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Chapterr 6 

Onn the origin of the iron line in GS 
2023+338 8 

T.. Oosterbroek, M. van der Klis, B. Vaughan, J. van Paradijs, R. Rutledge 
W.H.G.. Lewin, Y. Tanaka, F. Nagase, T. Dotani, K. Mitsuda & K. Yoshida 

SubmittedSubmitted to Astronomy & Astrophysics 

Abstract t 

Wee have analyzed Ginga data collected during the peak of the outburst 
off  the black-hole candidate GS 2023+338. The X-ray spectrum contains a 
strongg iron emission line with an energy of ~6.4 keV, sometimes completely 
dominatingg the spectrum. The X-ray intensity shows very strong fluctu-
ations.. However, the fluctuations in the iron line are much weaker than 
thosee in the continuum. We find a [0.01--8 Hz] fractional rms variability of 

%% in the iron flux, as compared to a value of 60% for the continuum. 
Onlyy on time scales longer than 200 s does the iron line show a comparable 
levell  of variability as the continuum. The lack of variability on time scales 
beloww 200 s suggests that the size of the iron line emitting region is of the 
orderr of 102 It s.We conclude that the iron line is not formed in the inner 
regionn of the accretion disk, which is the likely region where the variability 
inn the continuum originates. 
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6.11 Introduction 

Thee X-ray transient GS 2023+338 was discovered with Ginga (Makino et al. 1989) 
duringg its outburst in 1989. Ginga (All Sky Monitor and Large-Area Counter) 
observationss have been reported by Kitamoto et al. (1989). In ' tZandeta l. (1992) 
presentedd an analysis of the X-ray spectral variability of this source using data 
fromm Kvant. 

Thee optical counterpart has been identified and associated with the old 
recurrentt Nova Cygni 1938 (V404 Cygni, Wagner et al. 1989), which also under-
wentt outbursts in 1938 (Wachman 1948), 1956 and possibly 1979 (Richter 1989). 
GSS 2023+338 is therefore a low-mass X-ray binary (LMXB); the spectral type of 
thee donor star is K0 (Casares, Charles & Taylorr 1992). From optical spectroscopy 
off  this star Casares et al. (1992) found that the mass function of the X-ray source 
iss 1 M 6 which makes the compact star in this system the strongest 
stellar-masss black-hole candidate so far. 

Inn this paper we discuss some properties of the iron line in the energy 
spectrumm of GS 2023+338. The first LMXBs in whose X-ray spectra an iron 
emissionn line (with an energy of ~ 6.7 keV) was reported were Sco X-l and 4U 
1608-522 (Suzuki et al. 1983 and White, Peacock, & Taylor 1985). Subsequentiy 
liness have been reported in the spectra of several other LMXB. In general these 
reportedd lines are very weak (an equivalent width of 100 eV is typical, White et 
al.. 1986), and sometimes they are below the detection limit . Three possible sites 
havee been proposed so far for the emission of the line in LMXBs: the accretion 
disk,, its corona or the compact object itself. From BBXRT observations of CygX-2 
Smalee et al. (1993) conclude mat in that source the accretion disk could produce 
thee iron line if the disk surface were highly ionized. Also in the X-ray spectra of 
AGNss the line is usually very weak; a self-consistent interpretation of these lines 
iss that the X-rays are reflected and reprocessed in an optically thick accretion 
diskk (Lightman & White 1988, Guiibert & Rees 1988), and give rise to a reflected 
spectrumm consisting of a broad band hump around 20 keV, a pronounced feature 
att the iron K edge energy, and a Fe Ka fluoresence line. 

Inn high mass X-ray binaries (HMXB) the iron emission lines have long been 
knownn to be much stronger: e.g., Serlemitsos et al. (1975) detected a strong iron 
linee in the HMXB (Van Kerkwijk et al. 1993) Cyg X-3, with equivalent widths up 
too 1.6 keV (see e.g. Kitamoto et al. 1987). Strong iron emission lines are also 
presentt in the X-ray spectrum of SS 433 (~0.7 keV equivalent width, Matsuoka et 
al.. 1987), and generally in the spectra of X-ray pulsars (see Nagase 1989). 

AA remarkable aspect of the observation of GS 2023+338 we report here is the 
enormouss strength of the iron line near 6.4 keV (Tanaka 1991, 1989); (the line 
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sometimess completely dominates the spectrum). From the association of the 
K-edgee near 7 keV, the iron line is most probably the fluorescent line from cool 
gass (Tanaka, 1991). 

Wee here present a combined analysis of die X-ray spectrum (with an em-
phasiss on the line near 6.4 keV, the Fe Ka line) and the temporal variability of 
GSS 2023+338 in the frequency range from 0.004 to 8 Hz. From the diminished 
timee variability of the iron line as compared to the continuum we can constrain 
thee site of origin of the iron line. 

Thee current analysis is part of a larger study of the correlated spectral 
andd temporal behaviour of BHCs in the framework outlined by Van der Klis 
(1994a,b).. A full report on the timing and spectral characteristics of all Ginga 
dataa of GS 2023+338 wil l be published elsewhere (Oosterbroek et al. 1995). 

6.22 Observations 

Thee observation reported here was made at the maximum of the outburst on 
Mayy 30, 1989. The data were collected in the so-called MPC2 mode (Turner et 
al.. 1989) with high bit rate, which provides 48 spectral channels between 0.5 and 
377 keV and a time resolution of 62.5 ms. During this observation GS 2023+338 
reachedd very high count rates (up to 24000 counts/seconds averaged over 256 
seconds).. This affects our analysis in two ways, (i) The instrumental dead time 
becomess very high; at the highest count rates the instrument is dead for ~80% 
off  the time, (ii) Counter overflow: if there are more than 255 counts per channel 
perr time bin, the counter resets to 0 and starts again. Whenever there was (risk 
of)) overflow we excluded these data from our analysis. We did not try to correct 
forr overflow, in order to avoid possible errors in the presence of large source 
variability. . 

6.33 Analysis and results 

6.3.11 Spectral analysis 

Forr our analysis we only used 6 data stretches of 256 s in which the source was 
brighterr than 5000 counts/s. We are certain that during these times overflow 
doess not occur. We made photon-energy spectra (Fig. 6.1) for these 6 intervals. 
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Energyy (keV) Energy (keV) 

Figuree 6.1: The 6 energy spectra which correspond to the six 256s intervals 
whenn the source was above 5000 counts/second. The strength of the feature 
nearr 6.4 keV is striking in panels 2 and 3. For display purposes only the first 
322 energy channels (up to ~18 keV) have been plotted. Data accumulation for 
spectrumm 1 has started at 5h 8m Is UT (and lasted for 256 s). Spectrum 2 has been 
obtainedd starting at 5h 47m 23.5s UT and the spectra 3, 4, 5, and 6 were obtained 
contiguously. . 
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Dataa for spectrum 1 have been obtained starting at 5h 8m Is UT (for 256 s). Data 
forr spectra 2 to 6 have been obtained contiguously starting at 5h 47m 23.5s UT 
(forr 5 times 256 s). 

Inn each of these energy speciia there is evidence for a iine near 6.4 keV (see 
Fig.. 6.1). The strength of this line is highly variable. A strong variation in total 
countt rate and spectral shape is evident. The very large emission peak around 
6.44 keV is especially striking in spectra 2 and 3. 

Too estimate the equivalent width of the iron line we fitted the X-ray spectra 
withh a model, consisting of a power law for the continuum plus a Gaussian line 
andd an edge, modified by interstellar absorption. The equivalent width of the 
ironn line in the 6 X-ray spectra ranges from 0.13 to 1.5 keV (the values we found 
are:: 0.13, 1.3, 1.5, 0.7, 0.4, 0.3 keV respectively; the errors are -10-15%). In the 
summedd X-ray spectrum me equivalent width is 0.4 keV and at 6.4 keV the iron 
linee is responsible for % of the counts (in a bin of 0.575 keV width). We 
notee here that the fits are not formally acceptable. The obvious reasons for this 
iss that the variations within each 256 s interval are such that the spectrum is a 
compositee of different spectra. This does not strongly affect the estimates of the 
equivalentt widths, or the contribution from the iron line flux to the total flux at 
6.44 keV, but does imply that our error estimates are not very accurate. 

6.3.22 Timing analysis 

Wee made fast Fourier transforms (FFTs) of the six 256 s data stretches (Sect. 6.3.1) 
forr each of the 48 energy channels individually. 

Beforee making the FFTs we applied a dead-time correction in the time-
domain,, with an implementation of the method as described by Mitsuda & 
Dotanii  (1989). We did not correct the rms source variability for the background, 
ass these corrections are negligible at these count rates even for the high-energy 
channels. . 

Forr each 256 s of data we obtain 48 power spectra (one per energy channel) 
fromm -0.004 to 8 Hz. For each channel we added the 6 Leahy-normalized power 
spectraa of these 6 data stretches, and converted the result to a fractional rms 
normalizedd power spectrum in which the power is in units of (rms/mean)2/Hz 
byy dividing each Leahy normalized power density estimate by the count rate (see 
vann der Klis 1995). The grand average of all these power spectra is shown in Fig 
6.2 2 
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0.11 1 

Frequencyy (Hz) 

Figuree 6.2: The averaged power spectrum of all six 256s data segments when the 
sourcee was above 5000 counts/second. Normalization is (rms/mean)2/Hz. 

Inn Fig. 6.3 we plot the fractional rms source variability from 0.01 to 8 Hz as 
obtainedd from these power spectra as a function of energy. A clear depression is 
visiblee in the fractional rms near 6.4 keV. In Fig. 6.4 we display the rms variability 
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Figuree 6.3: The 0.01 to 8 Hz fractional rms amplitude of the variability as a 
functionn of photon energy ("rms-spectrum"). 

perr logarithmic interval in a 2-D grey scale plot versus frequency and energy. In 
thiss way we obtain a plot where "rms-spectra" (variability versus photon-energy) 
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cann be read horizontally and rms variability as a function of frequency can be 
readd vertically. The most prominent feature in this figure is the dark horizontal 
linee at around 0.04 Hz due to excess power at this frequency, which can be called 
aa QPO peak (see Fig. 6.2). These QPO will be discussed elsewhere (Oosterbroek et 
al.. 1995). The other feature which is visible in this figure is the light vertical band 
nearr photon energies of —6.4 keV, which shows the depression in the variability 
duee to the presence of the iron line. From this figure we learn that the depression 
inn variability is present at all frequencies, and not only in the integrated rms 
variability. . 

Wee also tried to determine the time delay spectrum (for instance to find out 
whetherr there is a delay between the signal at 6.4 keVand the continuum outside 
thee iron line). However, due to the very large dead times (up to 80%), we were 
nott able to correct completely for induced channel cross-talk (see e.g. van der 
Kli ss 1989), and therefore we were unable to conclude anything from the time 
delayy spectrum. 

Fig.. 6.5 shows the 6 individual rms-spectra. In all 6 rms-spectra the dip caused 
byy the iron line is present, although the depth of the depression and the overall 
shapee of the rms-spectrum changes significantly. Especially in rms-spectra 2 
andd 3 two effects are visible: (i) the overall variability is less than in other spectra, 
andd (ii) there is decreased variability below 7 keV as compared to above 7 keV. 
Thee total rms-variability in spectra 5 & 6 is very high also at high energies; this 
largee variability is caused mainly by long term variations in the data. 

Inn order to further investigate the frequency dependence of the variability 
deficitt near 6.4 keV, we have plotted the ratio R of the "continuum" rms to the 
ironn line rms as a function of frequency in Fig. 6.6 (bottom panel). To extend 
thee frequency range to the lowest values possible, we made an FFT for the only 
stretchh of 1024 s of data available (which comprises the data for spectra 2,3,4, 
andd 5). The results show that at lower frequencies ( < 0.003 Hz) R has somewhat 
higherr values (see Fig. 6.6 top panel). 

Thiss indicates that the depression of the iron line flux variability relative to 
thatt in the continuum flux, is smaller on time scales longer than 200 s than on 
shorterr time scales. This is consistent with the observation of strong changes in 
thee relative strength of the line in the successive X-ray spectra taken over 256 
s,visiblee in Fig. 6.1. 
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Figuree 6.4: This figure displays the rms variability spectrum for each energy 
channell  in a grey scale. Along the horizontal axis the photon energy is displayed, 
alongg the vertical axis is the frequency. The rms variability per pixel (i.e 
logarithmicc frequency interval) is represented as a grey scale. The bar at the 
bottomm gives the scale (in fractional rms variability per pixel in percents). We 
havee rebinned the data logarithmically in frequency with 5 bins per decade (if 
possible;; at the lowest frequency bins we do not have 5 data points per frequency 
decade).. The prominent horizontal dark line at frequencies of 0.04-0.05 Hz is 
excesss power at this frequency (QPO), the feature which is (less clearly) visible 
ass a vertical light band at energies of -6.4 keV is the depression of the variability 
ass a result of the presence of the iron line. The noise levels vary between ~0.5% 
att the lowest frequencies, while they are smaller than £0.1% above 0.04 Hz. 
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Figuree 6.5: The rms spectra (see caption Fig. 6.3) obtained simultaneously with 
thee 6 X-ray spectra shown in Fig. 6.1. 

6.44 Discussion 

Ironn emission lines are the result of reprocessing of X-rays in material surro unding 
thee compact star (in particular fluorescent emission). The flux from fluorescent 



105 5 

r̂  ^ 
o o 

co o 
o o 

m m 
o o 

co o 
o o 

m m 
r̂  ^ 
o o 

r̂  ^ 
o o 

i n n 
CD D 

O O 

'" ''  '" ' '" ' '" ' 

• • 
„ „ 

1 1 

1 1 

.» » 

" " * * 
1 1 

11 1 '' • 

i ' ' 

" " 
«' ' 

1 1 
11 1 

11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • ' ' ' 
r r n T || l l l t t t 111 t t l 1 t ! t ! | t ) l 1 t r f T | 1 1 I 1 l i l t 

• • 

" " 
" " 

•• i i i 1.1.1 1 1—i—i i i i 11 1 1—i—i i i i J 1 1 1—i—• ' ' • ' 1 i i i 1 

_ _ 

-. . 

0.01 1 0.1 1 

Frequency y 

10 0 

Figuree 6.6: The ratio of the powers in channel 12 (center of the iron line) and 
thee mean of channels 9 and 15 (on either side of the iron line) as a function of 
frequency.. The top panel is for the one contiguous data segment of 1024 s. The 
bottomm panel is the average of the 6 256 s date segments, as is discussed in the 
text. . 

emission,, depends on the shape of the illuminating spectrum ( Krolik & Kallman, 
1987).. A large equivalent width of the iron line requires that either (i) the X-ray 
reprocessorr covers a large solid angle as seen from the compact star, or (ii) the 
radiationn emitted by the compact star is anisotropic (the reprocessor "sees" 
moree X-ray flux than we do), or (iri) high iron abundances in the reprocessing 
area.. The very large equivalent widths we observe (up to 1.4 keV) are only 
possiblee (for realistic iron abundances) when the reprocessor sees more from 
thee illuminating X-ray flux than we detect directly (e.g. due to the presence of 
obscuringg material around the source). 

Thee rms amplitude of the variability around 6.4 keV shows a dip of % 
(seee Fig. 6.3). The presence of the iron-line emission in the X-ray spectra at this 
energyy suggests that this dip is caused by dilution of the variable continuum 
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emissionn with less variable iron line emission. As reported in Sect. 6.3.1 the iron 
linee contributes % of the counts near 6.4 keV. This quantitative agreement 
suggestt that the continuum variability near 6.4 keV is similar to that at other 
photonn energies, but that the iron line is hardly variable on time scales smaller 
thann 200 s. The iron line only adds 15% of the photons to the flux and dilutes 
thee variability by nearly the same amount. Assuming that the continuum and 
ironn line variations are coherent, which is expected if the iron line is caused 
byy reprocessing of the continuum flux, we can derive that the variability of the 
ironn line= [A -Bx)/( 1 -x), where A is the observed variability of the sum of 
bothh components, B the variability of the continuum component at the iron 
linee energy derived by interpolation and x is the relative contribution of the 
continuumm to the flux (0.85). With A = 0.52 , B = 0.60 , and x = 

22 we find for therms-variability of the iron line a value of 7  15% (0.01--8 
Hz).. If the iron line arises due to reprocessing of the continuum flux this suggests 
thatt the reprocessing region is large and supresses the variability due to light 
travell  time smearing. 

Sincee from energy considerations the continuum emission must originate 
nearr the compact object, this indicates that the iron line emission region does 
nott coincide with the source of the primary X-ray emission. 

Thee fractional "rms-spectrum" is soft in frames 1, 4, 5, and 6 of Fig. 6.5: 
att low photon energies more variability is present. This means that the cause 
off  the variability is energy-dependent, i.e., a power law spectrum fluctuating 
inn intensity wil l not suffice to explain the observed variability. The most likely 
explanationn of this excess variability at low energies is variation in foreground 
columnn density NH (corresponding to which the low-energy cut off varies), which 
wass previously discovered by In 't Zand et al. (1992) (on a different time scale, 
seee also Oosterbroek et al. 1995). Sometimes the variability becomes much less, 
andd also the excess variability at low energies disappears (Fig. 6.5, frames 2 and 
3).. This reduction in variability might be caused by (partial) blocking of the 
innerr disk by matter, which might also be responsible for a soft component in 
thee spectra (see also Tanaka 1991). This soft component, if less variable, could 
supresss the low-energy variability by dilution. 

Thee rms variability of the iron line in the range (0.001--0.003 Hz), estimated 
inn the same way as above, is . So the iron line flux hardly varies on time 
scaless < 200 s, but on longer time scales it varies much more. As the continuum 
radiationn is strongly variable on these time scales, we conclude that the site of line 
formationn is most likely large (of order of 102 It sec). With the system parameters 
[M[Mxx ~ 10M,., M2 ^ 1M,, /,orh=6.5d) estimated from the quiescent radial velocity 
variationn of the secondary, we find a disk diameter of- 90 It seconds. This shows 
thatt the outer disk may be a good site for the reprocessing of the primary X-rays 
inn iron line photons. An extended accretion induced corona (which may not be 
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appropiatee since it may be too hot), or matter that is otherwise ejected from the 
systemm are other possible iron-line emitting regions. Related to this it should be 
notedd that the X-ray luminosity is very high; Tanaka (1989) concluded from the 
saturationn of the light curve that the Eddington limit was reached during this 
outburst. . 

Iff  the iron line emitting region is illuminated by X-rays from the inner region 
wee can make an estimate of the mass of the fluorescing matter, on the basis 
off  its size (see above) and the energy of the iron emission line. Note that this 
modell  does not apply to iron line emission from an accretion disk which is 
irradiatedd from outside. Since the energy is close to 6.4 keV (see Tanaka, 1991) 
thee ionization state is constrained to be certainly less than Fe XVII . This leads to 
ann ionization parameter̂ (L^/m2, see Hatchett, Buff, McCray 1975, orHirano et 
al.. 1987}  less than 102. Assuming emission at the Eddington limi t for a compact 
objectt of 12 M., we find that the mass in the reprocessing cloud (assumed to be 
spherical)) AM ,> 2 x 10_7r10o (M.), where r100 is the cloud radius in units of 100 It 
seconds.. For a "beamed " distribution of reprocessing matter of solid angle AQ 
(ass seen from the compact object) AM Z 2 x 10_ 7r,( X ,^. 

Evidencee for mass ejection can also be inferred from the a-typically strong 
radioo source (for X-ray transients) which was present during the outburst (Hjell-
mingg 1994). Perhaps GS 2023+338 is a similar source as GRS 1915+105 and GRO 
J1655-40,, which were also both bright radio sources. These two sources have 
shownn expanding radio jet like structures (Mirabel & Rodriguez 1994, Hjellming 
&&  Rupen 1994) indicating large scale ejection of matter. 
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