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8 Wrap Up 

In this chapter I go over some of the the main results of this thesis and give some suggestions 
for how future work might improve our insights. 

8.1 THE PHYSICS OF THE ATOLL TRACK 

The timing properties of the atoll sources correlate smoothly with the position in the color-
color diagram (see Chapter 3, 6, and 7 and references therein). The color-color diagram 
provides a good way to study the X-ray energy spectrum of the low mass X-ray binaries 
(see Chapter 2), in particular to help identify different source states. A physical scenario 
for what is happening in the different atoll source states was proposed based on studies of 
the spectral evolution of the atoll sources 4U 1705-44 (Barret & Olive, 2002; Olive, Barret, 
& Gierlihski, 2003) and 4U 1608-52 (Gierlihski & Done, 2002, see also Chapter 6). This 
scenario works within the generally used (White & Holt, 1982; Sunyaev & Shakura, 1986) 
framework of a truncated accretion disk with a hot inner flow that merges smoothly with the 
boundary layer that is located between the disk and the neutron star surface (e.g. Barret et al., 
2000; Barret, 2001; Done, 2002; Barret, 2004). In this framework the spectra are dominated 
by two components; a soft and a hard component. The soft component, is usually fitted with 
a blackbody, and is thought to originate either from the neutron star or the accretion disk. 
Changes in the soft component will reflect in changes in the soft color. The hard component 
is thought to originate from the Compton up-scattering of soft seed photons on hot electrons 
in the inner flow/boundary layer and is fitted with Comptonization models (see e.g. Titarchuk, 
1994). Changes in the hard component will reflect in changes in the hard color. 

In Figure 8.1 I plot a schematic view of the two extreme states observed in atoll sources; 
the extreme island and the banana state. In the extreme island state the disk is far away from, 
and in the banana state close to, the neutron star. This view is supported by the timing results 
if we assume the variability arises in the disk: all characteristic frequencies are much lower 
in the extreme island than in the banana state. If these characteristic frequencies are related 
to radii in the disk, then these radii are larger in the extreme island than in the the banana 
state. Because the disk is far away in the extreme island state it has a temperature too low 
to be detected in the energy spectrum. The soft component in the extreme island state is 
therefore thought to originate from the neutron star. This idea is supported by the fact that 
in the extreme island state of several sources the resulting blackbody radius was found to be 
too small to be coming from the disk (SAX J 1808.4-3658: Gierlihski, Done, & Barret 2002, 
4U 1608-52; Gierlihski & Done 2002,4U 1705-44; Barret & Olive 2002, IE 1724-3045 and 
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SLX 1735-269; Barret et al. 2000). The hard component in the extreme island state is found 
to be consistent with Comptoni/.ation in a hot (~ 30 keV) and optically thin medium. 

Figure 8.1 A schematic view of the geometry during the extreme island and the banana state. 

When a source moves from the extreme island state to the banana state the disk moves in 
and becomes detectable in the energy spectrum, and the inner flow/boundary layer becomes 
optically thick. The question remains why the inner flow/boundary layer becomes optically 
thick. In the scenario of Gierlihski & Done (2002) the spectral evolution is determined by the 
average mass accretion rate which determines the inner radius of the disk. In their scenario 
the increase in optical depth of the inner flow/boundary layer is caused by an increase in 
average mass accretion, due to which more matter is dumped into the inner flow/boundary 
layer. Here I assume that because the disk is closer to the neutron star more matter can be 
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extracted from the disk into the inner flow/boundary layer, thus allowing for other scenarios to 
set the inner disk radius (in this case that of van der Klis, 2001, see below). Because the inner 
flow/boundary layer becomes optically thick, at some point the soft photons coming from 
the neutron star are no longer observed and the soft component in the banana state originates 
solely from the disk. For the same reason the inner flow/boundary layer cools more effectively 
than in the extreme island state and this causes the hard color to decrease (e.g. Done, 2002). 
This naturally explains the anti-correlation found between the timing frequencies and hard 
color (e.g. found in Chapters 3, 6, and 7). 

In the extreme island state horizontally extended branches occur in the color-color dia
gram in which the hard color and (contrary to the Z source horizontal branch) timing fre
quencies remain constant while the intensity and soft color change in a correlated way (see 
Chapters 6, and 7). The horizontally extended branches can occur above one another in the 
color color diagram, at different hard color levels. At a higher hard color the characteristic-
frequencies are lower, e.g. in this scenario this would mean that the disk is further out (see 
above). As the intensity increases the neutron star heats up and the soft color increases, and 
vice versa. A possible explanation for the fact that the timing remains similar while the in
tensity changes is the scenario of van der Klis (2001) where the truncation radius of the disk, 
which determines the timing properties and therefore the state, is not set by the accretion 
rate through the disk but by the ratio of this accretion rate over its long-term average (see 
Olive et al., 2003, and Chapter 6). In the banana state the parallel tracks in the intensity 
versus lower kilohertz QPO frequency occur (see Chapter 6 and references therein). These 
parallel tracks can also be explained by the scenario of van der Klis (2001) (see above). The 
intensity is determined by both the accretion rate and its average. If the short term accretion 
rate changes the ratio of accretion rate over its average and thus the lower kilohertz QPO fre
quency changes. Because the intensity also changes a track is drawn in the intensity versus 
lower kilohertz QPO frequency diagram. Because the frequency is set by this ratio, the lower 
kilohertz QPO frequency can be the same at different intensity levels, leading to the parallel 
tracks. In 4U 1608-52 parallel tracks corresponding to those in the intensity versus lower 
kilohertz QPO frequency diagram were also found in the intensity versus soft color diagram. 
This is expected if both the lower kilohertz QPO frequency and the soft component are set by 
the disk radius, and this disk radius is set by the ratio of accretion rate over its average. 

To summarize: in the extreme island state: 

• the timing frequencies are low, as the disk is far away from the neutron star. 

• the hard color is high because the temperature of the inner flow/boundary layer is high. 

• the timing frequencies are anti-correlated with hard color. When the timing frequencies 
are higher the inner disk radius is closer to the neutron star. Therefore more matter goes 
into the inner flow/boundary layer and it cools decreasing the hard color. 

• the timing frequencies are uncorrected with soft color and intensity. The intensity is 
determined by both the accretion rate and its average, where the timing frequencies are 
determined by the ratio of the two. The soft color is set by the neutron star temperature. 
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• in an horizontally extended branch the hard color and timing are constant while the soft 
color and intensity vary in a correlated way. The intensity is determined by both the 
accretion rate and its average, and as it increases more matter flows onto the neutron 
star, the neutron star surface heats up and therefore the soft color increases, and vice 
versa. If the ratio of accretion rate over its average stays constant the inner disk radius 
remains the same and therefore the timing frequency and hard color are constant. 

in the banana state: 

• the timing frequencies are high, as the disk is close to the neutron star. 

• the hard color is low because the temperature of the inner flow/boundary layer is low. 

• in the intensity versus lower kilohertz QPO frequency and soft color diagrams parallel 
lines occur because both are set by the inner disk radius and the inner disk radius is set 
by the ratio of accretion rate over its average. 

8.2 TIMING CONNECTIONS WITH BLACK HOLES 

In this thesis I have extensively studied the timing properties of atoll sources, accreting mil
lisecond pulsars, and low luminosity bursters. In the island and extreme island states these 
timing properties are very similar to those of the black hole candidates in the low state (see 
Chapters 3, 5. 6. and 7. and references therein). Especially the lowest two Lorentzians seem 
to be the same physical components in both the neutron star and the black hole sources. 

However also in the softer states the power spectra of the black hole candidates show 
similarities to those of the atoll sources. Just as in the low state, the intermediate/very high 
state state power spectra of the black hole candidates show a strong band-limited noise com
ponent. This band-limited noise component has a higher characteristic frequency (~ 1 — 10 
Hz) than in the low state (~ 0.01 - 1 Hz). The characteristic frequency of the band-limited 
noise component in the black hole intermediate/very high state is of the same order as that 
in the atoll sources in the island states, which makes it an interesting regime to compare the 
two. Besides the strong band-limited noise component the intermediate/very high state shows 
Lorentzians that are at higher frequencies and are more narrow than in the low state. Often 
these Lorentzians are narrow enough to be classified as a QPO (Q > 2). This behavior is 
very similar to that of the atoll sources, where from the extreme island to the island state the 
characteristic frequencies increase and the Lorentzians become more narrow. 

If we want to compare the behavior of the power spectral components of the black hole 
candidates on the one hand, and of the atoll sources, accreting millisecond pulsars, and low 
luminosity bursters on the other, we have to identify all power spectral components carefully 
throughout the state changes. In this thesis this was done for the atoll sources, accreting 
millisecond pulsars, and low luminosity bursters. To get a complete picture for each source 
large datasets were used and I tried to be as complete as possible. For black hole candidates 
such complete studies are rare (but see Homan et al., 2001; Pottschmidt et al., 2003; Klein-
Wolt, Homan, & van der Klis, 2004). 
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Figure 8.2 Figure 12 of Pottschmidt et al. (2003). Plotted are the power spectra during the 
state transition of 2000 November. I have indicated the power spectral components in the 
interpretation of Pottschmidt et al. (2003). 
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Figure 8.3 V/, plotted versus V/, for Cyg X-l . The tilled squares are from Pottschmidt et al. 
(2003). The filled triangles are the points from the failed state transition of Pottschmidt 
et al. (2003) according to the identification of the Lorentzians by Pottschmidt et al. (2003). 
The filled stars are the points from the failed state transition of Pottschmidt et al. (2003) re
interpreted according to my identification (see text). The open diamonds are the results of 
this work according to my identification. 

An example of how an extensive study can still have trouble identifying power spectral 
components throughout a state change is that of Pottschmidt et al. (2003) for one of the most 
famous black hole candidates: Cyg X-l. Pottschmidt et al. (2003) performed a long term 
(1998-2001) biweekly monitoring campaign with RXTE and found that Cyg X-l is almost 
always in the low state but on three occasions shows a state transition (called failed state 
transitions in Pottschmidt et al., 2003). The biweekly observations do not cover the state 
transitions sufficiently, which makes it hard to identify the Lorentzians throughout the state 
transitions. 

The power spectra in Pottschmidt et al. (2003) were fitted with the multi-Lorentzian fit 
function that was also used in this thesis (Chapters 5, 6, and 7). If we look at Figure 8.2 
(figure 12 of Pottschmidt et al. (2003)) we see power spectra taken two weeks apart during 
the November 2000 state transition. At 2000 October 20 the power spectrum shows a low 
state dominated by L/, and L/, (see for definitions Chapter 6) at low (~ 0.3 and ~ 3 Hz) fre
quencies. The 2000 November 03 power spectrum is that of a so-called failed state transition. 
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Figure 8.4 V/; and V/, plotted versus time during the 2000 November state transition. The 
circled points mark a power spectrum such as the one of 2000 November 12 plotted on the 
bottom right. An ordinary low state power spectrum similar to that of 2000 November 18 in 
Pottschmidt et al. (2003) (see Figure 8.2). The points without circles mark a power spectrum 
such as the one of 2000 November 11 plotted on the upper right. A power spectrum typical 
of the failed state transitions of Pottschmidt et al. (2003). 

According to Pottschmidt et al. (2003) L/, has become very weak where the other peaks have 
remained the same. The 2000 November 18 power spectrum is again dominated by L/, and 
L/„ although now at higher frequencies than in the 2000 October 20 power spectrum. The 
2000 December 01 power spectrum is the same as the 2000 October 20 power spectrum. 
With this interpretation of the Lorentzians the points from the failed state transitions clearly 
deviate from the frequency vs. frequency relations (see Fig. 8.3 and Figure 16 of Pottschmidt 
et al., 2003). My interpretation of the failed state transitions power spectra is instead, that 
the dominating two Lorentzians are still L/, and L/, but, as in the atoll sources, now at higher 
frequencies. These higher frequencies are one of the argument Pottschmidt et al. (2003) have 
against this interpretation (Pottschmidt, private communication). The increase of V/? and V/, is 
very drastic (factor ~ 5 in V/,) and no intermediate frequencies were observed. However, this 
is mainly caused by the biweekly monitoring which does not cover the state transition suffi
ciently. Another data set (observation ID 50109) covered a part of this state transition (2000 
November 05 to 2000 November 15) on a daily basis. For this dataset I have made power 
spectra per observation. In Figure 8.4. I plot V/, and V/, versus time. From November 05-09 
the power spectra were typical that of the failed state transition. From November 10-13 the 
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power spectra showed a failed state transition one day and an ordinary low state similar to the 
2000 November 18 of Figure 8.2 the next. From November 14-15 the power spectra were 
also similar to the ordinary low state power spectrum. These observations show a jump in 
frequency that is much less drastic (only a factor ~ 1.5 in V/,). The V/, vs. V/, points from the 
failed state transition now also lie on an extension of the V/, vs. V/, relation (see Figure 8.3). 
Another argument for the identification of Pottschmidt et al. (2003) was the presence of the 
Lorentzian at low (~ 0.2 Hz) frequencies in the failed state transitions that was not part of 
the power law (Pottschmidt. private communication). However, these deviations of the very 
low frequency noise from a power law are often seen in the soft states of the neutron star 
low mass X-ray binaries (see for example Chapter 6). So it seems not unlikely that the same 
phenomenon occurs in the black hole candidates. 

1 ' ' ' ' ' ' ' ' ' ' | ' < ' ' 1 l r , , 

"b (HZ) 

Figure 8.5 V/, plotted versus V/> for Cyg X- l and several neutron star sources (see the caption 
of Figure 7.18). The gray points are from Cyg X - l . the black points from the neutron stars. 

Now that L/, and L/, have been identified in the failed state transitions we can compare the 
V/, versus V/, relation in Cyg X-l with that in the neutron star sources over a larger frequency 
range for Cyg X - l (see Figure 8.5). Ata V/, of about 0.6 Hz. when the power spectrum is still 
that of an ordinary low state, the V/, versus V/, relation of Cyg X- l shows a break in its slope. 
Due to the different slope the V/, versus V/, relation of Cyg X- l starts to deviate from the 
neutron star relation at a V/> of about 2 Hz, when the power spectrum is that of a failed state 
transition. This is similar to what occurs in the atoll sources 4U 0614+09 and 4U 1728-34 
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(the black points above 10 Hz that deviate from the relation) when these sources move from 
the island to the lower left banana state. 
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