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ABSTRACT 
Spectrophotometry in the 3400-7400 Â range is presented for eight H n regions and the nucleus of M101. 

The He, N, O, Ne, S, and Ar abundances relative to H are derived. The O/H ratios are smaller than pre- 
viously found by about 0.2 dex. We find negative gradients with galactocentric distance of the O/H, N/O, and 
He/H ratios. We do not find any gradients in the S/O, Ne/O, and Ar/O ratios. The pregalactic helium abun- 
dance by mass has been determined from NGC 2363, NGC 5471, and the SMC H n regions and amounts to 
0.230 ± 0.006 (1 a). 
Subject headings: galaxies: individual (M101) — galaxies: nuclei — nebulae: abundances — 

nebulae: H n regions 

I. INTRODUCTION 
M101 (NGC 5457) is a nearby grand design Sc galaxy, with 

very prominent H n regions. There are in the literature high- 
quality spectroscopic observations of the brightest H n regions 
(Peimbert and Spinrad 1970; Searle 1971; Searle and Sargent 
1972; Smith 1975; Shields and Searle 1978; Sedwick and Aller 
1981; Rayo, Peimbert, and Torres-Peimbert 1982; McCall, 
Rybski, and Shields 1985). 

We present photoelectric studies of eight H n regions and 
the nucleus in this galaxy, taken during six observing seasons, 
spread over nine years, in order to redetermine their physical 
parameters and chemical composition, in particular to derive 
their helium abundance, taking into account the nonlinearity 
of the IDS detector. 

For this work we have adopted a distance of 7.4 Mpc to 
M101 (Sandage and Tammann 1976; with the suggested cor- 
rection by de Vaucouleurs 1978), an inclination angle relative 
to the plane of the sky of 27°, a position angle of the line of 
nodes of 30°, and an isophotal radius of 123 (corresponding to 
26.5 kpc). In § II we present the observations, in § III we deter- 
mine ionic and total chemical abundances, and in § IV we 
discuss our results and their implications. 

II. OBSERVATIONS 
The observed H n regions are presented in Table 1, along 

with their offset positions from the galactic nucleus, in arc- 
seconds. Observation dates and galactocentric distances 
corrected for the inclination angle are also given. 

The observations were carried out with the 2.1 m telescope 
at KPNO, with the Gold spectrograph and the intensified 
image dissector scanner (IDS). The observational procedure 
has been described by Torres-Peimbert and Peimbert (1977). 

Four gratings were used that covered the following wave- 
length ranges: /U3400-5200, 225600-7400, 225850-6750, and 
224800-6600. The dual entrance slits used were 0.30 x 0.98 
mm where the first value is along and the second is perpendicu- 
lar to the dispersion; they correspond to 3''8 x 12'.'4 on the 

1 Visiting Astronomer, KPNO, National Optical Astronomical Observa- 
tories, operated by the Association of Universities for Research in Astronomy, 
Inc., under contract with the National Science Foundation. 

plane of the sky. The separation between the center of the slits 
was 99" on the sky. The slit was centered on the brightest part 
of the objects; each object was observed alternating both slits. 
Each beam was treated independently and in all cases the sky 
was subtracted from the source. The sky measurements were 
made outside the body of M101. The IDS is a dual-beam 
multichannel spectrometer; each spectrum of roughly 20 mm is 
recorded into 1024 channels. The width at half-maximum 
(FWHM) was of 3.8 channels. 

The data were reduced to absolute fluxes using the standard 
stars observed by Stone (1977) and Oke (1974) and correcting 
for the nonlinearity of the detector by considering that the 
actual flux, F, is related to the instrumental signal, S, as deter- 
mined by Peimbert and Torres-Peimbert (1987a) 

S oc F1-07 . (1) 

In Table 2 we present the intrinsic line intensities in ergs 
cm " 2 s “1, /(2), given by 

log [/(2)//(H/0] = log [F(2)/F(/?)] + C(H/?)/(2), (2) 

where F(2) is the observed line flux corrected for atmospheric 
extinction and C(Hß) is the logarithmic reddening correction 
at Hß. For the nucleus, only F(2) values are given. The line 
intensities have not been corrected for underlying absorption. 
The reddening function,/(2), normalized to H^ is derived from 
the normal extinction law (Whiteford 1958). The C(H/?) value 
was obtained by fitting the observed Balmer decrement with 
the theoretical one computed by Hummer and Storey (1987), 
which is very similar to that computed by Brocklehurst (1971), 
for Te = 10,000 K and Ne = 100 cm-3. The continuum contri- 
bution for each emission line was subtracted and was esti- 
mated by interpolating on both sides of the line. 

The accuracy of the F(H/?) values given in Table 2 is better 
than 0.06 dex, while that of the C(H/?) values is of 0.1 dex for all 
the objects. In general we observed the brightest part of each 
H ii complex and the positional repeatability was about 1"; the 
coordinates in Table 1 are taken from the literature. 

The standard deviations between the intrinsic line ratios and 
the theoretical ratios Hö/Hß, Hy/Hß, and Hoc/Hß are: 0.01, 
0.01, and 0.00 dex, respectively. In Table 3 we present the 
equivalent widths of the main observed lines given in log 
W(A). 

186 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

34
5.

 .
18

6T
 

H il REGIONS IN M101 

TABLE 1 
Observed H n Regions in M101 

Region3 Positionb Observation Date p7po 
000, 000 1978 May, 1987 Mar 0 0 

-068, -090 1978 May, 1987 Mar 0.15 4.0 
+160, +021 1978 May, 1979 Mar, 1980 Mar 0.24 6.3 
-155, +093 1982 Dec, 1987 Mar 0.27 7.2 
+ 145,-140 1978 May 0.31 8.1 
+ 252, -107 1978 May, 1979 Mar, 1980 Mar 0.42 11.1 
-101, -388 1985 Mar 0.55 14.6 
-376,-271 1987 Mar 0.64 17.0 
+ 666, +172 1978 May, 1979 Mar, 1980 Mar 0.99 26.2 

1982 Dec, 1983 May 

Nucleus, NGC 5457 
52, H108 + Hill ... 
53, H40   
S5   
H47   
NGC 5461, S7   
NGC 5455, S10   
NGC 5447   
NGC 5471,813   

a S (Searle 1971), H (Hodge 1969). 
b a and <5 offsets in arcseconds from galactic nucleus (east and north are positive). 
c Deprojected distance from center relative to isophotal radius, where we have adopted p0 = 123, 

i = IT, and Q = 30°. 
d Deprojected distance from center, in kpc, for a galactic distance D = 7.4 Mpc. 

TABLE 2 
Line Intensities 

ident 

F(X) J(X) 

m Nucleus H108+111 H 40 S5 H47 NGC 5461 NGC 5455 NGC 5447 NGC 5471 

3727 [O II] 
3835 H9 
3869 [Ne III] 
3889 He I + H8 
3967+3970 [Ne III] + H7 
4026 He I 
4068+4076 [S II] 
4102 H¿ 
4340 Ht 
4363 [O III] 
4388 
4472 
4658 
4686 
4702 

He I 
He I 
[Fe III] 
He II 
[Fe III] 

+0.315 +0.12+0.05 
+0.282 
+0.268 
+0.265 
+0.235 
+0.225 
+0.210 
+0.202 
+0.135 
+0.132 
+0.125 
+0.105 
+0.050 
+0.045 
+0.040 

4711+4713 [Ar IV 
4740 [Ar IV 
4861 HP 
4922+4931 He I + [O III] 
4959 [O III] 
5007 [O III] 
5048 He I 
5199+5202 [N I] 
5755 [N II] 
5876 He I 

+ He I +0.035 
+0.033 
+0.000 
-0.012 
-0.020 

0.00 

-0.06+0.05 +0.41+0.03 +0.32+0.04 +0.24+0.04 +0.33+0.02 +0.49+0.03 +0.32+0.03 +0.12+0.03 
-1.10+0.06 

-1.34+0.10 -1.37+0.07 
-0.69+0.04 -0.91+0.07 
-0.75+0.05 -0.80+0.06 

-1.15+0.05 -1.19+0.07 -1.23+0.07 -1.17+0.05 
-0.72+0.04 -0.54+0.04 -0.57+0.04 -0.22+0.03 
-0.72+0.04 - 0.68+0.04 -0.74+0.04 -0.73+0.04 
-0.65+0.04 -0.56+0.04 -0.61+0.04 -*0.47+0.03 
-1.76+0.06 -1.69+0.08 -1.75+0.08 

-1.93+0.08 • • -1.90+0.07 -1.49+0.07 
-0.60+0.04 -0.59+0.02 -0.59+0.04 -0.60+0.03 -0.60+0.02 -0.56+0.03 -0.56+0.03 
-0.27+0.03 -0.33+0.01 -0.28+0.03 -0.35+0.02 -0.32+0.01 -0.33+0.02 -0.35+0.02 

-0.028 
-0.035 
-0.075 
-0.190 
-0.210 

6300 
6311 
6364 
6548 
6563 
6584 
6678 
6717 
6731 
7065 

OI] 
S III] 
O!] 
N II] 
Ha 
[N II] 
He I 
[S II] 
[S II] 
He I 

-0.285 
-0.290 
-0.301 
-0.332 +0.07+0.03 

<-2.53 

-1.43+0.04 
-2.15+0.08 
-1.63+0.07 

0.00 0.00 
-1.99+0.06 
-0.53+0.02 -1.06+0.04 

-1.83+0.04 -1.71+0.06 
-2.27+0.08 
-1.39+0.03 -1.30+0.04 
-2.00+0.07 -1.85+0.08 
-1.68+0.05 
-2.32+0.08 

-1.79+0.06 
-1.88+0.07 
-0.59+0.02 
-0.33+0.01 
-1.04+0.02 

1.34+Ó.04 -1.45+0.03 

-1.98+0.06 

-2.35+0.08 -1.90+0.05 
-1.81+0.05 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-1.89+0.05 ••• ••• -1.94+0.06 
+0.01+0.01 +0.03+0.02 +0.11+0.02 +0.32+0.02 

-0.11+0.02 -0.70+0.02 -0.06+0.01 -0.60+0.02 -0.81+0.02 +0.48+0.01 +0.52+0.01 +0.59+0.01 +0.80+0.01 
-2.84+0.15 

-1.92+0.08 ••• -2.27+0.08 • • -2.39+0.15 
-2.20+0.10 ••• ••• -2.43+0.08 • ••• -2.77+0.15 
-1.00+0.04 -1.00+0.06 -1.17+0.08 -0.89+0.03 -0.92+0.04 -0.94+0.04 -0.96+0.03 
-1.79+0.05 ••• ••• -1.81+0.05 
-2.00+0.07 ••• •• -1.88+0.05 
-2.29+0.08 • • ••• -2.30+0.08 

0.54+0.05 -0.64+0.04 -0.50+0.05 -0.57+0.05 -0.89+0.05 

1.42+0.06 -1.50+0.04 
-1.80+0.06 
-1.96+0.07 

-1.06+0.05 -1.57+0.05 
-0.335 +1.03+0.02 +0.47+0.03 +0.45+0.02 +0.47+0.03 +0.41+0.03 +0.46+0.01 +0.45+0.02 +0.45+0.02 +0.46+0.02 
-0.340 +0.59+0.02 -0.06+0.04 -0.17+0.02 -0.04+0.04 -0.10+0.04 -0.44+0.02 -0.48+0.03 -0.61+0.03 -1.05+0.03 
-0.360 ••• -1.54+0.06 ••• ••• -1.46+0.05 -1.52+0.06 -1.48+0.06 -1.53+0.05 
-0.369 -0.07+0.03 -0.48+0.06 -0.79+0.04 -0.41+0.05 -0.56+0.06 -0.91+0.04 -0.58+0.05 -0.76+0.05 -1.01+0.04 
-0.371 +0.20+0.03 -0.74+0.06 - 0.93+0.04 -0.50+0.05 -0.74+0.06 -0.99+0.04 -0.69+0.05 - 0.89+0.05 -1.11+0.04 
-0.400 •• -1.92+0.06 -1.57+0.05 -1.62+0.06 -1.56+0.05 

7136 [Ar III] 
7320+7330 [O II] 

-0.412 
-0.435 

-1.19+0.05 
-1.71+0.08 

-1.02+0.05 -1.02+0.06 
-1.40+0.06 -1.14+0.07 

0.97+0.06 -1.14+0.05 
-1.39+0.06 

C(HP) 
log F(HP) 

+0.50 
-13.61 

+0.50 
-13.02 

+0.50 
-13.46 

+0.60 
-13.35 

+0.60 
-12.46 

+0.30 
-12.79 

+0.20 
-12.75 

+0.30 
-12.59 

3 Logarithmic intensities relative to HP, where F(A) is the observed value and 1(A) is the intrinsic value after correcting for reddening;/(A) is the 
reddening correction. 
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TABLE 3 
Equivalent Widths3 

ident 
H 108+ 

Nucleus H 111 H 40 S5 H 47 
3727 (O II] 
3835 H9 
3869 [Ne III] 
3889 He I + H8 
3967+3970 [Ne IH] + H7 
4026 He I 
4068+4076 [S H] 
4102 H£ 
4340 H7 
4363 [O HI] 

+0.92: +1.65 

4388 
4472 
4658 
4686 
4702 

He I 
He I 
[Fe HI] 
Hell 
[Fe IH] 

4711+4713 [Ar IV] + He I 
4740 [A IV] 
4861 H/9 +0 
4922+4931 He I + [O HI] 
4959 [O HI] 

7 

5007 [O IH] 
5048 He I 
5199+5201 [NI] 
5755 [N II] 
5876 He I 

+0 

[O I] 
[S III] 
[O I] 
[N II] 
Ha 
[N II] 
He I 
[S II] 
[SII] 
He I 
[Ar III] 

7320+7330 [O II] 

6300 
6311 
6364 
6548 
6563 
6583 
6678 
6717 
6731 
7065 
7136 

+0 
+1 
+1 

+0 
+0 

+ 

+ 
+ 

0 

+1 

+1 

+1 
+2 
+2 

+1 
+1 

5 

2 

+1.76 
+0.25 
-0.01 
+0.70 
+0.66 

-0.51 
+0.86 
+1.19 

+0.11 
-0.52 
-0.02: 

+1.73 
-0.29 
+1.18 
+1.68 

-0.17 
-0.34 
+0.89 
+0.14 
-0.06 
-0.35 
+1.41 
+2.49 
+1.84 
+0.44 
+1.21 
+1.08 
+0.09 
+0.84 
+0.32 

+0.77 
+1.17 

+1.60 +1.55 

+0.53 
+1.01 +0.85 

+0.80 +0.72 

+1.60 
+2.57 

+1.70 
+1.60 

+1.40 
+2.44 

+2.05 +1.89 

+1.45 
+1.27 

NGC 
5461 

+1.62 +1.32 

+0.89 
+0.51 

+0.79 
+1.15 

+2.23 
+0.72 
+1.08 
+1.09 
+1.19 
+0.18 
-0.03 
+1.38 
+1.65 
+0.14 
-0.20 
+0.71 
+0.08 
+0.49: 
-0.23 
-0.24 

+2.29 
+0.88 
+2.24 
+2.76 

-0.04 
-0.04 
+1.56 
+0.67 
+0.60 
+0.18 
+1.64 
+3.07 
+2.11 
+1.12 
+1.68 
+1.60 
+0.98 
+1.56 
+1.18 

NGC 
5455 

+2.14 
+2.62 

+ 1.31 
+0.84 

NGC 
5447 

+2.20 
+0.54 
+ 1.21 
+ 1.07 
+1.26 

+0.33 
+1.30 
+1.61 
+0.23 

+0.71 
+0.22 

+2.13 +2.22 

+2.33 
+2.81 

+1.40 

+2.83 
+ 1.89 
+0.98 
+1.82 
+ 1.78 
+0.78 
+ 1.39 +1.65 

+ 1.54 
+3.04 
+ 1.98 
+ 1.17 
+1.88 
+ 1.75 

NGC 
5471 

+2.12 
+0.63 
+1.30 
+1.13 
+1.29 
+0.21 

+1.42 
+1.70 

+0.77 

+1.92 
+0.65 
+1.61 
+1.10 
+1.38 
+0.05 
-0.03 
+1.27 
+1.62 
+0.91 

+0.52 

+0.01 

+0.06 
+0.15 
+2.11 
+0.16 
+2.39 
+2.87 
-0.77: 
-0.30 
-0.67 
+1.24 
+0.75 
+0.45 
+0.31 
+0.70 
+2.76 
+1.25 
+0.83 
+1.29 
+1.19 
+0.89 
+1.19 
+0.90 

‘ Given in log W (À). 
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III. PHYSICAL CONDITIONS AND CHEMICAL COMPOSITION 

a) Temperatures and Densities 
The relevant references to the atomic parameters used to 

derive electron temperatures, electron densities, and chemical 
abundances are from the compilation by Mendoza (1983). 

We present in Table 4 temperatures and densities derived 
from solutions to the forbidden line intensity ratios in the (Ne, 
Te) plane. The solutions are: ATe(S n) and T(S n) from the 6717/ 
6731 and (4068 + 4076)/(6717 + 6731) ratios, T(0 m) from Ae(S 
n) and the 4363/5007 ratio, T(N n) from Ae(S n) and the 5755/ 

6583 ratio, and T(0 n) from iVe(S n) and the (3726 + 3729)/ 
(7320 + 7330) ratio. The quantity <7^> is an average of T(N n), 

T(S n), and T(0 n). For H40 we derived the T(0 m) value 
based on the <TL> value and the models by Stasinska (1982). 
The errors in the temperature were estimated by considering 
the uncertainties in the observed line intensity ratios and in the 
reddening corrections. 

To derive the root mean square density, ATe(rms), we 
assumed that our observations were representative of a spher- 
ical core with r = 3"9 (which corresponds to the area of our 
rectangular entrance slit). For a homogeneous sphere of radius 
r and at a distance d, Ne(rms) is given by 

Are
2(rms) = 3 d2I(Hß)[l + N(He+)//V(H+)]/r3a(H/?, T)hv(Hß), 

(3) 

TABLE 4 
Temperatures and Densities 

Regiqn [O hi] [N h] [S il] [O il] <Tl> [S ii] (rms) 
H40    < 8500a 8250 + 650 8800 + 1000 6800 + 700 7950 <100 6.4 
NGC 5461   9300 + 250 8500 + 550 9500 + 1100 9500+ 900 9150 234 14.8 
NGC 5455   9800 + 400 ... 11800 + 2300 11200 + 1600 11500 148 76 
NGC 5471    13400 + 250 10800+ 1700 12700 + 2400 13100 + 2000 12200 186 106 

a T(0 m) = 7050 K was adopted for H40. 
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; where a(Jiß, T) is the Hß effective recombination coefficient. 
^ To determine a(Hß, T) we adopted a weighted average of <7^) 

and T(0 m), given by the fraction of the volume occupied by 
S 0+ and 0++, respectively, and the computations by Hummer 
2 and Storey (1987). These results are presented in Table 4. 

b) Heavy Elements 
To derive the ionic chemical abundances it has been 

assumed that the lines originate in two regions: a high- 
ionization zone, where the 0++, Ne++, S++, and Ar+ + lines 
originate, represented by T(0 m), and a low-ionization zone 
where the 0+, N+, and S+ lines originate, represented by TL. 
The exception is sulfur in H40, where S + + is expected to orig- 
inate mostly in the 0+ zone and for which T = 7700 K was 
adopted, based on ionization structure models (Stasinska 
1982; Mathis 1982,1985). In the two zones it was assumed that 
there are no spatial temperature variations present, i.e., that i2, 
the mean temperature fluctuation, is equal to 0.00. The results 
are presented in Table 5; the errors include the uncertainties in 
the line intensity ratios and in the electron temperatures. 

The total O, N, and Ne abundances were obtained from 

JV(0)/iV(H) = N(0 + + O + +)/iV(H+), (4) 

AT(N)/N(H) = [iV(0)/JV(0+)] x [N(N+)/7V(H+)] , (5) 

Ar(Ne)/AT(H) = [N(0)/1V(0 + +)] x [AT(Ne+ +)/AT(H+)] , (6) 

and are presented in Table 6. 
To determine the S and Ar total abundances we have used 

the ionization correction factors derived from ionization struc- 
ture models by Mathis (1982, 1985) and Stasinska (1982). The 
errors in Table 6 include the uncertainties due to the tem- 
peratures, the line intensity ratios, and the ionization correc- 
tion factors. The temperature dependence of the ionic 
abundances relative to H is considerably larger than that of the 
total abundance ratios relative to O, therefore the errors in 
Table 5 can be larger than those of Table 6. The S abundance 
for NGC 5455 is more uncertain than for the other H n regions 
because it is based only on the S + abundance and the icf pro- 
vided by the ionization structure models. 

c) Helium 
The total helium abundance of an ionized gaseous nebula is 

given by 

iV(He)/AT(H) = iV(He0 + He+ + He+ +)/N(H° + H+), (7) 

it can be shown that for H n regions, equation (7) can be 
reduced, to a high degree of approximation, to (e.g., Stasinska 
1982; Peimbert, Peña, and Torres-Peimbert 1986) 

iV(He)/iV(H) = iV(He0 + He+)/AT(H+) 

= icf(He)x[N(He+)/iV(H+)], (8) 

TABLE 5 
Ionic Abundances3 

Ion H40 NGC 5461 NGC 5455 NGC 5471 

N+   7.39 ±0.08 6.93 + 0.08 6.64 + 0.10 6.01 +0.08 
0+   8.46 + 0.14 8.06 + 0.12 7.82 + 0.18 7.34 + 0.13 
0+ +   8.08 ± 0.12 8.12 ± 0.04 8.10 ± 0.06 7.96 ± 0.02 
Ne++   7.36 + 0.10 7.44 + 0.06 7.50 + 0.06 7.33 + 0.04 
S+   6.09 + 0.08 5.83 + 0.08 5.89 + 0.10 5.40 + 0.09 
S++   6.89 + 0.15 6.59 + 0.10 ... 6.07 + 0.08 
Ar++   6.20 + 0.10 6.03 + 0.06 5.97 + 0.07 5.56 + 0.06 

3 Given by 12 + log iV(X,)/iV(H+). 

where icf(He) is the helium ionization correction factor. From 
the computations by Hummer and Storey (1987) and Brock- 
lehurst (1971), and the 7(4686)//(H/?) ratio presented in Table 2 
we obtained that iV(He+ +)/N(H+) = 8 x 10~4 for NGC 5471, 
an almost negligible amount of He + + . Moreover, it is possible 
that the 24686 feature originates in the atmospheres of WR or 
Of stars and not in the H n region itself; therefore in what 
follows we will neglect the He+ + presence. 

From the computations by Hummer and Storey (1987) and 
by Brocklehurst (1972) and the observations in Table 2 we 
have computed the N(He+, 2)/N(H+) values under the 
assumption that the collisional excitation and the self- 
absorption effects from the level 23S of He0 are negligible; the 
results are presented in Table 7. The higher 27065 values indi- 
cate that collisional excitation and the self-absorption effects 
are present. Based on the work of Peimbert and Torres- 
Peimbert (1987a, b) we assumed that the collisional effects 
from the 23S level are only half as large as those derived from 
the predictions by Berrington and Kingston (1987); i.e., we 
adopted a y value of 0.50, which is equivalent to assuming that 
the population of the 23S level is only half the predicted value. 
After these corrections the 27065 values were still higher than 
those derived from the other helium lines, indicating the pre- 
sence of self-absorption. 

Based on the 7065/4472 ratios corrected for collisional exci- 
tation and the results by Robbins (1968) and Cox and Dalta- 
buit (1971) we have taken into account the effect of 
self-absorption for the triplet series. This effect reduces the 
(He+, 2)/H+ ratios by at most a factor of 1.02 for 25876 and of 
1.01 for 24472, while it leaves 24026 unaffected. From the com- 
putations by Robbins and Bernat (1973) it is found that the 
self-absorption effect for the singlet lines is negligible. In Table 
8 we present the ionized helium abundances after correction 
for collisional excitation and self-absorption; from Tables 7 
and 8 it can be seen that the maximum correction by these two 
effects is produced in NGC 2363 for 25876 and amounts to less 
than a factor of 1.04. From an expected 7(5007)//(4933) [O m] 
ratio of 7.04 x 103 and the observed 5007/H/? line intensity 
ratios we subtracted the 4931/Hß contribution to the observed 
(4922 + 4931)/H/? ratios. In the last column of Table 8 we 
present the average He+/H+ value after considering all the 
lines weighted according to the observational errors (the errors 
given are 1 a). 

The observed He and H line intensities are affected by 
underlying absorption and emission due to the stellar contri- 
bution to the spectra. These processes affect differently each 
helium line (Rayo et al), since the average He+/H+ value of the 
three best observed lines 225876, 4472, and 6678 is practically 
the same and the equivaelnt widths in emission of the Balmer 
lines are very large (see Table 3). We conclude that the effects 
due to underlying absorption and emission are negligible. 

Table 6 includes the total He/H abundance ratios after con- 
sidering the icf(He) based on the ionization structure models by 
Mathis (1982). The correction for neutral helium for H40 
depends critically on the S+ +/S+ ratio, an error of 0.07 dex in 
this ratio produces the uncertainty presented in Table 6 and in 
Figure 7. 

Oxygen comprises about 45% by mass of the Z abundance 
in the Orion Nebula (Peimbert and Torres-Peimbert 1977) and 
about 60% in NGC 2363 (Peimbert, Peña, and Torres- 
Peimbert 1986). The difference is mainly due to the C/O and 
N/O values in NGC 2363 which are smaller than in the Orion 
Nebula. To derive the Z values for the M101 H n regions we 
assumed that O comprises from 45% to 60% of the Z value. 
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TABLE 7 
Uncorrected Ionized Helium Abundances3 

Region A4472 25876 26678 27065 

H40   0.072 0.068 0.070 0.085 
NGC 5461    0.083 0.093 0.091 0.170 
NGC 5455   0.102 0.089 0.079 0.135 
NGC 5471   0.076 0.087 0.085 0.151 
NGC 2363   0.078 0.078 0.078 0.155 

a Given by iV(He+)/iV(H+), without correction for self- 
absorption nor for collisional excitation from the 23S He0 level. 

The value for each object was obtained by adopting the N/O 
ratio as the interpolating factor. A result that supports this 
procedure is the uniformity of the C/N ratio in galactic and 
extragalactic H n regions with very different O/H ratio (e.g., 
Dufour et al. 1984; Peimbert 1985 and references therein). 

IV. DISCUSSION 
For the same objects in M101 we obtain higher tem- 

peratures and lower O/H abundances than those derived by 
other authors from observations with IDS detectors, the com- 
parison is made assuming t2 = 0.00 for all observations; the 
main differences are due to the nonlinearity of the IDS detec- 
tors and not to the accuracy of the observed intensity ratios 
(like 4363/5007). For H40, NGC 5461, and NGC 5471 the 
derived difference is of the order of 0.2 dex relative to the 
results by Smith (1975) and by Rayo et al. Many of the direct 
O/H determinations in the literature are based on IDS obser- 
vations and consequently should be decreased on the average 
by about 0.2 dex. 

In Figure 1 we present our oxygen determinations for H n 
regions in M101 and those by Rayo et al. for t2 = 0.00. We 
have also recomputed the O/H values from the uncorrected 
observations by Smith (1975) for t2 = 0.00; these values are 
also shown in the same figure. Moreover in Figure 1 we present 
the oxygen values derived by Dopita and Evans (1986) from 
their grid of ionization structure models. Their results agree 
with the direct O/H determinations based on uncorrected IDS 
observations for values of [12 -I- log (O/H)] < 8.8 but are sys- 
tematically higher than our results by about 0.2 dex. 

The difficulty of directly measuring Te led Pagel et al. (1979) 
to propose an empirical method based on the nebular oxygen 
lines ([O ii] ¿3727 + [O m] ¿¿4959, 5007)/Hß to determine 
the electron temperature and the O/H ratio. In Figure 2 we 
present three of the most recent calibrations based on the 
empirical method (Edmunds and Pagel 1984; McCall et al; 
Dopita and Evans 1986). For comparison we present in the 
same figure our results for M101 as well as those for NGC 2363 
(Peimbert, Peña, and Torres-Peimbert 1986) based on direct 
determinations of the O/H ratios assuming t2 = 0.00. It can be 

TABLE 8 
Corrected Ionized Helium Abundances3 

Region 24026 24472 24922 25876 26678 Average 

H40   0.072 0.072 0.068 0.070 0.070 + 0.004 
NGC 5461 .... 0.079 0.083 0.092 0.092 0.091 0.088 + 0.004 
NGC 5455 .... 0.089 0.102 ... 0.088 0.079 0.092 + 0.005 
NGC 5471 .... 0.072 0.074 0.082 0.085 0.085 0.080 + 0.003 
NGC2363 .... 0.076 0.076 0.075 0.075 0.077 0.076 + 0.002 

3 Given by He+/H+ corrected for self-absorption and for collisional excita- 
tion from the 23S He0 level. 

Fig. 1.—O/H vs. galactocentric distance, where we have adopted p/p0 = 
0.99 for NGC 5471. Triangles are from this paper, open circles from Rayo et 
al, crosses from Smith (1975), and filled circles from Evans (1986). O/H values 
of the same object determined by different authors are connected by thin lines. 

Fig. 2.—We present the empirical relations by Edmunds and Pagel (1984), 
McCall et al. (1985), and Dopita and Evans (1986) between O/H and the 
([O n] 23727 + [O m] 224959, 5007)/H/i intensity ratio. Also in this figure we 
present our results for M101 based on direct O/H determinations. 
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Fig. 3.—N/O vs. O/H ratio of the objects listed in Table 6 

seen that our O/H results agree fairly well with the calibration 
by Edmunds and Pagel (1984) that is based also on observa- 
tions and t2 = 0.00, but are considerably smaller than those 
predicted by the calibrations by McCall et al. and by Dopita 
and Evans (1986) that are based on models. 

Part of the O/H difference between the models and the 
observations is due to the presence of temperature inhomoge- 
neities over the observed volumes that imply t2 values different 
from zero (e.g., Peimbert 1967; Peimbert and Costero 1969), 
the t2 effect should be studied to evaluate whether it can 
explain most of the difference. 

A relationship of the type log (N/O) = a log (O/H) + b with 
a = 1 is predicted by the simple model of galactic chemical 
evolution for the interstellar medium under the assumptions 
that N is of secondary origin and O is of primary origin (e.g., 
Talbot and Arnett 1973). The simple model is based on the 
following assumptions: (a) there are no gas flows, (b) the initial 
mass function is constant with time, and (c) the instant 
recycling approximation applies. In Figure 3 we present a plot 
of the N/O versus O/H ratios for the objects listed in Table 6. 
From our data we derive that a = 0.46 ±0.1. This result 
implies that an important fraction of N is not of secondary 
origin or that the simple model of galactic chemical evolution 
does not apply, or both. Similar values for a have been 
obtained before by other authors and different models of galac- 

tic chemical evolution have been proposed to explain the 
observations (e.g., Peimbert 1987 and references therein). The 
Orion Nebula and the Sun follow smoothly the M101 H n 
regions, probably implying that the chemical evolutions of the 
Galaxy and of M101 have not been very different. 

We present the Ne/O ratio, as derived from equation (6), 
versus the O/H values for the observed objects in Figure 4. 
From ionization structure models it has been found that equa- 
tion (6) breaks down for H n regions of low degree of ioniza- 
tion (see also Fig. 4 in Torres-Peimbert and Peimbert 1977); 
we suggest that this effect is also present in our sample since 
H40 and Orion show slightly lower Ne/O values than the 
other objects in M101. We find no evidence for a Ne/O gra- 
dient in M101, and we conclude that all objects in our sample 
are consistent with a constant ratio given by log Ne/ 
O = —0.70 ± 0.10. The SMC and LMC H n regions show 
marginally smaller Ne/O ratios than NGC 2363 and M101; 
this difference is not due to the nonlinearity correction of the 
O/H ratios since the Ne/H ratios are similarly affected. 

In Figure 5 we present the S/O versus O/H ratios for the H n 
regions in M101. Our results indicate that there is no variation 
of the S/O ratio with galactocentric distances and that log 
(S/O) = —1.60 ± 0.10 for all objects, in agreement with the 
idea that the sulfur and oxygen enrichment is due to stars of 
similar mass. Our results are in disagreement with the results 

Fig. 4.—Ne/O vs. O/H values for the objects listed in Table 6. The Ne/O ratio was derived from eq. (6); this equation breaks down for objects of low degree of 
ionization. We find no evidence for a Ne/O gradient in M101. 
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Fig. 5.—S/O vs. O/H ratio for the objects listed in Table 6. Our results indicate that there is no variation of the S/O ratio with galactocentric distance in M101 
and that log (S/O) = —1.60 + 0.10 for all objects; in agreement with the idea that the S and O enrichment is due to stars of similar mass. 

Fig. 6.—Ar/O vs. O/H ratio for the objects listed in Table 6. Our results are consistent with a constant ratio given by log (Ar/O) = —2.15 + 0.15. 

for M101 by Evans (1986), for M33 by Vilchez et al (1988), and 
for the Galaxy by Shaver et al (1983) who find an S/O gradient 
increasing with galactocentric distance. For M101 we consider 
that our observations are of higher quality, while for M33 and 
the Galaxy we consider that more accurate observations are 
needed to confirm the published results. We display argon 
versus oxygen in Figure 6. Again our results are consistent with 
a constant ratio given by log (Ar/O) = —2.15 + 0.15. 

In Figure 7 we present the helium versus oxygen diagram. In 
addition to the values in Table 6 we have added the M17 
results by Peimbert et al (1988). There are systematic differ- 
ences between the helium abundances derived by us and those 
by Rayo et al mainly due to the nonlinearity of the IDS. The 
difference amounts to AY = 0.015, in the sense that the present 
values are higher. 

As a first approximation to the study of the chemical enrich- 
ment of the interstellar medium it has been assumed that there 
is a linear relation between the helium mass fraction, Y, and 
the heavy element mass fraction, Z of the form 

Y = Yp + Z(AY/AZ), (9) 

where Yp denotes the pregalactic helium abundance (e.g., Peim- 
bert and Torres-Peimbert 1974,1976). 

Based on equation (9) and observations of the SMC H n 
regions and the Orion Nebula gathered with a linear detector 
Peimbert and Torres-Peimbert (1976) found that Yp = 0.228. 

A few years of depression for Yp followed since French 
(1980), Talent (1980), and Rayo et al obtained Yp = 0.216. 
These values should be corrected for the nonlinearity of the 
detectors used. The correction to be applied yields a higher 
helium abundance by about 0.015. 

Kunth and Sargent (1983) obtained an average helium abun- 
dance <Y> = 0.245 ± 0.003 (1 a) from 13 extragalactic H n 
regions. Kunth and Sargent proposed that Yp = < Y), i.e., that 
AY/AZ = 0 in equation (9). By contrast, Pagel (1986) from the 
data by Kunth and Sargent, and by disregarding one object in 

Y 

0.29 

0.27 

0.25 

0.23 

0 2 4 0/H xIO”4 6 

Fig. 7.—O/H vs. Y for the objects listed in Table 6. In addition to the 
values in this table we have added the values of M17 by Peimbert et al. (1988). 
The difference between the helium abundances derived by Rayo et al. and 
those derived by us is mainly due to the nonlinearity of the IDS. The difference 
amounts to AT = 0.015, in the sense that the present values are higher. 
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^ their sample, derived 1^ = 0.234 + 0.008 and A 7/ 
^ AZ = 4.6 + 5.9. From independent observational data Pagel, 
^ Terlevich, and Melnick (1986) found Yp — 0.236 ± 0.005 and 
2 AY/AZ = 5.7 + 2.7. These results were derived without cor- 
2 recting for self-absorption nor for collisional excitation from 

the 23S level and consequently are upper limits to Yp. The 
models of chemical evolution of galaxies, and in particular 
AY/AZ, depend on at least four different parameters that are 
not well known : (a) gas flows, often characterized by the ratios 
of the infall and outflow rates to the star-formation rate, (b) the 
initial mass function (and its time dependence), (c) the star- 
formation rate (and its time dependence), and (d) the mass and 
composition of the stellar ejecta during the evolution of stars of 
different masses. Therefore the approximation in equation (9) 
might not be valid and the relation between Y and Z is not 
necessarily linear. 

It should be mentioned that almost always the Z values in 
equation (9) have been based on the O abundance alone, and 
that equation (9) has been substituted by 

Y =Yp + X0(AY/AX0), (10) 

where X0 is the O abundance by mass. Similar expressions can 
be set up for C and N. The Yp values derived from the four 
similar relations will be denoted by Yp(Z), Yp(0), Yp(C), and 
I^(N). In Table 9 we present the Yp(Z), 1^(0), fp(C), and Y^(N) 
values derived from the NGC 5471 and the Orion Nebula 
values. Almost the same values would have been obtained by 
combining the results of NGC 5471 with those for M17 pre- 
sented by Peimbert et al. (1988). Also in Table 9 we show the 
values derived from NGC 2363, and the SMC regions, together 
with the Orion Nebula. The different Yp values derived for the 
same objects are significant and imply that at least two of the 
four relations used are nonlinear. 

Other authors have also presented Yp(N) and Yp(C) values: 
Pagel et al. from their sample of H n regions obtained that 
iyN) = 0.238 + 0.005 (1 o\ without correcting for collisional 
excitation nor self-absorption from the 23S level; Gallagher, 
Steigman, and Schramm (1987) from data available in the liter- 
ature obtained ^(C) = 0.235 + 0.004 (1 <j), without correction 
for collisional excitation from the 23S level; Pagel (1988) ana- 
lyzing part of the data available in the literature and new 
unpublished data derived 1^,(0) = 0.230 ± 0.005 (1 a) and 
7p(N) = 0.232 ±0.004(1 a). 

To select the best Yp value from those presented in Table 9 in 
what follows we will discuss whether the helium enrichment 
behaves linearly with any of Z, O, N or C. According to Sar- 
miento and Peimbert (1985) more than 60% and possibly as 
much as 80% of C is produced in intermediate mass stars, 
those with 1 < M/Mq < 8; the rest is produced by massive 
stars, those with M > S MQ. Alternatively, most of the O is 
produced by massive stars. From stellar evolution models 
Serrano and Peimbert (1981) find that He is produced by 
intermediate-mass stars and by massive stars ; on observational 

TABLE 9 
Pregalactic Helium Abundance3 

Region Yp(0) Yp(C) Yp(N) Yp(Z) 

NGC 5471   0.228 0.237 0.236 0.232 
NGC 2363   0.225 0.232 0.232 0.228 
SMC   0.228 0.235 0.235 0.231 

a By mass. 

Yol. 345 

grounds there are three types of objects that enrich the inter- 
stellar medium with large amounts of He: (a) PN of Type I 
(e.g., Peimbert 1987), (b) WN stars (e.g., Parker 1978; Kwitter 
1981), and (c) supernovae of the Crab Nebula type (e.g., 
Péquignot and Dennefeld 1983; Davidson and Fesen 1985; 
Henry 1986; MacAlpine et al. 1989). Of these three types of 
objects only the first two are also N-rich. If He is produced on 
the average by stars with smaller mass than those that produce 
O, it can be shown (i.e., Serrano and Peimbert 1981) that 
objects with a high star-formation rate would yield a 1^,(0) 
value lower than the real Yp value, i.e., I^(O) < ^(true). 

Pagel (1986), based on a correlation between the N and He 
abundances in irregular and blue compact galaxies of low O 
abundance and on the presence of WN features in their 
spectra, suggested that most of the N in these objects was of 
secondary origin but produced by massive WN stars. If we 
assume that all the helium additional to Yp and all the N are 
produced by massive stars and that N is of secondary origin, 
then AXn oc (Xc + X0)AY oc AT", where n is larger than 1 and 
is equal to 2 if (Xc + X0) oc AY (Pagel 1986; Peimbert 1987). 
The values ^,(N) derived from a linear extrapolation of AXN 
versus AY become upper limits to the real Yp values (see Fig. 1 
of Peimbert 1987), i.e., Yp(N) > I^(true). 

As mentioned before the C/N ratio appears to be uniform in 
H ii regions of different O/H content implying that I^(N) = 
7p(C); therefore the delay in the C and N enrichment of the 
interstellar medium is similar and since C is a primary element 
we conclude that C is produced by stars with an average mass 
smaller than those that produce N. 

From our discussion it follows that 1^,(0) < I^(N) = yp(C) in 
agreement with the values in Table 9. Moreover it also follows 
that Yp(0) < yp(true) < 7p(N) = YP(C). Most of the He enrich- 
ment of the interstellar medium is expected to be due to 
massive stars. Nevertheless a small nonnegligible fraction 
comes from intermediate mass stars; therefore a better approx- 
imation than 1^(0) or Y^(C) to derive Fp(true) is given by Yp(Z). 

Based on this discussion it follows that from NGC 5471 we 
obtain Yp = 0.232 ± 0.008 (1 <j), from NGC 2363, Yp = 0.228 
± 0.006 (1 a), and from the SMC H n regions, Yp = 0.232 
± 0.005 (1 <t). The corrections by self-absorption and col- 
lisional de-excitation from the 2ÓS level have not been con- 
sidered for the SMC H n regions, but they are small and would 
reduce Yp to about 0.229. For NGC 2363 the corrections for 
collisional excitation amount to less than 0.001 and have not 
been considered. 

V. CONCLUSIONS 

We present line intensity ratios for a group of H n regions in 
M101 observed with an IDS detector after correcting for non- 
linearity. By comparing our results with those determined with 
IDS detectors without correcting by this effect we find signifi- 
cant and systematic changes in C(H/?), Te, O/H, and Yp: the 
C(Hß) values derived by us are about 0.15 dex smaller, the Te 

values are a few hundred degrees higher, the O/H values are 
about 0.2 dex smaller, and the Yp values are about 0.015 higher. 
As it has been discussed elsewhere (Peimbert and Torres- 
Peimbert 1987a) it is not possible to correct properly for the 
nonlinearity effect based only on the published line intensity 
ratios, it is necessary to reduce the data again from the original 
measurements. 

The O/H ratios derived from the observed Te values are in 
good agreement with the empirical calibration of the 
([O in] + [O n])/H/? versus O/H ratio by Edmunds and Pagel 
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; (1984) but are smaller than those derived from the calibrations 
^ by Dopita and Evans (1986) and by McCall et al, part of the 
^ difference is due to spatial temperature variations over the 
S observed volumes. 
2 We found gradients in the Te, He/H, O/H, and N/O values 

with galactocentric distance. The N/O gradient implies that 
the history of the N chemical enrichment is different to that of 
O, and that probably a significant fraction of N is of secondary 
origin. 

Contrary to previous results we do not find gradients in the 
S/O, Ne/O, and Ar/O ratios implying that the history of the O, 
Ne, S, and Ar enrichment is similar and that stars in the same 
mass range are responsible for most of their production. 

We computed the effects of self-absorption and collisional 
excitation from the He i 23S level for giant extragalactic H n 
regions. The combined effects reduce the helium abundances 
derived from the A5876 lines by at most a factor of 1.04, from 

the ¿4472 lines by at most a factor of 1.02, and from the ¿6678 
lines by at most a factor of 1.01 ; moreover for ¿¿4026 and 4922 
these effects are completely negligible. 

We find that a linear relationsip of the type Y — Yp 
+ XAY/AX, where X could be Z, Xc, XN, or X0 yield differ- 

ent values of Yp, which we have designated Yp(Z), Yp(C), 1^(N), 
and 1^,(0). It is argued that the real Yp value is smaller than 
1^(N) and 1^(C), but larger than 1^,(0). Therefore it is suggested 
that Yp(Z) provides the best representation of the pregalactic 
helium abundance. 

From this discussion and the results for Ml7, the Orion 
Nebula, NGC 5471, NGC 2363, and the SMC H n regions it 
follows that Yp = 0.230 ± 0.006 (1 a). 

We are grateful to the staff of the Kitt Peak National Obser- 
vatory for their excellent support to this program, and in par- 
ticular to J. Barnes and J. B. DeVeny for their assistance. 
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