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ABSTRACT 

We have detected the continuous spectrum associated with the 23P term of neutral helium in six 
planetary nebulae and the Orion Nebula. Although the errors are large, we are able to make reasonable 
estimates of the strength of this continuum in most of these nebulae. On the average, the ratio of the 
flux density of the 23P continuum to the flux in the X4471 line of He i is about twice as great as that pre- 
dicted by recombination theory at the electron temperature measured from the forbidden lines. In addi- 
tion, the ratio of the flux density of the 23P continuum to that of the Balmer continuum is generally 
significantly greater than is allowed on the basis of the measured helium-to-hydrogen ratio. 

I. INTRODUCTION 

The observed continua of gaseous nebulae consist of three main components (if one 
excludes scattering from dust): the two-quantum, the free-free, and the bound-free 
continua of hydrogen (see, e.g., Aller 1956). The abundances of the other elements are 
so low compared with hydrogen that their continua are generally exceedingly weak. 
We report here on the observation of another component, the recombination continuum 
to the 2ZP term of neutral helium. We can identify this feature in the spectra of the 
planetary nebulae NGC 6572, NGC 6543, IC 4997, and IC 418, and in the spectrum of 
the Orion Nebula. A more tentative identification can be made for NGC 7009 and NGC 
7662. Menzel (private communication) appears to have observed this continuum in the 
spectrum of NGC 6543 on a plate taken with the Crossley reflector in about 1930. 

Bethe (1964) gives the energy of the 2ZS\ level of neutral helium as 0.35047 rydbergs. 
If we combine this figure with the energy of the 2ZP-2ZS transition (at 10830 Â), we 
find that the low energy limit of the continuum lies at 3421.5 Â, which corresponds to 
the 2zP-n ZD, 2zP-n ZS series limits. In actual practice, we would expect the apparent 
series limit to be somewhat longward of X3421.5 due to the blending of the lines with 
high n, which is in fact what we find. 

The 2zP-n ZS series has been extensively observed in gaseous nebulae. For example, 
Aller and Kaler (1964#) extend the series to nearly n = 20 for NGC 7009. These helium 
lines (as well as those of the 21P-n lD series) have intensities which, when compared 
with the intensity of X4471 (23P-43Z>), are often found to be considerably stronger 
than predicted by theory at the temperature measured from the forbidden lines (Kaler 
1966). It is consequently of interest to measure the intensity of the 2ZP continuum to see 
whether it shares the above anomaly with the lines, as does the hydrogen continuum 
(Peimbert 1967; Lee 1968a). 

* Contributions from the Louisiana State University Observatory, No. 40. 
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The cause of the excess flux in the hydrogen Balmer continuum and in the hydrogen 
lines (Kaler 1966, 1968) is currently in dispute. Peimbert (1967) has suggested that 
temperature fluctuations exist in a nebula and that the hydrogen radiations are being 
emitted at a low temperature in the neighborhood of 6000° K. The ratio of the flux 
density of the Balmer continuum to the Hjö flux has in fact been used to measure a 
temperature for the hydrogen emitting region (Peimbert 1967; Lee 1968a). It is not 
clear, however, whether this so-called hydrogen temperature reflects a physically real 
situation or simply an incomplete understanding of recombination. As an example of 
the difficulties involved, Lee (1968a) derives an electron temperature of 4800° K for 
IC 418 from the ratio between the Balmer continuum and H/3 whereas LeMarne and 
Shaver (1969) obtain 12500° K from the radio continuum and Wilson and Aller’s 
(1951) hydrogen intensity profile. Cahn and Kaler (1971) show, however, that in order 
to obtain realistic extinction coefficients the low hydrogen temperatures must be adopted 
whether or not they are physically real. 

We now have an opportunity to measure other “temperatures” by using a different 
ion, and to measure helium-to-hydrogen ratios in a different way. We discuss the ob- 
servations in § II and try to relate them to theory in § III. 

II. THE OBSERVATIONS 

The observations consist of the long-exposure plates used for the studies listed in 
Table 1, from which transmission tracings were made. We converted the transmission 
tracings to arbitrary intensity units over the region 3550-3300 Â, and to correct the 
intensities to outside the atmosphere we used the reduction procedures described in 
the papers listed in Table 1. We then corrected for interstellar reddening, where we used 
the reddening function given by Seaton (1960) and the reddening constants listed in 
column (2) of Table 3 which are from Kaler (1970). The spectral range given above is 
large enough to establish the continua on either side of the 23P series limit, and thus to 
allow us to measure the intensity of the 23P continuum at the limit. No attempt has 
been made to incorporate recent calibrations of standard stars (e.g., Hayes 1970) because 
of the uncertainty of the results described herein and because of the insensitivity of the 
results to any required changes in the calibrations. 

We give an example of the observations in Figure 1. This figure shows the transmis- 
sion tracing of plate Ce 12791 of NGC 6572, which exhibits the most pronounced effect 
of the continuum. Note that the increase in intensity occurs at X3440, which corresponds 
to the confluence of the helium lines at about n = 30. The individual lines themselves 
disappear into the plate noise at about n = 20. The “quasicontinuum” between XX3440 
and 3422 is actually due to the confluence of two series of lines. The observed lines of the 

TABLE 1 

The Source of the Observations, and Their References 

Nebula Plate Telescope References 

IC 418  EC 2438 
IC 4997 (1)  Ce 14769) 
IC 4997 (2)  Ce 12790/ 
Orion Nebula.... EC 2693 
NGC 6543  C 44 
NGC 6572  Ce 12791 
NGC 7009  Ce 14767 
NGC 7662  Ce 14765 
6 Crt  EC 2694 
BD-j-28°4211.... EC 2437 

Lick 120-inch coudé 
Mount Wilson 100-inch coudé 
Lick 120-inch coudé 
KPNO 84-inch Cassegrain 
Mount Wilson 100-inch coudé 
Mount Wilson 100-inch coudé 
Mount Wilson 100-inch coudé 
Lick 120-inch coudé 
Lick 120-inch coudé 

Aller and Kaler (1964Ô) 
Aller and Kaler (1964c) 
Kaler, Aller, and Bowen (1965) 
Czyzak, Aller, and Kaler (1968) 
Aller and Kaler (1964c) 
Aller and Kaler (1964a) 
Aller, Kaler, and Bowen (1966) 

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



No. 1,1971 CONTINUOUS SPECTRUM OF HELIUM 143 

OPAQUE 

a. to CJ 
CLEAR PLATE 

Fig. 1.—Microphotometer tracing of plate number Ce 12791 of NGC 6572. The number of the upper 
quantum level of the 23P-^ ZD series is marked at the expected position of the line. The wavelengths of 
several helium lines are also given. (The He i {2lS-(>lP) X3447.6 line is not part of the series.) Dashed line, 
continuum; long and short dashes represent the extension of the Balmer continuum shortward of the 
helium series limit. 

23P-n ZS series have generally only about 10 percent of the intensities of the 2zP-n ZD 
lines, so that because of the low signal-to-noise ratio the 2zP-n ZS series is inconsequen- 
tial. 

The reduced flux densities of the continuum, on an arbitrary scale, are given in 
Figure 2. We see that in most cases the rise in the continuum level is only a little greater 
than the variations introduced by the plate itself. The fact that the increase occurs at 
nearly the same wavelength for all nebulae demonstrates that we are dealing with a 
real effect and not an effect of noise. Note that the observations were made with three 
instruments: the Mount Wilson 100-inch coudé, the Lick 120-inch coudé, and the Kitt 
Peak 84-inch Cassegrain spectrographs, which would indicate that the feature is real 
in the nebula and not an effect of the spectrograph. In addition, coudé spectrograms of 
6 Crt and BD+28°4211 (which were used as standard stars for the data on the Orion 
Nebula and IC 418, respectively) taken with the 120-inch telescope were reduced in the 
same manner as the nebulae. These observations are plotted in Figure 3; neither of 
these stars shows any trace of a rise in the neighborhood of X3440. 

We have one nebula (IC 4997) for which we have two plates of comparable quality. 
Note that the rise begins at a somewhat longer wavelength for IC 4997 than for the 
other nebulae, and it does so on both plates. 

The plate of NGC 7662 was traced on either side of the central star. The 2ZP con- 
tinuum is detected and measured on both tracings, but only the better of the two (No. 
2 in Tables 3 and 4) is represented in Figure 2. 

These facts and the nature of the rise would appear to eliminate nightsky radiation 
as the cause of the observations. 

Where possible, tests of a statistical nature have been applied to the data on the 
helium continuum. The four tests, not all of which have been applied to each set of 
data, are: (1) runs above and below the mean, (2) runs up and down, (3) a x2 test, and 
(4) a Kolmogorov-Smirnov test. At all times the observations have been treated as 
though they represented a statistical distribution, an assumption which is not strictly 
true. Nevertheless, the results should permit one to assess the reality and significance 
of the feature in question. The procedure has been as follows. The wavelength depen- 
dence of the continuum resulting from a free-bound process is small over an interval 
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Fig. 2.—Reduced continua for several nebulae on an arbitrary scale. Vertical liney true series limit. 
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Fig. 3.—Reduced continua for two comparison stars on an arbitrary scale. Vertical line, helium series 
limit. 

of 200 Â. Thus, a baseline was drawn in by eye estimate longward of the limit 3421.5 Â 
and a line parallel to the first was drawn through the points to shorter wavelengths. 
Ordinates were then measured perpendicular to these lines. The slope of these two lines 
with respect to wavelength was considered of no importance because of possible sys- 
tematic errors and central-star contamination. Tests 1 and 2 have been applied to the 
points in Figure 2 at 10 Â intervals over the range 3500-3300 Â. The hypothesis that 
we investigate by tests 3 and 4 is that the data points in Figure 2 are described by a 
suitably synthesized pseudocontinuum (see § III). The electron temperature was chosen 
so that the free-bound continuum of helium would be of the observed intensity. The 
points selected for the x2 test were between 3450 and 3420 Â in 5 Â intervals. For both 
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tests 3 and 4 the computed intensities of the unobserved lines were averaged out over 
the interval between the lines; such a procedure will maximize x2- The results are given 
in Table 2. 

Two problems in the observation of the 23P continuum should be mentioned. For 
many of the small planetary nebulae it is very difficult to avoid contamination by the 
central star. In the case of NGC 6543 (Fig. 2), this contamination causes stellar O iv 
lines to be superimposed on the spectrum in the region 3400-3423 Â. The problems of 
observation are quite difficult for the high-excitation nebulae, as the strong nebular 
lines XX3412, 3422, 3444 of O m and X3425 of [Ne v] are in the region of interest. These 
lines are responsible for lower accuracies for NGC 7662 and NGC 7009. 

For comparison with recombination theory, we have measured the ratio of the 2ZP 
flux density to both the flux in the X4471 line of He i and the flux density of the Balmer 
continuum at X3646.The former ratio is dependent only upon electron temperature, 
while for an isothermal nebula the latter depends only on the ratio of singly ionized 
helium to hydrogen. 

We define the ratio 
p = F\(23P) k-'/F(Mm) , (1) 

where F\{2ZP) is the flux in 1 Â of the 2ZP continuum at the series limit and F(X4471) 
is the flux in the X4471 line. Generally, X4471 is not observed on the same plate as the 
2ZP continuum, so that one or more of the lines which are XX3587, 3634, 4009, etc., 
must be used for interpolation. We use the intensities given in the references of Table 1. 

In Figure 2, let /& and Ir be the intensities of the nebular continuum on the blue and 
red side of the series limit. Then 

Fx(2lP) = (/& - Ir)/D , (2) 

where D is the apparent dispersion on the tracing in Â cm-1. We then measure the area 
under (for example) the line X3634 which appears on the same tracing, and apply the 
same reduction procedure that we used to get the continuum intensity. We now have 
the flux of the X3634 line in the same arbitrary units as F\{2ZP). Then, 

_ F(21P) 7(3634) . 
p ^(3634) 7(4471) ’ K ’ 

where the ratio /(3634)//(4471) is obtained from the appropriate reference of Table 1— 
all this after correction for interstellar reddening. Lines other than X3634 are often 
used. The values of p which we derive are of course very dependent upon the exact 
placement of the continuum in Figure 2. We make as many as three types of measure- 
ments: the most likely (as it appears to us), the minimum, and the maximum allowable 

TABLE 2 

Level of Significance 

Test 1 Test 2 Test 3 Test 4 
Object (Percent) (Percent) (Percent) (Percent) 

IC 418  1 20 5 20 
IC 4997 (2)  1 1 2 20 
NGC 1976  1 5 1 20 
NGC 6543  1 5 
NGC 6572  1 1 5 20 
NGC 7009  5 Random 
NGC 7662  1 5 
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values of F\(2PZ). The most likely, or adopted, value was obtained by simply passing the 
best mean line through the points longward and shortward of the 23P limit. For the 
<<minimum,, measurements, where they apply, we gave high weight to those observed 
points which tended to minimize the continuum height. For several nebulae, up to 
three different lines were used for the interpolation ; error introduced by this procedure 
is not likely to exceed ±20 percent. The measurements of p are presented in Table 3. 
Column one gives the nebula, column (2) the adopted reddening constant from Kaler 
(1970) and columns (3), (4), and (5) give the various values of p. 

Next, we form the ratio 
M2'« A- (4) <T = 
Fx(Bac) Â"1 ’ 

where Fx(Bac) is the flux in 1 Â of the Baimer continuum at the series limit. This ratio 
can be found with no interpolation, because both continua appear well exposed on the 
same plate. A distinct advantage to the use of this ratio is that the wavelength dif- 
ference between the two continua is small and errors in the correction to outside the 
atmosphere and interstellar reddening will also be small. The observed values of <r are 
presented in Table 3 in columns 6, 7, and 8. The last five columns are discussed in the 
next section. 

in. DISCUSSION 

We would like to compare the observed values of p and <r with those derived from 
recombination theory. According to Brown and Mathews (1970) the energy in any 
continuum per unit time and volume can be written as 

€, = NiNeydv , (5) 

where y is the emission coefficient and Ni and Ne are the ion and electron densities, 
respectively. The emissivity in the X4471 line can be written as 

€(X4471) = NiNea^pÇB.Q) hv , (6) 

where is the effective recombination coefficient for the X4471 line (Seaton 1960). 
We can then express the theoretical ratios of p and <r as 

and 

_ ex(2lP) 
PT «(X4471) 

_ ex(2lP) 
aT - ix(Bac) ‘ 

= 5.76 X 1022 7,(21P) 

1.075 
yv(2zP) He+ 

Y„(Bac) H+ * 

(7) 

(8) 

We compute values of pt and or for each nebula, where we use the electron temperatures 
computed from the [O m] line intensities and the He+/H+ ratios, both from Kaler 
(1970). Values of y„(23P) and Y„(Bac) are taken from Brown and Mathews (1970), 
and values of a^p are from Pengelly (private communication). The electron tempera- 
tures (called T'e(F)), the He+/H+ ratio, and the resulting values of pt and or are pre- 
sented in columns (9), (10), (11), and (12) of Table 3. Columns (13) and (14) then give 

R = p!pt and 2 = a/ctt . (9) 

Note that in all but one case p > pt and a > or, often by substantial amounts. The 
23P continuum is too strong both as compared with X4471 and as compared with the 
Balmer continuum, in the same sense as the Balmer continuum is too strong when com- 
pared with Hß (see, e.g., Lee 1968a), at the electron temperature found from the for- 
bidden lines. 

We can use equations (7) and (8) to determine the parameters necessary to fit the 
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theory to the observations. From equation (7) we derive a temperature from the ratio 
of the strengths of the 23P continuum and X4471. These temperatures (called T^He i)) 
are presented in columns (2), (3), and (4) of Table 4, where they correspond to the 
various values of p. 

We may also use the profile of the confluence of the lines between XX3440 and 3421 
to arrive at electron temperatures, as Lee (19686) has done for the Baimer confluence. 
We adopt a mean profile from observable lines and then compute the profile of the con- 
fluence from an expected run of bn (departures from thermal equilibrium) as computed 
by Clarke (1965) and Seaton (1964). We then compute what electron temperature is 
needed to give the observed intensity of the quasicontinuum of the line confluence at 
the position of n = 100. These temperatures, denoted by T^line), should be similar 
to those from the continuum and are presented in column (5) of Table 4 rounded to the 
nearest 500° K. For comparison we give the electron temperatures computed by Lee 
(1968a) from the hydrogen Balmer continuum, and those computed by Kaler (1968) 
from the Balmer decrement in columns (6) and (7) of Table 4. 

Note the very low values of the “helium temperatures” which in many cases lie 
substantially below even the analogous “hydrogen temperatures.” 

The values of He+/H+ needed to fit the ratio of the 23P continuum strength to that 
of the Balmer continuum for an isothermal nebula are given in column (8) of Table 4 as 
He+/H+ (1). They are nearly all greater than the He+/H+ ratios found from the ratio of 
fluxes of X4471 to Hß as given in Table 3. This is, of course, consistent with re(He i) < 
T«W' 

If these temperatures are physically real, or if we simply allow them as a fitting param- 
eter, we should be able to use T^He i) and re(H) to compute t(23P) and Y(Bac), 
respectively, and thereby derive the correct helium-to-hydrogen ratio. Values calcu- 
lated by this procedure are given in column (9) of Table 4 as He+/H+ (2). He+/H+ (2) 
ratios for IC 418, IC 4997, and NGC 6543 are certainly acceptable, but those for NGC 
6572, NGC 7662, and the Orion Nebula are much too low. 

It should be kept in mind that individual values are subject to large error. In par- 
ticular, the observations of NGC 7009 and NGC 7662 are quite unreliable because of 
overlying high-excitation nebular lines; the 23P continuum for these two nebulae 
should be regarded as a detection only. What is significant here is the consistency of the 
observations for the low excitation nebulae. The observed strength of the 23P continuum 
is too high for all of these nebulae. 

In conclusion, it seems safe to assume that the 23P continuum can be regarded as 
detected, and that it shares, with the hydrogen continuum, an anomalously high 

TABLE 4 

Electron Temperatures and He+/H+ Ratios Derived 
from Data on the Helium Continuum 

Adopted max min 
T. (Hei) Te (He l) T. (He i) T, (line) Te (Bac) T. (dec) HeVH+ He+/H+ 

Nebula (° K) (° K) C K) (“ K) (° K) (° K) (1) (2) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

IC 418   4100 8200 ... 2000 4800 2500 0.09 0.07 
IC 4997   7100 15000 ... 3500 12000 8000 0.17 0.10 
NGC 6543   2800 ...   3700 9000 0.13 0.09 
NGC 6572  1400 2000 ... 3000 6100 5000 0.20 0.02 
NGC 7009  >10000 ... 3700 ... 9700 ... 0.05 
NGC 7662 (1)  1500 ...   5800 8000 0.18 0.04 
NGC 7662 (2)  2500   5800 8000 0.18 0.04 
Orion Nebula  ~ 1000 1500 ... ~1500 4700 1250 0.21 0.04 
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strength. In addition, it seems likely that this effect is even greater for helium than for 
hydrogen. The results argue against the effect being due solely to a low temperature, 
although temperature effects may account for some of the problem. If the nebulae 
were radiating properly at Te(F), we would not have detected the helium continuum 
at all. 

It is clear that the 23P continuum needs further observations with a substantially 
higher signal-to-noise ratio; the problem should be attacked photoelectrically. 
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