the N/Ar–Ar/H di-
agram would differ radically from the N/O–O/H diagram since
Ar is not affected by the evolution of intermediate-mass stars.
Milingo et al. (2002) have undertaken a large spectroscopic sur-
vey of Galactic planetary nebulae with the goal of providing a
homogeneous spectroscopic database, as well as a set of con-
sistently determined abundances, especially for oxygen, sulfur,
chlorine, and argon. Their data (their Fig. 2) do not show a ten-
dency for Ar/O to decrease with O/H. They found an average
Ar/O = 0.0051 ± 0.0020 for planetary nebulae, in agreement
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with Ar/O = 0.0055 derived by Izotov & Thuan (1999) for H 
regions in blue compact dwarf galaxies.

Figure 10 shows the N/O–O/H diagram (points) together
with the N/Ar–Ar/H diagram (pluses) for planetary nebulae in
the Small Magellanic Cloud. The original data from Leisy &
Dennefeld (1996) and Costa et al. (2000) are shown. There is
both a scatter in argon abundances and an anti-correlation be-
tween N/Ar and Ar/H. Given that Ar/O is independent of O/H
and that the N/Ar–Ar/H diagram is similar to the N/O–O/H dia-
gram, one can conclude that possible oxygen production and/or
destruction during the progenitor star life-time do not dramati-
cally change the oxygen abundance of the progenitor star, and
oxygen can be used as a metallicity tracer, at least in the first
approximation.

The bulk of planetary nebulae in the Small Magellanic
Cloud has oxygen abundances compatible with those in H 
regions (Fig. 9), a fact already mentioned by different authors.
Based on their model for the chemical evolution of the Small
Magellanic Cloud, Costa et al. (2000) have concluded that the
progenitors of these planetary nebulae have been formed within
the last 1–2 Gyr. They also estimated an age of about 12 Gyr
for the progenitor of the most oxygen-poor planetary nebula in
the Small Magellanic Cloud.

Thus, the oxygen abundances measured in planetary neb-
ulae reflect the initial abundance of the progenitor stars while
the nitrogen abundances are modified by the progenitors’ evo-
lution. If the initial nitrogen abundance of the progenitor star
is known, then the difference between the amount of nitrogen
in the ejected matter (i.e. in the planetary nebula) and the ini-
tial amount of nitrogen in this matter is the amount of nitro-
gen manufactured by the star. The initial nitrogen abundance
in the progenitor star can be estimated in the following way.
Examination of Table 1 shows that the variation in the N/O ratio
from H  region to H  region in the Small Magellanic Cloud is
small within the errors in abundance determinations. Thus we
can adopt this N/O ratio corresponds as the “equilibrium” ra-
tio in the interstellar medium of the Small Magellanic Cloud at
the present-day epoch. It is unlikely that this value is increased
or decreased by the same amount of local self-enrichment in
nitrogen or oxygen in all HII regions. As shown above, the
equilibrium N/O ratio in the interstellar medium of a galaxy
can be increased by the contribution of low-mass stars to the
nitrogen production. The N/O ratio in the H  regions of the
Small Magellanic Cloud is very close to that in the H  regions
of the most oxygen-poor blue compact galaxies, Fig. 1, i.e. the
present-day equilibrium N/O ratio in the interstellar medium of
the Small Magellanic Cloud corresponds to the minimum value
of the N/O ratio. It has not changed up to now, and therefore
can be adopted as the initial N/O ratio for the progenitor star
of any age. Thus, the initial nitrogen abundance in the progeni-
tor star can be estimated from the oxygen abundance measured
in the planetary nebula (since this oxygen abundance reflects
the initial oxygen abundance of the progenitor star) and from
the N/O ratio measured in H  regions. The amount of nitrogen
manufactured in the star can then be estimated by subtracting
the initial nitrogen abundance from the amount of nitrogen ob-
served in the planetary nebula. The contribution of low mass

stars to the nitrogen production can then be compared to that of
the intermediate mass stars, as shown below.

Galactic Type I (nitrogen-rich) planetary nebulae are be-
lieved to correspond to the high mass end of the stellar pro-
genitors of planetary nebulae (Torres-Peimbert & Peimbert
1997, and references therein). The planetary nebulae in the
Small Magellanic Cloud do not appear to fit in this scheme.
Figure 9 shows that nitrogen abundances in oxygen-poor plane-
tary nebulae are higher by a factor 3–5 than that in oxygen-rich
ones. Since the oxygen-poor planetary nebulae in the Small
Magellanic Cloud seem to be formed from older and therefore
less massive stars, then Type I planetary nebulae progenitors
can be less massive than expected. Leisy & Dennefeld (1996)
have concluded that, with their definition based only on N and
He abundances, Type I planetary nebulae do not form an ho-
mogeneous class.

Let us consider the Milky Way planetary nebulae. In con-
trast to the Small Magellanic Cloud, the Milky Way shows both
an oxygen and nitrogen radial abundance gradient. In order to
exclude initial chemical composition differences of the plan-
etary nebula progenitors caused by the radial abundance
gradient, only planetary nebulae in the solar vicinity, with
galactocentric distances between 7.5 and 9.5 kpc, will be con-
sidered. Abundances in large samples of Galactic planetary
nebulae have been determined by Aller & Czyzak (1983),
Aller & Keyes (1987), Köppen et al. (1991), and Kingsburgh
& Barlow (1994). The positions of the Galactic solar vicin-
ity planetary nebulae in the N/O–O/H diagram are shown in
Fig. 11 by points. The galactocentric distances were obtained
using the distances to planetary nebulae from Cahn et al.
(1992). When the distance is not given by Cahn et al., it is taken
from Kingsburgh & English (1992) or from Maciel (1984). The
open circle in Fig. 11 corresponds to the oxygen and nitrogen
abundances at the solar galactocentric distance as traced by the
H  regions (Pilyugin et al. 2002). The planetary nebulae in the
Small Magellanic Cloud are shown by pluses in Fig. 11, the
open square corresponds to the average N/O and O/H values in
the H  regions of the Small Magellanic Cloud.

Inspection of Fig. 11 shows that the bulk of Galactic plan-
etary nebulae have oxygen abundances in a relatively narrow
range. These planetary nebulae are believed to be relatively
“young”, i.e. they correspond to the intermediate-mass stellar
progenitors of planetary nebulae The difference between nitro-
gen abundances in these planetary nebulae and in H  regions
(this difference reflects the contribution of freshly produced ni-
trogen) is higher than the corresponding value for the “young”
planetary nebulae of the Small Magellanic Cloud. It is not sur-
prising and confirms the widely accepted point of view that the
increase of the lower envelope of N/O with O/H, beginning at
roughly at 12 + log(O/H) = 8.3, is explained by the fact that
the amount of nitrogen manufactured in the intermediate-mass
stars increases with metallicity.

A few Galactic planetary nebulae have low oxygen abun-
dances. If the oxygen abundance of planetary nebula traces
the time of the progenitor star formation then the oxygen-poor
Galactic planetary nebulae progenitors are old low-mass stars.
However, the possibility that the oxygen-poor Galactic plane-
tary nebulae were formed from matter captured by our Galaxy
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by H  regions. The open square corresponds to the average N/O and O/H values in the H  regions of the Small Magellanic Cloud.

from the Small Magellanic Cloud cannot be excluded. The
Magellanic Stream is an excellent example of such a present-
day capture. In this case the oxygen-poor Galactic planetary
nebulae are “pseudo-old”, i.e. they can also correspond to the
intermediate-mass stellar progenitors of planetary nebulae like
the oxygen-rich planetary nebulae. Although such a possibil-
ity cannot be excluded, for further discussion, we shall con-
sider that the oxygen-poor Galactic planetary nebulae are really
“old”, i.e their progenitors are old low-mass stars.

Comparison between the old planetary nebulae of the Small
Magellanic Cloud and the Milky Way Galaxy shows that N/O
in old planetary nebulae slightly decreases with metallicity in
contrast to the young planetary nebulae which show clearly the
tendency for N/O to increase with O/H, Fig. 11. This suggests
that the contribution of low-mass stars to the nitrogen produc-
tion decreases with metallicity as compared to the contribution
of intermediate-mass stars. Data on old planetary nebulae in
the Milky Way Galaxy are few in number, therefore more and
better data are needed to verify this suggestion.

The average nitrogen abundance in the old planetary neb-
ulae of the Small Magellanic Cloud is around 40–60 N atoms
per million H atoms, Fig. 9. Unfortunately, young planetary
nebulae with comparably low oxygen abundances (7.3 < 12 +
log(O/H) < 7.5) are not available, therefore a direct compar-
ison of the contributions of low-mass and intermediate-mass
stars to the nitrogen production for low metallicities is not
possible. However, if we adopt the usual assumption that the
amount of nitrogen manufactured by intermediate-mass stars
is independent of metallicity in the low metallicity range, then
the young planetary nebulae with oxygen abundances around
12+log(O/H) = 8.1 can be used for such a comparison. The av-
erage nitrogen abundance in the young planetary nebulae of the
Small Magellanic Cloud is around 10–15 N atoms per million
H atoms (Fig. 9). At the same time, the fraction of the material
returned into the interstellar medium by the intermediate-mass
stars (2 M� ÷ 8 M�) of a single stellar population is compara-
ble with the fraction returned by the low-mass stars (<2 M�).
Thus, in the low metallicity range, the contribution of low-mass
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stars to the nitrogen production appears to be rather significant
and may even exceed the contribution of the intermediate-mass
stars. The comparison between young planetary nebulae in the
Milky Way Galaxy and in the Small Magellanic Cloud shows
that there is a tendency for an increase of the amount of nitro-
gen manufactured in the intermediate-mass stars with metallic-
ity. If this tendency holds also in the very low metallicity range,
then the contribution of low-mass stars to the nitrogen produc-
tion exceeds significantly the contribution of the intermediate-
mass stars at very low metallicities.

In summary, consideration of planetary nebulae in the
Small Magellanic Cloud and the Milky Way Galaxy has shown
that the contribution of low-mass stars to the nitrogen pro-
duction is appreciable, and that at low metallicities the con-
tribution of low-mass stars can exceed the contribution of the
intermediate-mass stars. This confirms our conclusion, reached
from the consideration of the N/O–O/H diagram for spiral
galaxies of different morphological types, that there is a long-
time-delayed contribution to the nitrogen production.

4. Discussion

The present and previous studies suggest that at low metallic-
ities the nitrogen production can take place i) in short-lived
massive stars with no time delay between the release of nitro-
gen and oxygen, ii) in intermediate-mass stars with a moder-
ate time delay of a few hundred Myr between the release of
nitrogen and oxygen, iii) in low-mass stars with a long time
delay of a several Gyr between the release of nitrogen and oxy-
gen. It is difficult to differentiate the contributions of massive
and intermediate-mass stars to the enrichment of interstellar
medium in nitrogen on the base of available observational data.
An attempt to directly estimate the nitrogen production by mas-
sive stars from observational data of self-enriched H  regions
has not resulted in a firm conclusion. Then the lowest observed
N/O value in low-metallicity H  regions (where the contribu-
tion of the massive stars from current star formation burst to
the gas enrichment in heavy elements could be dominant) can
be used as an estimate of the nitrogen production by massive
stars. The delayed-release hypothesis, i.e. the moderate-time-
delayed production of nitrogen by intermediate mass stars, pre-
dicts that N/O drops while O/H increases as massive stars be-
gin to die and eject oxygen into the interstellar medium. At the
point when all the massive stars have died, the N/O value is
minimum. In the case of a strong star formation burst in low-
metallicity environment, the minimum N/O value corresponds
approximately (or exactly in the case of the very first star for-
mation burst) to the ratio of N to O yields in massive stars.

If the conclusion of Izotov & Thuan (1999) – that the ni-
trogen observed in low-metallicity (12 + log(O/H) < 7.6) blue
compact galaxies has been produced by massive stars only – is
correct, then the N/O ratio in these galaxies (log(N/O) = −1.6)
is a lower limit for the global N/O ratio. In that case, there
is little room left for the nitrogen production by intermediate-
mass stars. However, the N/O ratio in the H  regions of the
Small Magellanic Cloud is very close to that in the H  re-
gions of the most oxygen-poor blue compact galaxies. The bulk
of the intermediate-mass stars of the Small Magellanic Cloud

have certainly had enough time to evolve (Pagel & Tautvais̆iene
1998; Mighell et al. 1998; Rich et al. 2000). If the value of
log(N/O) = −1.6 corresponds to the element production by
massive stars, then the contribution of intermediate-mass stars
to the N/O ratio in the Small Magellanic Cloud (log(N/O) =
−1.55, Table 1) is negligibly small. It is worth noting that while
the evolutionary intermediate-mass star models predict usu-
ally a significant nitrogen production (Renzini & Voli 1981;
van den Hoek & Groenewegen 1997; Marigo 1996, 1998,
2001), the non-rotating models of Meynet & Maeder (2002a,b)
show very small nitrogen yields by intermediate-mass stars
in low-metallicity environment. We do not consider the very
small nitrogen yields by non-rotating intermediate-mass stars
of Meynet & Maeder as undisputed argument in favor of neg-
ligible small contribution of intermediate-mass stars to the en-
richment of interstellar gas in nitrogen in low-metallicity en-
vironment, we only would like to note that such possibility
cannot be excluded on the base of the existing models.

A crucial argument in favor of a significant production of
nitrogen by intermediate-mass stars would be the existence of
systems with very low N/O ratios. Inspection of Fig. 1 shows
that two objects from the list of Kobulnicky & Skillman (1998),
CG 1116+51 and Tol 65, have values of log N/O appreciably
lower than−1.6. However, Izotov et al. (2001) have recently re-
determined the abundances for Tol 65 (Izotov et al. 2001) and
found log(N/O) = −1.642 ± 0.024 for Tol 65, similar to other
low-metallicity blue compact galaxies. Van Zee et al. (1997,
1998a) have also found some galaxies with very low log(N/O)
(<−1.7). Izotov & Thuan (1999) have argued that these low val-
ues can be caused by systematic errors. The reality of the low
nitrogen abundances obtained in damped Lyα systems (Pettini
et al. 1995; Lu et al. 1998; Pettini et al. 2002; Prochaska et al.
2002) was questioned by Izotov & Thuan (1999). Therefore we
will not repeat the discussion of these objects here. Recall that
the low-metallicity range of the observed N/O–O/H diagram
for the H  regions of irregular and blue compact galaxies has
appreciably changed over the last decade. Can one exclude the
possibility that the disagreement between the observed N/O–
O/H diagram for the H  regions of irregular and blue compact
galaxies and the observed N/O–O/H diagram for the damped
Lyα systems disappear in the near future?

Contini et al. (2002) have discussed the chemical prop-
erties of a sample of UV-selected galaxies, thought to be in
a special stage in their evolution, following a powerful star-
burst. Several galaxies in the list of Contini et al. (2002) have
values of log(N/O) lower than −1.6. Unfortunately, those ob-
jects fall in or close to the transition region of the R23–O/H
diagram, causing a large uncertainty in their abundance de-
termination. The oxygen abundances in two objects with low
N/O ratio (#30 and #46) reported by Contini et al. are lower
than 12 + log(O/H) = 8.0. Therefore these objects are ex-
pected to belong to the lower branch of the R23–O/H diagram,
and their abundances can be derived through the P–method
for the lower branch of the R23–O/H diagram. This results
in 12 + log(O/H)P = 7.74 for object #30 (as compared to
12 + log(O/H) = 7.86 found by Contini et al. (2002) using
the calibration of McGaugh 1991) and log(N/O)P = −1.58 (as
compared to log(N/O) = −1.78 found by Contini et al. 2002).



L. S. Pilyugin et al.: On the origin of nitrogen 499

The application of the P–method to the #46 object results in
12 + log(O/H)P = 8.07 (12 + log(O/H) = 7.99 was found by
Contini et al. 2002). Thus this object does not belong to the
lower branch of the R23–O/H diagram, and its abundances can-
not be found through the P–method. It should be noted that
the diagnostic line [OIII]λ4363 should be detectable in low-
metallicity objects like #30 and #46 in better quality spectra.

Thus, the level of log(N/O) = −1.6 corresponds to the
cumulative nitrogen to oxygen yields ratio in massive and
intermediate-mass stars. At present time there are no firm argu-
ments against the conclusion of Izotov & Thuan (1999) that the
nitrogen in low-metallicity blue compact galaxies has been pro-
duced by massive stars only and the level of log(N/O) = −1.6
is, in fact, defined by the nitrogen to oxygen yield ratio in mas-
sive stars. On the other hand, the constancy of N/O ratios in
low-metallicity blue compact galaxies can be equally well re-
produced under the assumption that a significant part of ni-
trogen is produced by intermediate-mass stars, i.e. the level
of log(N/O) = −1.6 is defined by the cumulative nitrogen
to oxygen yield ratio in massive and intermediate-mass stars
(Pilyugin 1999). Therefore the adopted contributions of mas-
sive and intermediate-mass stars to the nitrogen production are
based more on belief than on proof.

The principal result obtained here is that there is a long-
time-delayed contribution to the nitrogen production by low-
mass stars. It is this contribution that produces the high
log(N/O) > −1.6 in some low-metallicity galaxies. Since the
N/O ratio in the H  regions of the Small Magellanic Cloud
is close to its lowest level, one can conclude that the bulk of
the low-mass stars of the Small Magellanic Cloud, which are
responsible for the long-time-delayed contribution to the nitro-
gen production, have not had enough time to evolve. Pagel &
Tautvais̆iene (1998) have found that the age-metallicity relation
for the Small Magellanic Cloud is well reproduced by a model
in which the majority of the stars are under 4 Gyr old. In this
case the low-mass stars with lifetimes longer than 4 Gyr are
responsible for the long-time-delayed contribution to the nitro-
gen production. Recently Rich et al. (2000) have studied the
age distribution of star clusters in the Small Magellanic Cloud.
They have found that the clusters appear to have formed in two
brief intervals, the oldest 8± 2 Gyr ago and a more recent burst
2 ± 0.5 Gyr ago. If the history of cluster formation reflects the
total star formation history in the Small Magellanic Cloud, then
the low-mass stars with lifetimes longer than 8 ± 2 Gyr are re-
sponsible for the long-time-delayed contribution to the nitrogen
production.

As noted above, it is now commonly accepted now that
the increase of the N/O with O/H at higher metallicities
is caused by the metallicity-dependent nitrogen production
in intermediate-mass stars in high-metallicity environment.
However, one comment should be made. Henry et al. (2000)
have fit their model to the N/O versus O/H trend for a sam-
ple of galaxies, and have found that nitrogen demonstrates a
steeper dependence on metallicity than expected from a simple
secondary behaviour. Thurston et al. (1996) have determined
the slopes of a linear fit to the N/O versus O/H data for in-
dividual galaxies in their sample, and have found that N/O is
varying less steeply with metallicity, with slopes between 0.15

and 1.14, as compared with the 1.0 expected from a simple
secondary behaviour. The slopes of a linear fit to the N/O ver-
sus O/H data for individual galaxies in our sample show also a
large spread (Fig. 5), but about 2/3 of the galaxies show slopes
less 1.0. The shape of the N/O trend predicted by the model of
Henry et al. (2000) corresponds well to the shape of the lower
envelope exhibited by the data (see their Fig. 2b). However,
close examination of our Fig. 5 clearly shows that the N/O vs.
O/H trends for individual galaxies do not correspond well to
the shape of the lower envelope for all galaxies. Thus, the use
of a mix of data including galaxies with different star formation
histories – and consequently, with different histories of heavy
element enrichment – can result in misleading conclusions on
the behaviour of N/O with O/H.

The value of N/O for a given O/H and the behaviour of
N/O with O/H across the galaxy contain important informa-
tion about the history of enrichment of that galaxy in heavy
elements (and consequently, about the star formation history).
This information is necessary for the construction of reliable
models for the chemical evolution of galaxies. In turn, the con-
struction of detailed models for galaxies of different morpho-
logical types can help to define more precisely the sites of ni-
trogen production. The construction of models for the chemical
evolution of galaxies of different morphological types will be
carried out in future studies.

5. Conclusions

The problem of the origin of nitrogen has been considered
within the framework of an empirical approach. The oxygen
abundances and nitrogen to oxygen abundances ratios have
been derived in H  regions of a number of spiral galaxies us-
ing the recently suggested P–method for more than six hundred
published spectra. The N/O–O/H diagram for H  regions in ir-
regular and spiral galaxies has then been constructed.

It has been found that the level of log(N/O) = −1.6 corre-
sponds to the cumulative nitrogen and oxygen productions by
massive and intermediate-mass stars. The constancy of N/O
ratios in low-metallicity galaxies can be as well reproduced un-
der the assumption that massive stars make a dominant con-
tribution to the nitrogen production in low-metallicity envi-
ronments, as under the assumption that a significant part of
nitrogen is produced by intermediate-mass stars. The available
data do not allow to decide between these two possibilities.

It has been found that the N/O values in H  regions of
spiral galaxies of early morphological types are higher than
those in H  regions with the same metallicity in spiral galax-
ies of late morphological types. This suggests that there is
a long-time-delayed contribution to the nitrogen production.
The scatter in N/O values at a given O/H can be naturally ex-
plained by differences in star formation histories in galaxies.
The low-metallicity dwarf galaxies with N/O close to the level
of log(N/O) = −1.6 do not contain an appreciable amount of
old stars. The long-time-delayed contribution to the nitrogen
production by old low-mass stars is responsible for the high
log(N/O) > −1.6 in some low-metallicity galaxies.
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The N/O ratio of a galaxy is an indicator of the time that
has elapsed since the bulk of star formation occurred, or in
other words of the nominal “age” of the galaxy as suggested
by Edmunds & Pagel (1978).

Consideration of the planetary nebulae in the Small
Magellanic Cloud and the Milky Way Galaxy suggests that
the contribution of low-mass stars to the nitrogen production
is appreciable, and at low metallicities the contribution of low-
mass stars can exceed the contribution of the intermediate-mass
stars. This confirms our conclusion, reached from the consid-
eration of the N/O–O/H diagram for spiral galaxies of different
morphological types, that there is a long-time-delayed contri-
bution to the nitrogen production.
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