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ABSTRACT 
We present further results of our Hercules X-l balloon observation on 1976 May 3 which confirm 

the existence of a strong line feature at ^58 keV in the pulsed (1.24 s) X-ray spectrum we reported 
earlier. The spectral excess in the line region over the extrapolated continuum is 5-6 a. Our best esti- 
mates of the line flux and line width are 3 X 10~3 photons cm-2 s-1 and less than ^12 keV, respec- 
tively. The most likely interpretation of this line is electron cyclotron emission at the basic frequency 
from the hot polar plasma of the rotating neutron star. The corresponding magnetic field strength 
is 5.3 X 1012 gauss. We have searched for the second-harmonic cyclotron emission line in that part 
of our data showing the highest signal-to-noise ratio and find a 3.3 <7 spectral enhancement near the 
predicted energy (110 keV). We discuss implications of the line width and the line intensity ratio 
for the physical conditions of the emitting plasma and the beaming geometry. 
Subject headings: magnetic fields — stars: neutron — X-rays: sources — X-rays: spectra 

I. INTRODUCTION 
In a recent publication (Trümper et al. 1977, here- 

after Paper I), we reported evidence for a strong and 
narrow line feature at ^58 keV in the pulsed (1.24 s) 
X-ray flux from Her X-l. We explained this line as 
quantized electron cyclotron emission, originating from 
the hot and highly magnetized plasma at the magnetic 
poles of the rotating neutron star. If correct, this inter- 
pretation has far-reaching implications for the under- 
standing of neutron-star physics. It provides the first 
measurement of a neutron-star magnetic field, which is 
the key quantity for all surface and magnetospheric phe- 
nomena of these objects. In particular, cyclotron line 
spectroscopy may become a powerful diagnostic tool for 
studies of the X-ray emission and beaming processes. 

Our balloon observation on 1976 May 3, contained the 
first detection of the 1.24 s pulses in the 30-88 keV 
range, and the fact that the 58 keV line appears as a 
pulsed feature indicates that we are dealing with a 
genuine source effect. 

Recently, a time-averaged spectrum of Her X-l was 
taken by Ariel 5 (Coe et al. 1977) which shows some 
spectral excess consistent with the presence of a line at 
64+6 keV. 

Line energy, intensity, and width, presented in Paper 
I, were based on a preliminary data analysis. The pur- 
pose of this Letter is to report the results of our final data 
analysis, which fully confirm Paper I. Furthermore, we 
have searched for the second-harmonic cyclotron line 
and provide evidence of its detection. 

II. OBSERVATIONS 
Her X-l was observed on 1976 May 3, from 0612 to 

1012 UT during a 10 hour balloon flight from Palestine, 

TABLE 1 

Instrument Summary 

Telescope 1 Telescope 2 

Energy range (keV)  15-135 17-160 
Effective area (cm2)  107 87 
FWHM energy resolution at 60 keV 

(keV)  13.2 17.4 

Collimators  2° (R.A.) X 10° (deck) 

Texas. The rest of the time was devoted to studies of 
CygX-1, CygX-3, and Cyg X-2. The magnetometer- 
stabilized balloon gondola carried two collimated Nal 
scintillation counters which were oriented in parallel. 
Scan and on/off source measurements were performed 
on telecommand. Energies and arrival times of indi- 
vidual photons were recorded. Table 1 gives an instru- 
ment summary. 

The spectra described in this Letter are entirely based 
on data from telescope 1 (Reppin, Pietsch, and Sacco 
1978). The spectral data of telescope 2 exhibit only a 
(2-3 o) shoulder on the continuum instead of a line. 
This difference can be explained by the inferior detector 
characteristics. 

Her X-l was at binary phase 0.72-0.82 and 5 days 
after turn-on of cycle 45 (Davison and Fabian 1977) of 
its 35 day variation. In flight, energy calibration was 
provided by a 241Am source (E = 59.5 keV) which 
could be exposed by telecommand. We can exclude the 
possibility that the Her X-l line was produced by a 
spurious effect. During the observations the calibration 
source was well shielded, and we can not detect any 
241 Am leakage flux in the background spectra. Since 
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brass collimators were used and no material with high 
atomic number was in the vicinity of the scintillation 
counters, the HerX-1 line cannot be produced by 
Her X-l-induced fluorescence radiation in the detector 
system. This is confirmed by the nonexistence of any 
line in the Cyg X-l spectrum measured during the same 
flight (see Fig. k). 

The HerX-1 observation consisted of a number of 
pointings interrupted by off-source ^background mea- 
surements. The signal-to-noise ratio of the Her X-l data 
decreased during the 4 hours for two reasons. (1) After 
^1.5 hours, HerX-1 underwent a flux decrease by a 
factor of ^3 and stayed at lower intensity for the rest 
of the time. (2) The non-X-ray background of telescope 
1 increased after ^45 minutes by 20% to 30%, depend- 
ing on energy, owing to a change of observation mode 
by telecommand. In this Letter we report results from 
the first 45 minutes for which the signal-to-noise ratio 
of the data was highest. 

in. RESULTS 
The heliocentric pulsational period of HerX-1 ob- 

tained from our data is 1.237803 ± 0.000003 s, and we 
folded the counts of each energy channel modulo this 
period into 40 bins. The resulting pulse profiles, which 
have been discussed separately (Kendziorra et al. 1977), 
are characterized by a single peak structure in the 30- 
60 keV band and a double peak structure beyond ^60 
keV. In the following we use two types of spectra de- 
rived from these data: (1) Her X-l pulse minus Her X-l 
off-pulse spectrum (P — OP), defined as the difference 
of count rate in a 10 bin wide phase interval around the 
pulse maximum of the 1.24 s period and the count rate 
in a 23 bin wide interval between the pulses (in Paper I 
we used 17 bins: 23 bins in order to define the “pulsed 
spectrum”); and (2) HerX-1 pulse minus off-source 
spectrum (P — OS), where the pulse count rate is de- 
fined as above and the background subtracted is deter- 
mined from off-source pointings. 

Figures la and \b show the corresponding count rate 
spectra of telescope 1, which both show clear peaks at 
^58 keV and a second enhancement at ^110 keV. We 
first fitted power-law and exponential spectra to the 
data, allowing for atmospheric absorption, detection 
efficiency, energy resolution, and K-iodine escape: 

I = Ip X E~7 (photons cm-2 s-1 keV-1) 

I = IbX~: exp ^ JAf') (Photons cm-2 s“1 keV-1) . 

The parameters derived from these x2 fits including 
the resulting x2min and the significances a0bs are sum- 
marized in Table 2. According to Lampton, Margon, 
and Bowyer (1976), the requirement for an acceptable 
fit is «obs > 10%• It is clear that all two-parameter fits 
through all data points are not acceptable. The excesses 
over the continua in the line region (46-75 keV) have 
all statistical significances of 4 to 5 v. On the other hand, 
the data below 46 keV are well fitted by an exponential 
spectrum. The corresponding excesses over the extrap- 
olated continua in the line region are greater than 5 <r. 

In order to account for this excess flux we added a 
power-law tail or, alternatively, a Gaussian line profile 
to the exponential spectrum: 

I = exp (—E/kT) + IVE~’< 

/ = -|exp(-£A7’) It 
cry/ (27r) 

exp (£ - £l)21 
2<j2 •j- 

The results of these four- and five-parameter fits to 
all data points are given in Table 2 as well. It turns out 
that for both observed spectra the spectral structure at 
£ > 46 keV cannot adequately be described by a 
power-law tail. On the other hand, the addition of a 
single Gaussian line profile leads to acceptable fits. This 
is particularly true for the P — OS spectrum. In the 
case of the P — OP spectrum, the significance is a little 
less than required for a good fit; this is mainly due to 
the apparent narrowness of the line feature in this data 
set. 

Finally, we have made seven-parameter fits (ex- 
ponential spectrum plus Gaussian lines to both spectra). 
In the case of the P — OP spectrum the significance re- 
mains at 5%, while it becomes 50% for the P — OS 
spectrum. 

The limits quoted in Table 2 are for a joint 68% con- 
fidence region in parameter space (see Lampton et al.). 
For the five-parameter fits this corresponds to x2min + 
5.9. We note that this leads to considerably larger limits 
than the usual method of subtracting the best fitting 
continuum and considering a two- or three-parameter 
fit to the residual. Applying this procedure, we have 
made a three-parameter error estimation. The results 
are also listed in Table 2. 

Summarizing, we find strong evidence for the existence 
of a spectral feature, at 58 ± 5 keV, which has an in- 
tensity of 3 X 10“3 cm-2 s_1. The best estimate of the 
line width is at most ^12 keV. 

Both spectra displayed in Figures la and \b show en- 
hancements in several spectral bins around ^110 keV. 
The statistical significance of the total flux above zero 
in this energy band is 2.2 a for the P — OP spectrum 
and 3.3 a for the P — OS spectrum. A Gaussian line 
profile fitted to these points in the P — OS spectrum 
yields a line energy of 110.6 keV and an intensity of 
~2.6 X 10-3 cm”2 s-1 (P - OP: 108 keV, 1.4 X 10'3 

cm-2 s“1)- It is intriguing that this spectral enhance- 
ment occurs at just that energy where one expects the 
second harmonic of an 58 keV line (see below). 

Finally, in Figure 2 we show the deconvoluted spec- 
trum of the HerX-1 pulses, which has been obtained 
from the P — OS spectrum by using an exponential plus 
Gaussian line fit. For comparison, we have included the 
total intensity spectrum measured by OSO-8 (Becker 
et al. 1977). There is very good agreement in spectral 
slope between 20 and 45 keV, where the data overlap. 
The agreement in absolute intensity seems accidental 
in view of the variability of the source. Furthermore, 
our pulse spectrum has to be multiplied by a factor ^1.7 
in order to make it directly comparable with a total 
spectrum. 
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TABLE 2 
Hercules X-1 Spectral Parameters 

(E > 20 keV) 

Count 
Rate 

Spectrum Fitted Spectrum X min 
Oîobs 
(%)t Ib 

kT 
(keV) 

Line 
Excess 
(46-75 
keV) 

P-OP 
P-OS 
P-OP 
P-OS 
P-OP 
P-OS 
P-OP 
P-OS 

Power law, all spectral points. .2 16 

Exponential, all spectral points 2 16 

Exponential, up to 46 keV  2 5 

Exponential + power-law tail.. 4 14 

39.1 
34.6 
45.4 
40.5 
8.1 
4.0 

26.2 
35.5 

0.1 
0.4 

<0.1 
<0.1 

15 
55 

2.3 
0.1 

0.66 
1.25 
1.17 
2.00 
3.7 
1.9 

9.3 
8.06 
7.65 
6.96 
5.6 
6.2 

557 
1633 

51 
135.4 

-3.96 
-4.22 

-1.6 
-1.9 

4.1 o- 
3.7 <r 
5.2 <r 
5.0 (7 
>5 0T§ 
>5 <7§ 

Line Parameters 

Count 
Rate 

Spectrum Fitted Spectrum p* {N-p)] x2m 
«obs 
%i 

kT 
(keV) 

Energy 
(keV) 

Width 
(keV), 

FWHM) 

Intensity 
(10~3 

cm-2 s_1) 

P—OP Exponential + Gaussian 
line profile  5 13 22.4 

P—OP Same, 3-parameter error 
estimation  3 

P —OS Exponential + Gaussian 
line profile  5 13 18.9 

P—OS Same, 3-parameter error 
estimation  3 

5.0 1.3 7.3 57.5 0(+24.5,0) 2.9 
(+2.4,-0.8) (+2.4,-3.8) (+5.5,-3.4) (+3.6,-1.2) 

57.5 0(+15.9,0) 2.9 
(+3.9, -3.8) (+3.0, -1.0) 

13 2.3 6.7 58.5 11.2 3.4 
(+3.5, -1.2) (+1.9, -1.4) (+5.2, -5.0) (+26.4,-11.2) (+2.0, -1.7) 

57.5 11.2 3.4 
(+5.9,-5.0) (+16.3,-11.2) (+1.5, -1.3) 

* Number of adjustable parameters, 
f Degrees of freedom. 

t Significance of the fit (see, e.g. Lamp ton et al. 1976). 
§ Above extrapolated continuum. 

IV. DISCUSSION 
It seems impossible to explain a 58 keV line by atomic 

or nuclear emission for intensity reasons (Paper I). The 
most likely interpretation appears to be in terms of an 
electron cyclotron emission line which has been pre- 
dicted to occur in the X-ray spectra of binary neutron 
stars by Gnedin and Sunyaev (1974) and Basco and 
Sunyaev (1975). The Landau levels of an electron in a 
homogeneous field are given by (see Canuto and Ven- 
tura 1977): 

- "l1+(-£7 

+(2j+5+1) 

where y = 0, 1, 2 . . . and s = ± 1 are angular mo- 
mentum and spin quantum numbers, respectively; B is 
the magnetic field strength; Bcr = (m2â)/eh = 44.14 X 
1012 gauss; m is the electron mass; and pz is the electron 
momentum along the magnetic field lines. It is likely 
that the 58 keV line is produced by transitions from the 
first excited state (j = 1, s = — 1 orj = 0, s = -fl) to 
the ground state (j = 0, s = — 1). Neglecting the longi- 
tudinal motion, we then get B = 5.3 X 1012 gauss. The 

second harmonic should appear at 110.7 keV (transi- 
tions from 2j + s = 3 to the ground state), which is 
very close to the energy where the second enhancement 
(Figs, la, lb, 2) is observed. 

It is generally accepted that the hard X-ray emission 
originates close to the stellar surface. Correcting for the 
corresponding gravitational redshift, which is of the 
order of 10%-40% (Borner 1973; Brecher 1977), we get 
values between 5.8 and 7.3 X 1012 gauss for the in- 
trinsic polar field strength. 

We stress that, on the basis of our experimental data 
alone, the interpretation in terms of line emission is not 
conclusive. There could be a cyclotron absorption line 
at ~42 keV (and a possible second one at ^80 keV). In 
this case the polar magnetic field strength would be 
^4 X 10+12 gauss. However, there are convincing the- 
oretical arguments (Basco and Sunyaev 1975) which 
favor an emission-line explanation. 

Accepting the 58 keV feature as an emission line, we 
can draw some conclusions from the estimated intrinsic 
line width (less than or approximately 12 keV FWHM) : 
the Assuming a magnetic dipole field, the radial extent of 
line-emitting region is limited to Ar/r = 1/3 X AB/B = 
0.07, or, with a neutron-star radius of 10 km, Ar <700 
meters. (2) A discussion of Doppler (Paper I) and self- 
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PHOTON ENERGY IN KEV 

Fig. 2.—Deconvoluted X-ray spectrum of the Her X-l pulses. Solid line, best-fitting exponential spectrum with a Gaussian line to the 
data points. The error bars are ±1 <r; the upper limits are at 2 tr. For comparison, a total X-ray spectrum of Her X-l observed by OSO-8 
during the 1975 August on-state is shown (Becker et al. 1977). 
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absorption line broadening (Mészáros 1977), which both 
depend on the polar angle of emission, suggests that the 
radiation pattern is of the fan beam type. 
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