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In this paper, we investigate the 37 strongest QSO emission lines of stars of type Q in
the catalog of Hewitt & Burbidge [22], as determined by Varshni et al [21]. We identify
the candidate lines from atomic spectra lines data and determine the estimated Te range
down to the 50% ionic element density for the identified candidate emission lines. This
information assists in the classification of Q stars from the 37 QSO dominant emission
lines. We use the Hertzsprung-Russell diagram to analyze and determine the role of
mass loss in the evolution of stars. We review the nucleosynthesis process that leads
from massive O stars to WN and then WC Wolf-Rayet stars as a result of mass loss, and
then consider the nucleosynthesis of oxygen in massive stars, showing that 16O oxygen
has a significant presence in massive stars beyond the WC stage, until the generation of
28Si, where it disappears. This leads us to postulate more than one population of stars of
type Q. One group identified by Varshni [27] with O VI and He II emission lines in their
spectra implying much higher temperatures and positioning those QSO stars above the
WR region in the HRD. The other group with emission lines dominated by temperatures
in the O II and O III range, indicating a lower temperature range of QSO stars with a
significant number of ionized oxygen lines and some Si emission lines, in addition to
the nitrogen WN and carbon WC lines. We postulate that these QSO spectra correspond
to unrecognized Wolf-Rayet stars, in particular WO stars and WSi pre-supernova stars,
extending into lower temperatures. In that scenario, Q stars would be the end-state of
the Wolf-Rayet evolution process, prior to moving to the supernova state.

1 Introduction

In a recent paper [1], we reviewed the physical process of
laser action that is occurring in the stellar atmospheres of
stars of type W (Wolf-Rayet) and stars of type Q (QSOs),
due to the rapid adiabatic expansion of the stellar atmosphere
of these stars, resulting in population inversions in the ionic
energy levels due to free electron-ion recombination in the
cooling plasma. Laser action in non-LTE stellar atmospheres
was first proposed by Menzel in [2] and plasma lasers by
Gudzenko in [3]. This results in the extremely strong broad
emission lines observed in the spectra of these stars.

Significant work has been performed over the last forty
years on the analysis of the emission line spectra of WR stars
to understand their classification and evolution [4–15] and is
still an ongoing area of research. Previously [1], we noted
that a similar effort will be required to understand the classi-
fication and evolution of stars of type Q, as has been achieved
for Wolf-Rayet stars. In this paper, we take an initial stab at
this problem.

In addition, we examine the stellar evolution of highmass-
loss stars, characterized by WR and QSO stars, and refine
our proposal to enhance the Hertzsprung-Russell Diagram
(HRD) by including stars of type W and stars of type Q in
the HRD [1]. This allows us to postulate that QSO stars can
be identified as unrecognized Wolf-Rayet stars, in particular
WO stars and WSi pre-supernova stars, to position them on
the HRD, and provide a better understanding of the evolu-
tion of high mass-loss stars as displayed in the Hertzsprung-
Russell Diagram.

2 Spectra of stars of type W

The emission line spectra of Wolf-Rayet stars are dominated
by lines of helium He, carbon C, nitrogen N and oxygen O.
The spectra fall into two broad classes: WN stars, which have
prominent lines of nitrogen N and helium He ions, with a very
strong He II Pickering series (n = 4→ n′), and essentially no
lines of carbon C; and WC stars, where the lines of carbon C
and oxygen O are prominent along with the helium He ions,
while those of nitrogen N seem to be practically absent [19,
p. 485]. An additional subtype WO with strong O VI lines has
also recently been added as a separate subtype. The spectra
are characterized by the dominance of emission lines, notable
for the almost total absence of hydrogen H lines [4].

The number of WR stars in our galaxy is small: the 2001
VIIth catalog of galactic WR stars gave the number at 227
stars, comprised of 127 WN stars, 87 WC stars, 10 WN/WC
stars and 3 WO stars [16]. A 2006 update added another 72
WR stars, including 45 WN stars, 26 WC stars and one WO
star [17]. The latest number from the August 2020 Galactic
Wolf-Rayet Catalogue v1.25 is 667 WR stars [18].

Wolf-Rayet stars have extended atmospheres whose
thickness is an appreciable fraction of their stellar radius [19,
p. 243]. The material generating the lines is flowing outward
from the stellar photosphere. These flows are driven by ra-
diation pressure acting on the stellar atmosphere. Mass loss
in stellar winds, particularly in WR stars, is well established
[19, pp. 266, 523]. Mass loss ratesM for WR stars are esti-
mated to be of order 10−5 up to perhaps 10−4 M⊙ /year [20,
p. 628] — for comparison, the mass loss rate for the solar
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wind is about 10−14 M⊙ /year. The massive trans-sonic stel-
lar winds flow velocities in WR stars rise from close to zero
in the stellar photosphere to highly supersonic values of order
3 000 km/s within one stellar radius from the surface. Rapid
cooling of the strongly ionized plasma results in rapid recom-
bination of the free electrons and the ions into highly excited
ionic states, resulting in population inversions and laser ac-
tion.

3 Spectra of stars of type Q

Similar physical processes are expected to predominate in
QSO stars due to the physical similarity of WR and QSO
spectra, including the almost total absence of hydrogen H
lines. However, while the number of identified WR stars is
relatively small, the number of identified QSO stars is larger
as we will see later.

Varshni et al [21] studied the distribution of QSO spectral
emission lines (in the observed frame, i.e. unshifted) of 7 315
QSOs from the catalog of Hewitt & Burbidge [22], of which
5 176 have emission lines. This resulted in a total of 14 277
emission lines in the range λ1271 to λ17993, with the vast
majority in the visual range λ3200 to λ5600*.

A number of very strong peaks were found in a histogram
of the statistical frequency of the emission lines against wave-
length using 4 Å bins. The emission line distribution was ex-
pressed in units of standard deviation above a random aver-
age, to ensure the lines are statistically significant. The 37
strongest QSO emission lines in the catalog were more than
four standard deviations above the random average, of which
13 peaks were above 5σ, of which 3 peaks were above 6σ,
of which one peak was above 8σ. These lines are given in
Table 1 including the number of standard deviations above a
random average.

The 37 QSO emission lines were compared with Wolf-
Rayet emission lines in [21], and 27 were found to also occur
in WR star spectra, 7 in novae-like star spectra, and two in
novae spectra. These are also included in Table 1, along with
corresponding candidate element emission lines identifica-
tion. The lines have been compared against existing sources
of data such as Willett’s [23] and Bennett’s [24] lists of laser
transitions observed inlaboratories and theNIST Atomic Spec-
tra Database Lines Data [25].

In Table 2, we have added the estimated Te range down
to the 50% ionic element density obtained from House [26]
for the identified candidate element emission lines. In Tables
3 and 4, we determine the best known line identification and
estimated Te range down to the 50% ionic element density
from House [26] respectively, for the 37 QSO emission lines
identified in [21]. This provides information to assist in the
classification of Q stars from the 37 QSO dominant emission
lines.

*The notation λ indicates wavelengths measured in Å.

Varshni [27] also investigated O VI and He II emission
lines in the spectra of QSOs, planetary nebulae and Sanduleak
stars (WO stars characterized by a strong O VI emission line
at λ3811.34 — one example, blue supergiant star Sk -69 202,
was identified as the progenitor of supernova 1987A). O VI
emission lines imply much higher temperatures (180 000 K <
O VI < 230 000 K) than those of Table 4, which are dominated
by temperatures in the O II and O III range (16 000 K < O II
< 46 000 K and 46 000 K < O III < 73 000 K respectively).

4 Comparative numbers of O, W amd Q stars

The comparative numbers of O, W and Q stars provide hints
on their relative classification with respect to their evolution
and the Hertzsprung-Russell diagram. O stars are known to
be massive hot blue-white stars with surface temperatures in
excess of 30 000 K. Wolf-Rayet stars have typical masses in
the range of 10–25 M⊙, extending up to 80 M⊙ for hydrogen-
rich WN stars [5], and surface temperatures ranging from
30 000 K to around 210 000 K.

Conti et al [6] measured the actual numbers and distri-
butions of O stars and Wolf-Rayet stars in a volume-limited
sample of stars within 2.5 kpc of the Sun. They found the
observed WR/O star number ratio to be given by

WR
O (M ≥ 40 ± 5M⊙)

= 0.36 ± 0.15 . (1)

The distribution of WR stars matches that of massive O stars,
primarily close to the galactic plane, predominantly in spiral
arms Population I stars, which is seen to indicate that WR
stars are descendant from the most luminous and massive O
stars, likely due to mass loss.

From the latest number of 667 WR stars seen previously
in §2, we obtain an estimated number of O stars of

1 850 +1 350
−550 ,

that is between 1 300 and 3 200, from (1). These results are
in the same ballpark as available catalogues of O stars, which
are still very much a work in progress [28–33]. This num-
ber is similar to that of planetary nebulae with about 2 700
known in 2008 (MASH catalogue) [34, 35]. These distribu-
tions and numbers of O stars and Wolf-Rayet stars agree with
the changes to the Hertzsprung-Russell diagram suggested
in [1] to include more massive and hotter stars of type W
beyond the stars of type O B.

For the number of stars of type Q, we saw previously in
§3 that the Hewitt & Burbidge catalog of 1993 [22] included
7 315 QSOs, of which 5 176 have emission lines, which repre-
sents 11 times the current number of known WR stars. How-
ever, the latest edition of the Sloan Digital Sky Survey Qua-
sar Catalog DR16Q [36] to August 2018, includes a total of
750 414 quasars (100 times the 1993 Hewitt & Burbidge cat-
alog number). This represents 1 125 times the number of WR
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QSO λ σ WR λ NL λ Nova λ Emitter λ Emitter λ Emitter λ
(Å) (Å) (Å) (Å) candidates candidates candidates

3356 4.0 3358.6 N III λ3355 O III λ3355.9 C III λ3358
3489 4.1 3493 O IV λ3489.83 O II λ3488.258 O II λ3494.04
3526 6.7 C V λ3526.665 O II λ3525.567
3549 4.3 O II λ3549.091 Si III λ3549.42
3610 4.6 ⟨3609.5⟩ C III λ3609.6 He I λ3613.6 N II λ3609.097
3648 5.4 3645.4 O II λ3646.56 O IV λ3647.53 O IV λ3642
3683 4.4 3687 3685.10 O II λ3683.326 O III λ3682.383/6.393 N IV λ3689.94
3719 4.7 ⟨3721.0⟩ O III λ3721 O V λ3717.31
3770 4.7 ⟨3769.5⟩ N III λ3770.36/1.05 Si III λ3770.585 O III λ3774.026
3781 5.3 3784.8 He II λ3781.68 O II λ3784.98 N III λ3779
3831 5.1 3829.9 He II λ3833.80 C II λ3831.726 O II λ3830.29
3842 4.7 O IV λ3841.07 N II λ3842.187/.449 O II λ3842.815
3855 5.0 3856.6 N II λ3855.096/.374 O II λ3856.134 He II λ3858.07
3890 8.4 ⟨3889.0⟩ He I λ3888.64 C III λ3889.18/.670 O III λ3891.759
3903 5.6 3903.0 O III λ3903.044
3952 4.4 ⟨3954.2⟩ O II λ3954.3619 Si III λ3952.23/3.071
4012 6.0 ⟨4008.4⟩ N III λ4007.88 N III λ4013.00 Si III λ4010.236
4135 4.8 ? N III λ4134.91/6.07 O V λ4134.11 N II λ4133.673
4276 5.9 ? 4276.6 4275.5 O II λ4275.5 O II λ4275.994 O II λ4276.620
4524 4.7 ⟨4520.4⟩ N III λ4523.56/7.9 O III λ4524.2/7.3 O V λ4522.66
4647 4.0 4650.8 C III λ4647.40/51.35 O II λ4647.803/9.1348 O III λ4649.973
4693 4.7 ? 4697.0 O II λ4693.195 N II λ4694.274/7.638 O III λ4696.225
4771 4.1 ? 4772.1 N IV λ4769.86 O IV λ4772.6 O II λ4773.782
4801 4.3 ⟨4799.6⟩ O IV λ4800.74 Si III λ4800.43
4817 4.4 4814.6 4814.4 O IV λ4813.15 Si III λ4813.33/9.72 N II λ4815.617
4910 4.9 4909.2 N III λ4904.78 Si III λ4912.310
4925 4.5 ⟨4924.6⟩ O II λ4924.531 He I λ4921.9
4956 7.0 4958 4959.0 O II λ4955.705 O III λ4958.911
5018 5.6 ⟨5018.3⟩ He I λ5015.67 C IV λ5015.9/7.7 N II λ5016.39
5035 4.2 N III λ5038.31
5049 5.5 5049.9 He I λ5047.7 C III λ5048.95 O III λ5049.870
5096 5.5 5092.9 N III λ5097.24 O III λ5091.880 O II λ5090.920
5111 4.8 5111.5 O II λ5110.300/1.913 Si III λ5111.1 O III λ5112.18
5173 4.6 5171.1 N II λ5171.266/2.344 N II λ5173.385 O III λ5171.29
5266 5.3 5266.3 O III λ5268.301
5345 4.1 5343.3 O II λ5344.104 C III λ5345.881
5466 4.0 ⟨5469.9⟩ Si II λ5466.43/9.21 O V λ5471.12 Si III λ5473.05

Table 1: QSO emission lines in the range λ3200 to λ5600 from Varshni et al [21] (NL: novae-like star).
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QSO λ σ WR λ NL λ Nova λ Emitter Te (K) Emitter Te (K) Emitter Te (K)
(Å) (Å) (Å) (Å) candidates candidates candidates

3356 4.0 3358.6 33k < N III < 65k 46k < O III < 73k 29k < C III < 58k
3489 4.1 3493 73k < O IV < 130k 16k < O II < 46k 16k < O II < 46k
3526 6.7 92k < C V < 730k 16k < O II < 46k
3549 4.3 16k < O II < 46k 18k < Si III < 46k
3610 4.6 ⟨3609.5⟩ 29k < C III < 58k He I < 26k 18k < N II < 33k
3648 5.4 3645.4 16k < O II < 46k 73k < O IV < 130k 73k < O IV < 130k
3683 4.4 3687 3685.10 16k < O II < 46k 46k < O III < 73k 65k < N IV < 103k
3719 4.7 ⟨3721.0⟩ 46k < O III < 73k 146k < O V < 184k
3770 4.7 ⟨3769.5⟩ 33k < N III < 65k 18k < Si III < 46k 46k < O III < 73k
3781 5.3 3784.8 26k < He II < 73k 16k < O II < 46k 33k < N III < 65k
3831 5.1 3829.9 26k < He II < 73k 15k < C II < 29k 16k < O II < 46k
3842 4.7 73k < O IV < 130k 18k < N II < 33k 16k < O II < 46k
3855 5.0 3856.6 18k < N II < 33k 16k < O II < 46k 26k < He II < 73k
3890 8.4 ⟨3889.0⟩ He I < 26k 29k < C III < 58k 46k < O III < 73k
3903 5.6 3903.0 46k < O III < 73k
3952 4.4 ⟨3954.2⟩ 16k < O II < 46k 18k < Si III < 46k
4012 6.0 ⟨4008.4⟩ 33k < N III < 65k 18k < Si III < 46k
4135 4.8 ? 33k < N III < 65k 146k < O V < 184k 18k < N II < 33k
4276 5.9 ? 4276.6 4275.5 16k < O II < 46k
4524 4.7 ⟨4520.4⟩ 33k < N III < 65k 46k < O III < 73k 146k < O V < 184k
4647 4.0 4650.8 29k < C III < 58k 16k < O II < 46k 46k < O III < 73k
4693 4.7 ? 4697.0 16k < O II < 46k 18k < N II < 33k 46k < O III < 73k
4771 4.1 ? 4772.1 65k < N IV < 103k 73k < O IV < 130k 16k < O II < 46k
4801 4.3 ⟨4799.6⟩ 73k < O IV < 130k 18k < Si III < 46k
4817 4.4 4814.6 4814.4 73k < O IV < 130k 18k < Si III < 46k 18k < N II < 33k
4910 4.9 4909.2 33k < N III < 65k 18k < Si III < 46k
4925 4.5 ⟨4924.6⟩ 16k < O II < 46k He I < 26k
4956 7.0 4958 4959.0 16k < O II < 46k 46k < O III < 73k
5018 5.6 ⟨5018.3⟩ He I < 26k 65k < C IV < 92k 18k < N II < 33k
5035 4.2 33k < N III < 65k
5049 5.5 5049.9 He I < 26k 29k < C III < 58k 46k < O III < 73k
5096 5.5 5092.9 33k < N III < 65k 46k < O III < 73k 16k < O II < 46k
5111 4.8 5111.5 16k < O II < 46k 18k < Si III < 46k 46k < O III < 73k
5173 4.6 5171.1 18k < N II < 33k 46k < O III < 73k
5266 5.3 5266.3 46k < O III < 73k
5345 4.1 5343.3 16k < O II < 46k 29k < C III < 58k
5466 4.0 ⟨5469.9⟩ 8.2k < Si II < 18k 146k < O V < 184k 18k < Si III < 46k

Table 2: QSO emission lines in the range λ3200 to λ5600 with estimated Te range down to the 50% ionic element density from House [26].
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QSO λ WR λ NL λ Nova λ Emitter Emitter Emitter Emitter
(Å) (Å) (Å) (Å) QSO λ WR λ NL λ Nova λ

3356 3358.6 O III λ3355.9 C III λ3358
3489 3493 O II λ3488.258 O II λ3494.04
3526 O II λ3525.567
3549 O II λ3549.091
3610 ⟨3609.5⟩ C III λ3609.6
3648 3645.4 O IV λ3647.53 O II λ3646.56
3683 3687 3685.10 O II λ3683.326 O III λ3686.393 O III λ3686.393
3719 ⟨3721.0⟩ O III λ3721 O III λ3721
3770 ⟨3769.5⟩ N III λ3770.36 N III λ3770.36
3781 3784.8 He II λ3781.68 O II λ3784.98
3831 3829.9 C II λ3831.726 O II λ3830.29
3842 N II λ3842.187
3855 3856.6 N II λ3855.096 O II λ3856.134
3890 ⟨3889.0⟩ C III λ3889.670 C III λ3889.18
3903 3903.0 O III λ3903.044 O III λ3903.044
3952 ⟨3954.2⟩ Si III λ3952.23 O II λ3954.3619
4012 ⟨4008.4⟩ N III λ4013.00 N III λ4007.88
4135 ? N III λ4134.91
4276 ? 4276.6 4275.5 O II λ4275.994 O II λ4276.620 O II λ4275.5
4524 ⟨4520.4⟩ O III λ4524.2 O V λ4522.66
4647 4650.8 C III λ4647.40 C III λ4651.35
4693 ? 4697.0 O II λ4693.195 O III λ4696.225
4771 ? 4772.1 N IV λ4769.86 O IV λ4772.6
4801 ⟨4799.6⟩ O IV λ4800.74 O IV λ4800.74
4817 4814.6 4814.4 N II λ4815.617 Si III λ4813.33 O IV λ4813.15
4910 4909.2 Si III λ4912.310 Si III λ4912.310
4925 ⟨4924.6⟩ O II λ4924.531 O II λ4924.531
4956 4958 4959.0 O II λ4955.705 O III λ4958.911 O III λ4958.911
5018 ⟨5018.3⟩ C IV λ5017.7 C IV λ5017.7
5035 N III λ5038.31?
5049 5049.9 C III λ5048.95 O III λ5049.870
5096 5092.9 N III λ5097.24 O III λ5091.880
5111 5111.5 Si III λ5111.1 O II λ5111.913
5173 5171.1 N II λ5173.385 N II λ5171.266
5266 5266.3 O III λ5268.301? O III λ5268.301?
5345 5343.3 O II λ5344.104 O II λ5344.104
5466 ⟨5469.9⟩ Si II λ5466.43 Si II λ5469.21

Table 3: QSO emission lines in the range λ3200 to λ5600 with best known line identification.
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QSO λ WR λ NL λ Nova λ Emitter Emitter Emitter Emitter
(Å) (Å) (Å) (Å) QSO Te WR Te NL Te Nova Te

3356 3358.6 46k<O III<73k 29k<C III<58k
3489 3493 16k<O II<46k 16k<O II<46k
3526 16k<O II<46k
3549 16k<O II<46k
3610 ⟨3609.5⟩ 29k<C III<58k
3648 3645.4 73k<O IV<130k 16k<O II<46k
3683 3687 3685.10 16k<O II<46k 46k<O III<73k 46k<O III<73k
3719 ⟨3721.0⟩ 46k<O III<73k 46k<O III<73k
3770 ⟨3769.5⟩ 33k<N III<65k 33k<N III<65k
3781 3784.8 26k<He II<73k 16k<O II<46k
3831 3829.9 15k<C II<29k 16k<O II<46k
3842 18k<N II<33k
3855 3856.6 18k<N II<33k 16k<O II<46k
3890 ⟨3889.0⟩ 29k<C III<58k 29k<C III<58k
3903 3903.0 46k<O III<73k 46k<O III<73k
3952 ⟨3954.2⟩ 18k<Si III<46k 16k<O II<46k
4012 ⟨4008.4⟩ 33k<N III<65k 33k<N III<65k
4135 ? 33k<N III<65k
4276 ? 4276.6 4275.5 16k<O II<46k 16k<O II<46k 16k<O II<46k
4524 ⟨4520.4⟩ 46k<O III<73k 146k<O V<184k
4647 4650.8 29k<C III<58k 29k<C III<58k
4693 ? 4697.0 16k<O II<46k 46k<O III<73k
4771 ? 4772.1 65k<N IV<103k 73k<O IV<130k
4801 ⟨4799.6⟩ 73k<O IV<130k 73k<O IV<130k
4817 4814.6 4814.4 18k<N II<33k 18k<Si III<46k 73k<O IV<130k
4910 4909.2 18k<Si III<46k 18k<Si III<46k
4925 ⟨4924.6⟩ 16k<O II<46k 16k<O II<46k
4956 4958 4959.0 16k<O II<46k 46k<O III<73k 46k<O III<73k
5018 ⟨5018.3⟩ 65k<C IV<92k 65k<C IV<92k
5035 33k<N III<65k
5049 5049.9 29k<C III<58k 46k<O III<73k
5096 5092.9 33k<N III<65k 46k<O III<73k
5111 5111.5 18k<Si III<46k 16k<O II<46k
5173 5171.1 18k<N II<33k 18k<N II<33k
5266 5266.3 46k<O III<73k 46k<O III<73k
5345 5343.3 16k<O II<46k 16k<O II<46k
5466 ⟨5469.9⟩ 8.2k<Si II<18k 8.2k<Si II<18k

Table 4: QSO emission lines in the range λ3200 to λ5600 with best known line identification and with estimated Te range down to the 50%
ionic element density from House [26].
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stars — quite obviously, we are dealing with a phenomenon
that is not as rare as O stars, WR stars or planetary nebulae.

There is a total of between 100 billion and 400 billion
stars estimated in the Milky Way galaxy. The number of
QSOs just represents about 2×10−6 times the estimated num-
ber of stars in the Milky Way galaxy, thus a fairly rare phe-
nomenon, even if it is about 103 times more numerous than
Wolf-Rayet stars. This requires further analysis in terms of
understanding and positioning stars of type Q on the Hertz-
sprung-Russell diagram, with some of the QSOs with strong
O VI lines [27] likely lying beyond the stars of type W O B
as suggested in [1] and some having temperatures in the WR
star range. The estimated number of quasars may be inflated
due to the tendency in modern astronomy to identify redshifts
as a predominant causative factor, but even if it is off by a fac-
tor of ten, the QSO phenomenon is much more common than
Wolf-Rayet stars, in spite of their similarity.

We take a brief look at novae and novae-like stars [37],
given their presence in Tables 1 to 4. These are part of what
are known as cataclysmic variables (CVs), which are binary
star systems consisting of a white dwarf and a normal star
companion. Matter transfer to the white dwarf from the com-
panion star results in the formation of an accretion diskaround
the white dwarf, which produces occasional cataclysmic out-
bursts of matter.

A main sequence star in a binary system evolves into a
white dwarf for a mass below the Chandrasekhar limit (whi-
te dwarf maximum mass limit of about 1.4 M⊙). Novae are
CV white dwarfs that undergo an eruption that can change
by 10–12 magnitudes in a few hours. They are subdivided
into classical novae (single observed eruption with a spectro-
scopically detected shell of ejected matter), recurrent novae
(multiple observed outbursts with detected shell of matter),
and dwarf nova (multiple observed eruptions with no shell of
detected matter).

Nova-like (NL) variables include all “non-eruptive” cata-
clysmic variables. These systems have spectra, mostly emis-
sion spectra, indicating that they are possibly novae that have
not been observed. A catalogue of cataclysmic variables to
2006 contains 1 600 CVs [38].

5 The Hertzsprung-Russell diagram and the role of mass
loss in the evolution of stars

The Hertzsprung-Russell diagram is a powerful tool to ana-
lyze and represent stellar evolution and understand the char-
acteristics and properties of stars. Most HR diagrams cover
the temperature range 40 000 K and below, thus ignoring hot-
ter and more massive stars of interest in this work.

From an idealized perspective, the main sequence is a
vaguely diagonal curve running from the upper left to the
lower central part of the diagram; from it, vaguely horizontal
branches tend to the right of the diagram. The main sequence
is known as the Zero-Age Main Sequence (ZAMS) which a

star enters when it starts core hydrogen burning; massive stars
(O,B) rapidly burn the hydrogen in ∼3 × 106 years, while low
mass stars (M) burn the hydrogen more slowly in ∼2 × 1011

years.
As the core hydrogen becomes depleted, the star moves

towards the horizontal portion of the diagram, and once core
hydrogen burning terminates, it moves towards the right on
the horizontal branch, becoming a red giant for cooler less
massive stars (G) or a red supergiant for hot massive stars
(O). Interestingly enough, in a recent study of stars of types
O and early-B in the Wing of the Small Magellanic Cloud
(SMC) satellite galaxy, Ramachandra et al [39] have found
that the above scenario applies to O stars with initial mass
below ∼30 M⊙, while O stars with initial mass above ∼30 M⊙
appear to always stay hot.

Once a star has exhausted its core hydrogen (and hydro-
gen shell), it enters its core helium burning phase. In Fig. 1,
we reproduce the very important Hertzsprung-Russell dia-
gram of [39] for the stars of types O and early-B of the SMC
Wing: it covers the temperature range up to 200 000 K, shows
the Helium Zero-Age Main Sequence (He-ZAMS) and also
exceptionally includes the Wolf-Rayet (WR) stars. As we
saw previously, the red giant and supergiant scenario, where
the hydrogen-depleted stars veer off the ZAMS to the right,
applies to O stars with initial mass below ∼30 M⊙ (shaded
portion in Fig. 1). However, as we see in Fig. 1, for O stars
with initial mass above ∼30 M⊙, the hydrogen-depleted stars
veer off the ZAMS to the left to become WR stars, which
are known to be hydrogen-deficient. Of the main factors af-
fecting massive star evolution, focusing on rotation, binarity
and mass-loss rate, we believe this dichotomy in behaviour
is because of the massive mass loss in WR stars as seen in
§2 driving laser action in their stellar atmospheres, while [39]
believes it is due to the rapid rotation of the stars, leading to
efficient mixing of the stellar interior and quasi-chemically
homogeneous evolution (QCHE) .

The work of Ramachandra et al [39] is an excellent exam-
ple of using one of the better tools at our disposal to under-
stand stellar astrophysical problems by performing analysis
on the observed data in neighbouring galaxies, as mentioned
in [1]. Along those lines, Hainich et al [40] has performed
an analysis of single WN Wolf-Rayet stars in the Small Mag-
ellanic Cloud. Fig. 2 is a reproduction of the Hertzsprung-
Russell diagram for the WN stars of the Small Magellanic
Cloud (SMC) from Hainich et al [40], which also includes
the WN stars of the Large Magellanic Cloud (LMC) and the
Milky Way (MW). It corresponds to the upper left portion of
Ramachandra’s HRD for log luminosity > 5.2 and temper-
atures > 25 000 K (in the WR region), and provides details
for the WNE and WNL populations of the SMC, LMC and
Milky Way galaxy. WNE is a subtype for early-type WN stars
(WN2–WN5), while WNL is for late-type WN stars (WN6–
WN11).

This HRD provides more details on WN star properties:
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Fig. 1: Hertzsprung Russell diagram for massive stars in the Wing of the SMC reproduced from Ramachandra et al [39]. Typical error bar
shown at bottom left corner. The brown pentagons represent WR stars (encircled if in a binary system), yellow symbols represent yellow
supergiant (YSG) stars, blue triangles for BSGs (blue supergiant), and red triangles for RSGs (red supergiant). Black tracks show standard
stellar evolutionary paths, while the blue tracks show the paths of quasi-chemically homogeneously evolving (QCHE) WR stars.

most WNE stars are on the left of the ZAMS line, but to the
right of the He-ZAMS line; while most WNL stars are on the
right of the ZAMS line, but close to it in the hydrogen de-
pletion region of the stellar evolution curve, above log lumi-
nosity > 5.5 corresponding to stellar masses where the stars
do not evolve into colder supergiants, as mentioned by Ra-
machandra et al [39]. See also Figures 7 and 8 of [11] for
WN stars in the Large Magellanic Cloud. Thus, the calculated
WR star evolution curves that extend to the right into lower
temperature supergiant stars, usually seen in published HR
diagrams, are likely incorrect, especially considering their
high mass-loss rates driving laser action in their stellar atmo-

spheres. The Luminous Blue Variable (LBV) stars included
in such stellar evolution curves are more than likely variable
Wolf-Rayet stars.

Metallicity is a measure of the abundance of elements
heavier than hydrogen or helium in an astronomical object.
Hence stars and nebulae with relatively high carbon, nitro-
gen, oxygen, neon, etc abundance have high metallicity val-
ues z (the metallicity of the Sun is z = 0.0134). The degree of
wind mass-loss of WR stars depends on their initial metallic-
ity. Metallicity thus has an effect on the evolution of massive
stars and of WR stars in particular. The Small Magellanic
Cloud is a low-metallicity environment, lower than the metal-
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Fig. 2: Hertzsprung-Russell diagram for WN stars in the Small Mag-
ellanic Cloud (SMC) reproduced from Hainich et al [40]. Includes
the Large Magellanic Cloud (LMC gray-filled symbols) and Milky
Way (MW open symbols) WN stars.

deficient Large Magellanic Cloud itself lower in comparison
to the Milky Way. SMC WN stars thus have on average lower
mass-loss rates and weaker winds than their counterparts in
the LMC and the Milky Way [40]. A reduction in the mass-
loss rate at lower metallicity results in weaker emission line
spectra in WR stars, a clear indication that the strong emis-
sion lines are due to the mass-loss rate which results in lasing
transitions as seen in [1].

The process that leads from massive O stars to WR stars
as a result of mass loss is believed to be well understood
[41]. As a massive star evolves and loses mass, it even-
tually exposes He and N (the products of CNO burning) at
the surface and is then spectroscopically identified as a WN
star. As the star continues losing mass, it eventually exposes
C and O (the products of He burning) at the surface and is
then identified as a WC star. The mass loss rates depend on
the metallicity of the environment which results in different
WC/WN ratios as observed in Local Group galaxies. This
is reflected in lower WC/WN ratios in lower metallicity en-
vironments: (WC/WN)SMC = 0, (WC/WN)LMC = 0.25 and
(WC/WN)MW = 1 [40].

Meyer et al [42] have analyzed the nucleosynthesis of
oxygen in massive stars (see also [43]). In their model cal-
culations, they find that in the WC stars, the oxygen in the
C/O zone is dominated by the 16O isotope. This matter which
is part of the helium burning core, does not partake in the

carbon shell burning. This is followed by the O/Ne zone
where the star experiences convective shell carbon burning
and where there is a slight 16O depletion, but where 16O still
strongly dominates the oxygen abundances. This is followed
by the O/Si zone where the star experiences shell neon burn-
ing which increases the 16O slightly. Finally, the star burns its
16O into 28Si and heavier isotopes both in pre-supernova and
supernova nucleosynthesis, devoid of any oxygen.

Thus they find that oxygen has a significant presence in
massive stars beyond the WC stage, until the generation of
28Si, where it disappears. Considering Table 3, this behav-
ior is interesting due to the presence of, in addition to the
ionized nitrogen and carbon lines, a significant number of
ionized oxygen lines, and the presence of some standalone
silicon lines.

6 The evolution of stars of type Q

Given all of these considerations, how does the evolution of
stars of type Q fit in the Hertzsprung-Russell diagram? We
know that they are undergoing high mass-loss due to thebroad
high intensity spectral lines indicative of laser action in their
stellar atmosphere. As seen in Table 3, their emission spectra
are dominated by lines of ionized He, C, N, O and Si, with
many lines in common with WR stars and novae-like stars.

There may be more than one population of stars of type
Q. One group identified by Varshni [27] with O VI and He II
emission lines in their spectra, in common with planetary
nebulae and Sanduleak stars, implies much higher tempera-
tures in the range 180 000 K < O VI < 230 000 K, position-
ing those QSO stars above the WR region in the HRD of
Ramachandra et al [39] given in Fig. 1. However, there are
emission lines as given in Table 3, which are dominated by
temperatures in the O II and O III range (16 000 K < O II <
46 000 K and 46 000 K < O III < 73 000 K respectively), indi-
cating a lower temperature range of QSO stars.

Indeed, as seen previously, these QSO emission line spec-
tra have a significant number of ionized oxygen lines. WN
and WC Wolf-Rayet stars predominate, with WN stars having
the upper hand in low metallicity environments. However, the
recently recognized WO lines are rare — could the QSO spec-
tra with a significant number of ionized O emission lines and
some Si emission lines, correspond to unrecognized much
more numerous WO Wolf-Rayet stars extending into lower
temperatures? They would in effect fill up the Hertzsprung-
Russell diagram of Ramachandra et al [39] given in Fig. 1 in
the range 16 000 K < Te < 73 000 K for stellar masses above
∼30 M⊙.

For example, if we look at QSO 3C 273, the first radio
source quasar for which an optical counterpart was identi-
fied in 1963, its spectrum consisted of one strong emission
line and one medium to weak strength line (λ5637, λ7588).
Comparing these lines against existing sources of data [23–
25], the following identifications are obtained from the NIST
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Atomic Spectra Database Lines Data and the corresponding
estimated Te range down to the 50% ionic element density
obtained from House [26] for the identified candidate element
emission lines (see Table 5). Based on this information, we
would be inclined to conclude that the broad observed emis-
sion lines correspond to C II λ5640.55 and O II λ7593, with
an estimated stellar temperature in the range 16 000 K < Te <
29 000 K.

QSO λ strength Emitter Emitter
(Å) λ Te

5637 S C II λ5640.55 15k<C II<29k
Si II λ5633/41 8.2k<Si II<18k

7588 M-W O II λ7593 16k<O II<46k
C III λ7586.41 29k<C III<58k
O IV λ7585.74 73k<O IV<130k

Table 5: QSO 3C 273 observed emission lines, identification and
estimated Te range down to the 50% ionic element density obtained
from House [26].

7 Laser action in WR and QSO stars

The details of the process of laser action in the stellar atmo-
spheres of Wolf-Rayet stars and Quasi-Stellar Object stars are
given in [1]. The physical process of population inversions
in expanding stellar atmospheres led Varshni to formulate his
Plasma Laser Star (PLS) model as an explanation of the spec-
tra of Wolf-Rayet stars and Quasi-Stellar Objects [47–52].
Model calculations starting from an initial element number
density of 1014 cm−3 are performed for a grid of free electron
number density ne and temperature Te values. The population
inversion is displayed on ne − Te diagrams showing contours
of equal P or α′, where [44]

P =
nq

ωq
−

np

ωp
, (2)

where nq is the population density and ωq is the statistical
weight of level q, and [45, p, 23]

α =

√
ln 2
π

(
ωq Aq→p

4π

)
P λ2

0

∆ν
, (3)

where λ0 is the centre wavelength of the transition, ∆ν is
the linewidth, Aq→p is the Einstein probability coefficient for
spontaneous transition from level q to p, and α′ = α∆ν. Fig. 3
shows a typical ne − Te diagram with equi-α′ contours for in-
versely populated transition 6 f → 5d of C IV.

Taking Quasi-Stellar Objects to be local stellar objects in-
stead of distant galactic objects eliminates the problems as-
sociated with their currently accepted cosmological interpre-

Fig. 3: Typical ne − Te diagram showing laser gain equi-α′ contours
in cm−1 s−1 for the 6 f → 5d transition of C IV [46, p. 257].

tation: energy source, superluminal velocities, optical vari-
ability, quasar proper motions [53,54], quasar binary systems
[55, 56], naked (no nebulosity) quasars, etc. The properties
of QSOs are similar to those of WR stars and, as stars, those
are easily explainable in terms of commonly known physical
processes. QSO stars could very well be unrecognized Wolf-
Rayet stars, in particular WO stars and WSi pre-supernova
stars. In that case, Q stars would be the end-state of the Wolf-
Rayet evolution process and would account for their number
larger than WN and WC W stars (about 103 times), prior to
moving to the supernova state.

8 Discussion and conclusion

In this paper, we have investigated the 37strongest QSO emis-
sion lines of stars of type Q in the catalog of Hewitt & Bur-
bidge [22], investigated by Varshni et al [21]. We have used
Willett’s [23] and Bennett’s [24] lists of laser transitions ob-
served in laboratories and the NIST Atomic Spectra Database
Lines Data [25] to identify candidate lines. In addition, we
have determined the estimated Te range down to the 50%
ionic element density obtained from House [26] for the iden-
tified candidate element emission lines. This information as-
sists in the classification of Q stars from the 37 QSO dominant
emission lines.

We have summarized the comparative numbers of O, W,
and Q stars, novae and planetary nebulae to provide hints on
their relative classification with respect to their evolution and
the Hertzsprung-Russell diagram. The Hertzsprung-Russell
diagram is a powerful tool to analyze and represent stellar
evolution and has been used to determine the role of mass
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loss in the evolution of stars. In particular, we have con-
sidered the very important HR diagram of Ramachandra et
al [39] for the stars of types O and early-B of the SMC Wing
as it covers the temperature range up to 200 000 K, shows the
Helium Zero-Age Main Sequence (He-ZAMS) and also ex-
ceptionally includes the Wolf-Rayet (WR) stars. In addition,
their determination that hydrogen-depleted O stars with ini-
tial mass below ∼30 M⊙ evolve off the ZAMS to the right into
colder red giants and supergiants, while hydrogen-depleted O
stars with initial mass above ∼30 M⊙ appear to always stay
hot and veer off the ZAMS to the left to become Wolf-Rayet
stars, beyond the O stars, is indicative of laser action in their
stellar atmosphere.

We have reviewed the nucleosynthesis process that leads
from massive O stars to WN and then WC Wolf-Rayet stars
as a result of mass loss. We then considered the nucleosyn-
thesis of oxygen in massive stars and found that 16O oxygen
has a significant presence in massive stars beyond the WC
stage, until the generation of 28Si, where it disappears. This
has lead us to postulate more than one population of stars of
type Q. One group identified by Varshni [27] with O VI and
He II emission lines in their spectra implying much higher
temperatures and positioning those QSO stars above the WR
region in the HRD of Ramachandra et al [39].

The other group with emission lines dominated by tem-
peratures in the O II and O III range, indicating a lower tem-
perature range of QSO stars with a significant number of ion-
ized oxygen lines, in addition to the nitrogen WN and car-
bon WC lines. We postulate that these QSO spectra, with a
significant number of ionized O emission lines and some Si
emission lines, correspond to unrecognized Wolf-Rayet stars,
in particular WO stars and WSi pre-supernova stars, extend-
ing into lower temperatures. They in effect fill up the HRD
of Ramachandra et al [39] in the range 16 000 K < Te <
73 000 K for stellar masses above ∼30 M⊙. In that scenario,
Q stars would be the end-state of the Wolf-Rayet evolution
process and would account for their number larger than WN
and WC W stars, prior to moving to the supernova state.

Received on February 15, 2021
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