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ABSTRACT

Ne have observed <\u1se phase-depenﬂent spectra] changes in the ‘ /

h1gh energy ()'20 keV) cnnt1nuum of Hercu1es X 1.- Cyc]otron Aosorpt1on

I

4 of underlying continua can reproduce the observed angular depnndence
w in the high energy cutoff. We d1scuss implications of this mnde],,wh1ch

X : 1nc1ude the possibility of determining the angular sepairation h/tween

the 1ine of s? "ht &t the neutron star magnetic field if the absorb1ng

electron spectrum s known.
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I, INTRODUCTION

Hercules X-1 is‘an X-ray pulsar in a binary stellar system (Tananbaum
et al, 1972). It exhibits a variety of temporal bhenomena: 1.2-second

pulsations, 1.7-day binary periqd, 35-day high-low cycle {cf. Giacconi

et al., 1973; Davison and Fabian 1976)--and spectral features (cf. Clark

et al. 1972; Ulmer et al. 1973; Holt et al, 1974; Becker et al. 1977
Pravdo et al. 1977a, Paper 1; Pravdo et al. 1977h, Paper 2). This communi-
cation reports on obsecﬁetions of Her X-1 performed by the Goddard Space
fidght Center Cosmic X-ray Spectroscopy Experiment {CXS} en 0S0-8 during _
August 31 - September 6, 1977. This was the second observation of the
source with the CXS. A detailed study of the 2-20 keV spectrum of Her X-1}
as a function of 1.2 second pulse phase was among the results (Paper 1)

of the first observation in August 1975. Paper 1 reported the existence .

of a sma]l =region bangﬁ) of pulse phase, asymmetrically located within

/‘f
the pulse peaks, 1n\rh1ch the spectrum progressly hardens and then softens

to its initial off-pu1se value. Ne have extended this investigation by the
use of a h1gh energy CXS detector which is sensitive to X -rEYS between 2
and 60 keV. We report here pu]se phased spectrascopy > 20 keV, and demon—
strate the consistency of all the 2 60 keV data w1th a cyclotron- absorbed
X-ray source.

f I1. EXPERIMENT AND ANALYSIS

"The detector is a multi-layer multi-anode xenon ~-filled proportional

:'ghamber-w1th a mechanically collimated 5 O FWHM circular field of view

' (cf.-Serlemitsbs’g};gl, 1976). It is pointed 52 off -the negative spin

axis so that a 5° cone is swept out during each satellite spin G; 10 sec).

The scan enables us to obtain a nearly similtaneous observation of the



diffuse X-ray background in thefsource free regions idjacent to Her X-1.
The net Her X-1 spectrum is determined after subtracting off-source data
from on-source data. Each pulse-height-analyzed (PHA) count is timed to
within 20 msec. Thus an individual PHA count can be placed %ﬁ ite.appro-
priate pulse phase bin after making time-of-flight corrections for the
Her X-1. b1nary orblgl the satellite orb1t, and the Earth's motion. The
pulse period of 1.2377967 + 0.0000004s (Pravdo et al. 1977c) has been
divided into 62 temporal bins, o
N The mecﬁ’a of spectral ana1y51s has been presented e]sewhere .
(Ser19m1tsos et al, 1975). \In brief, an analytical model of the 1nc1dent
sﬁepfrum is multiplied by a previously determined detector response matr1x.i
| This resultant is then compared to the net PHA data using a % test.

Once an accepté%]e fit is found, an inferred incident spectrum is obtained
by diﬁiding the PHA date by epectrum-dependent channel-by-channel effic-
iencies. In- Q,ict1ce we have used a computer automated modification of

the CURFIT subroutine described 1n Bevington {1969). This program y1e1ds.
‘estimates of errors on fittfﬁg parameters, which are close to one sigma
errcrs whenever the "cufvatureh search option.is used (Marquardt 71963).
~Unless otherwise state& tﬁese one sigma efrors are pfesented. In otheF
cases, the cr1ter11 discussed by Lampton et a] (1976) and Avni t1976)

“for 1ncreases in a minimum va]ue of XZ

are emp]oyed to determ1ne parameter
bounds w1th higher than one s1gma ronf1d5nce.

Ne have employed two basic models of the 1nc1dent spectra for ana1ys1s.
The f1rst is a s1mp?n emp1r1ca1 mode1 cnnta*n1ng four paramefrrs ) It'js

of the fonn
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This model serves in presenting the general trends of the spectra,
but has no physical interpretation. The second model also contains

an under}y1ng power 1aw spectrum w1th a h1gh energy cutoff dUe

12 gauss) magnet1c f1e1d (Daugherty

to cyclotron abso ot1on in a high (“ 10
and Ventura 1978). The physical parameters included in this model are
the'surfac%;magnetic field strehgth, the angle oetween the 1ine of sight

and the magnetio field lines, the gravitational red shift, the polarization
distribution of the X-rays, and a characteristic electron womentum, momentum

spectrum, and column density of the absorbing e]ectroos. Many of these

parameters were held fixed at reasonable values (Section IV) so that

in effect a three parameter model was fit {Section IIT)

III. REJULTS

In general there is excellent agreement with the results descr1bed

“in Paper 1. Figure 1 illustrates the Her X-1 pu]ee profile and spectral

parameters in the simple empirical mdoe1 as a function of pulse phase.
The region of Spectral hardening is well defined by the plot of spectral

number index (Figure 1c). Phase zero of the pulse is defined to correspond

/ﬂ

T

to the bin. in which the harden1ng reaches a maximum (i.e. number index

| reaches a minimum). Note that the hwgh eriergy peak {> 25 keV) is asymmetric

with reSpect to phase zero, and of greater phase duration than the hardened




region. This strongly supports the conclusion in Paper 1 that the intensity

changes in the pulse are at most loosely connected to the spectral changes.
The power law index is determined and constfained largely hy the

low energy (< 15 keV) data. From the previous Her X-1 observation {Paper

1) we determined that the < 4.5 keV continuum in off—bu]se spectra indicateS

a small amount of absorption by cold material. Also, when fhe flattened

continua of the on-pulse spectra are extrapo?éﬁed to ehérgies beléw 4,5

keV, a Tow energy excess results. To avoid these comp1ication§

e --data below-4.5 keV are ot included in this analysis.

The final two plots in Figure 1 il]ustrate the cutoff parameters.
"0ff-pulse” bins are defined to.be all binsﬁhith plus or minus phase greater
than 0.08 (i.e. outside the hardened region). The off-pulse spectra have a
lower cut off energy and higher e-folding énérgy than the on-pulse ‘specta.
This fact is quantitatively Qhown in Figure 2. The first two plots are a
b]ow-up of the on;pu15e high energy parymeters. Also shown are the 99% joint
confidence limits of these parameters determined from the combined |
off-pulse spectrum, In all cases, the model fits wérg:acceptab]efwith
.reduced chi squared (XS) n 1 for v 47 degrees of freedom. The ne£
counts in these shectra range from 4 - 8000 for individual bins, to
176,000 for the"cdhbined off-pulse spectrum. The spectrum averaged over
pulse phase has Ecu;off = 19.5 + 0.3 keV and Efo}ding.=.9°8 1;0.5 keV

. in good agreement wiimlthe same parameters found by Becker et al. (1977).

The final Figu;E shows contrasting spectra, one from phaSe zero,

" and the other from an edge of the on-pulse region. We find no supporting

SUTEEES SO et SRR R S
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evidence for line emission near 60 keV (Trumper et al. 1978; Coe et
al. 1977}, although our one sigma upper 1imit is consistent with the line
photon intensity observed by Trumper et al. ; h
! IV. DISCUSSION
The 1.2 second pulse period of Hercules X-1 identifies it as a
neutron star. During stellar rotation, periodic views of an X-rayf]hot
spot' greate/ﬁié observed pulsations. The X-ray energy source is the

gravitational potentia] energy of accreting matter, Strong stellar mag-

“netic fieTds constrain this matter tofall along fieid Tines to the "~ - = =

magnetic poles on the surface (Lamb et al. 1973). MWe suggest tmat the

X -rays which compr1se the spectrally hardened region of the pu]se or191nate

at the X -ray hot spot and are largely unaffected by scattering or absr nption .

processes away trom the hot spot (see also Paper I), in contrast to the

.FI

X-rays observed at other pulse phases Thus ana]ysis of the hardened X-rays .

in this ' spectra]]y def1nedlbeam represents a deep probe in toward the
neutron star surface. - _

It is c]ear that a1gn1f1cant changes occur in the < 20 keV X-ray c0u-a
tinuum of the above-mentioned beam. We Teave discussion of thjgfeffect
for a future work (Bussard and Pravdo 1978). In this discussion we will
-focus on the pulse-phase dependent.changes in the > 20 key:continuum.

Boldt et al. (1975) sﬁowed that energy-dependent Compton scattering

in a field of R 10 gauss” cou1d reproduce the high energy cut off However

the recent, lTower est1mates for the field strength (Trumper et a] 1978)

J
taken together with the expected electron momenta dnstr1but1on (see below),
indicate that cyclotron absorption dominates over Compton scattering above

20 keV.  In addition we consider the prQSent.modéT7superior in that it



B
allows for the newly observed angular dependence in the cutoff, Cyclotron
“absorption iﬁﬁthe jnverse and co-existant process to cyc1otr6n emission
(Basko and Sunyaev 1975; Daugherty and Ventura 1977; Meszaros 1978) which
may have been observed in the Her X-1 spectrum (Trumper et al. 1978}.

The X-ray emitting region™is located near the sqrfacg, so that the

magnetic field does not change much from its surface value within the

. hot spot. The e1éctron distribution here consists of infalling electrons

and those which have. been stopped by 1nteract1ons in an accret1on mOUnd
or atmosphere (Davidson 1973). High womentum electrons will obserVe continuum.
phdtohs to be Dgppler-shifted-in the electrons' rest frames. If an electrohf_

momentum, Pg» satisfies the equation,

[( [-& SNQ] -4[ma '““’é,]) ( - ‘“T)cosea
Y% .ZEQ 31.)9] | (0

then the “2lectron resonantly absorbs the photon of energy E as a cyclotron
' 23

. - . . . ) . . o =mc -

line photon; where m is the electron rest mass and Bq s 4.414 x

1013 gadss. The resulting X«ray spectrum has the form

3!

——ge) PE G‘AP[MQ— ‘GO'G] (.2).'

. where P2 is the$number 1ndex, Ng is the column density of electress at

the appropriate momentum R(E,8), cz is the cyclotron absorption



'A f1e1d 1arger than 7 x 10

! ) G
cross section (Dauéperty and Ventura 1978) for polarization state e,

and fG the fraction in that state. We assume that the X-rays are

unpolarized (Novick et al. 1977). Since the electrons are contrained to
foliow field lines, the angle 8 is between the photon propagation direction

(1ine of sight) and the polar field lines. o
The magnetic field B in equation 1 must be between 233 X 1012 gauss

in *h1s mcdel. These limits are based on the observation that the high

~ energy cutoff begins near 20 keV- If the magnetic field were smaller

than 2 X 10}2 Gauss then the cutoff wou1d begin at much lower energies.. .. .

1 Gauss would require relativistic e]ectrons

because other processes (e.g. pair production) become important in this

regime. A value of 6 x 1012 gauss is adopted for Bfﬁ This value is consistent

with general theoretical estimates for a neutron star magnetic field (cf.

Lamb 1974) anq “with dtrect (Trumper et al.

1878) and indirect (Paper 2)
observational eq?lmates. A gravitational redshift of 0.1 is assumed (cf.
’M1dd]ed1tch and ;e?son 1976). A |

The rema1n1ng rr1t1ca] parameters descr1be the absorbing electron

distribution. ‘We have chosen to Tet the ang]e 8 be a free parameter for

several electron distributions. This is jllustrated in>Figure 2c and A

2d for an exponential electron momentum spectrum and a one-dimensional

- Maxwellian spectrum respectively. The spectra, with one exception; are

acceptably fit by the model with XR = 0.9-1.4 for 51 degrees of freedom.
For the phase zerokaectrum and the Maxwe111an mode], xg 1.7, because

the.mode; is more sharpely cutoff than the data. In all the models tested

for absorption of photons near 20 keV, We will not consider this possibility



the best fit values for ¢ perform a 10° - 20° excursion, with the angle

nf closest approach identified with phase zero, The acfua% values of the

angles are strongly dependent on thﬁ;column‘densit} of high momentuh electrons.

The low column density model {Figure 2c) could be appropriate if the absorbing

electrons represent a small fraction of the total hot spot electrons--e.g.

‘the infalling electrons. The highjfkiumn density mndel {2d) could occur

if all £B$‘e1ectr0ns contribute to ;Esorption. Basko and Sunyaev (1975),

in a modé] for pulse formation, estimate that energy is deposited by

infalling matter within 50 gm cm‘an This yields an electron column density
swm11ar to those employed with the Maxwellian spectrum.

These column den51t1as imply that the ranges of infalling particles
are small enough ¢§_103 cm) so.that the assumption of constant field
~strength is justified. In addition, estimates.of the effective
temperature of the hot spot {v 30 keV) based on the X~ra§"c0ﬂtinuum
spectrum (Ulmer gt al. T972; Holt ef al. 1974, Becker‘éz_gl:'1977; this
paper) yield a'EimiTar upper limit for the plasma scaTe he1ght The
chiracteristic electron momenta in our models were chouén to be tn this
temperature range. The plots in Figure 2c and 2d are draWn for charact-
_eristic electron momentum P WBU keV/c, and the phase zero results for

160 keV/c and 200 keV/c are a1su included.

We note that the electrons which contribute to the absorption process *
have momenta as large as* 4 PD. These electrons on the exponential tail

of the distributions have sufficient velocities to apsgﬁw5%q20 keV photons

in a field with a 60 keV characteristic 1ine energys¥Electrons with this
high momentum can be created in knock-on collisions with infalling ions

(Bussard and Ramaty 1978, Gamma Ray Spectroscopy in Astrophysics., ptoceed-

ings of NASA/GSFC Conference, in preparation).
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0ff-pulse spectra have not been specifically addressed here. There |
are no obvious changes in spectral parameters over this region of pulse
phase (Figure 1). We find that individual off-pulse spectrgtare acceptably
fit by the best-fit model of the combined off-pulse spectrum with only

the normalization left as a free parameter. This flux could be largely

1sotrop%c and originate from a Compton scattering shell of material at

'the Alfven surface (McCray and Lamb 1976; Basko and Sunyaev 1976; Ross

et al. 1978).

This analysis can not unambiguously determine the separation between

 §Qé“i{hé 5?.giéhiJ;hd"thé:hgénétft”?ié?d because the absorbing electron

spectrum is unknown. A seTf;consistent model for the hot spot X-ray emis-

sion is needed. The gross variations in the continuum spectrum as a
‘,- f} . . te

b

function of pulse phase_(§ee Figure 1c) should be valuable in working “
backwards to the emitting electron spectrum. ﬁézﬁﬁmprovement to the presént
model wou]d consider the effects of re-emission which can be important in
addition io absorption. This work is currently in progress (Bussard

and Pravdﬁ 1978).

ﬂFina]ly, we consider the implications of this analysis on the Her X-1

- beaming mechanism. The beam is spectrally defined and the spectra in the

béam }ndicate via parameterization that the angle of closest approach to
the éagngtic pole is at phase zero. A “pencj]" beam is therefore favored.
e note that the lower energy (< 20 keV) dat; alone could not have antici-
pated this medel, and that all data 2-60 keV of which we are aware may
now be consistently reconciled.

We thank J.L. Robinson-Saba and Dr. J.K: Daugherty.for helpful

discussions. We also thank Dr. M. Lampton for aid in parameter space.
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x\k\ FIGURE CAPTIONS

FIGURE 1 a. The energy-integrated pulse Tight curve of Hercules X-1.
b. Thé high energy pulse light curve.
c.,d.,e. Spectral parameters in the empirical model for
individual pulse bins.

"

‘

FIGURE 2 a.,b. 0ﬁ¥pu1se spectral parameters in ‘the empirical model.

The diamonds are the 99% joint confidence 1imits for the
parameters of the combined off-pulse spectrum.

c. Angle between the line of sight and the neutron star
magrietic field versus pulse phase in the cyclotron
absorption model. With an exponential electéﬁﬁg

momentum spectrum.

d. With a Maxwellian electron momentum spectrum.

FIGURE 3 ~ Incident spectra of Hercules X=1 from minimum and maximum

(absolute value) on-pulse phase.

J
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