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Compact object displays drastic spectral and timing changing from the beginning to the end of

an outburst, showing the different efficiencies of accretion processes. Black hole binaries hence

exhibit schematically two different states in X-ray spectra: the first dominated by a thermal com-

ponent and the second by a hard powerlaw shape like. Whereas the hard component is often

attributed to the emission of a radiatively inefficient corona, the thermal component is interpreted

as the emission of the optically thick accretion disc.

The commonly accepted picture suggests that the observed transition between hard and soft states

is associated by a drop in the accretion efficiency of the thermal component by a recession of the

internal disc radius in hard states. However, recent studies based on relativistically broadened iron

line and the thermal component strength analysis would tendto show the presence of the disc in

the vicinity of the horizon. By a reanalysis of archive spectra where thermal emission is present,

we tracked the values of the disc radii during outbursts among several sources. Indeed, whereas a

constant inner radius would imply that the disc luminosity should monotonically depends on the

temperature, we show that this relationship seems to deviate at the lowest luminosities.
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1. Introduction

The powerful X-ray emission observed in X-ray binaries is now believedto come from the high
efficiency of the accretion processes around compact object, i.e., a neutron star (NS) or a black
hole (BH). During outbursts, BH binaries use to transit between the so-called “canonical states”
which changes can be observed in X-ray spectra, radio and timing behaviour (see e.g. [9] for the
classification, or also [1] for slightly different definitions).

Among them, the “soft state” is characterised by a strong soft component inits X-ray spectrum
(typically peaking at 0.5−1 keV) and usually interpreted as the emission from an optically thick
accretion disc. On the contrary, the “hard state” exhibits a powerlaw shape usually extending up
to a few hundred of keV. The nature of the medium emitting this component is still under debate
and by analogy with the hard and optically thin emission of the sun, it was called acorona. A
dichotomy can also be clearly identified between the hard state, where the timing variability and
the radio emission are high, and the soft state, where the latter are far dimmer or unobservable.

Until recently, to explain those drastic changes, the accepted picture was involving changes in
the geometry of the accretion flow (see the contribution of J. Tomsick in this volume for a review).
Of particular importance is the the inner accretion disc radius valueRin. Indeed, it determines the
efficiency of the accretion process in the disc due to the increase of the gravitational potential in
the vicinity of the BH. The transition from soft to hard states are usually interpreted as being partly
caused by the increase ofRin, from a few gravitational radiiRg to about hundreds, lowering the
accretion efficiency from the optically thick disc.

However, a recent debate flared-up about the relevance of such picture. Some XMM spectra
of GX 339-4 suggested that they could be compatible with a disc remaining closeto the horizon
of the black-hole, even in its hard state [11]. To measure the value ofRin, both general relativity
broadening iron line model and strength of the thermal component were used. Indeed considering
this latter component, it is possible to evaluate the value ofRin by using a simple multicolour disc
model. The disc luminosityLdisc will indeed be proportional toR2

inT4
in, as the inner part of the disc

dominate the optically thick emission.
The aim of our work is to perform an extensive analysis of this thermal component, involv-

ing several sources and observatories, either by reanalysing data, or taking the value given in the
literature.

2. The data set

Our data set is chosen to probe the thermal component close or during the state transition and also
in quiescence. AsTin ∝ R−3/4

in Ṁ1/4
disc with the multicolour disc model which is used in this whole

study (Ṁdisc is the accretion rate flowing through the disc), a disc radius increase is better observed
with instruments working at low energy, such as XMM,ChandraandSwift, but also past mission
like Beppo-SAX, ASCA or EUVE.

This study is based on a sample of 6 black hole candidates: XTE J1118+480, GX339-4, GRO
J1655-40, XTE J1817-330, SWIFT J1753.5-0127 and AO 620-00. For XTE J1118+480 2000
outburst, we first used the published results, where the disc geometry is mainly tracked by the
UV spectra [3, 7]. Those data are consistent with a quite cold (Tin ∼ 24 eV) and recessed disc
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Figure 1: Schematic process we adopted to probe if the variation in thecolumn density value observed is a
systematic effect of data analysis or real. This comparisonis called thefff method in the text.

(Rin ∼ 700Rg with M = 8.5 M⊙ andd = 1.7 kpc). We also reanalysed Beppo-SAX spectra (LECS,
MECS and PDS) of the same source observed during the same outburst. The thermal component is
however consistent with a disc closer to the black hole horizon (though still recessed asRin ∼ 35Rg)
and hotter (Tin ∼ 65 eV). As this discrepancy is still unclear, we decided to keep both results. We
also included the results coming from the quiescent observations of XTE J1118+480 and A0 620-
00 [8].

A significant part of this study is based onSwift/XRT data, as about 110 GRO J1655-40,
XTE J1817-330, GX 339-4 and SWIFT J1753.5-0127 spectra are analysed. The use of the latest
response files allows us to fit the spectra between 0.3 and 10 keV in WT mode (and 0.5-10 keV for
LrPD mode). In addition, three ASCA GX 339-4 (1994 and 1995 outbursts) spectra were included
and also the XMM long study performed by [11]. We usedXSPECv12.3.1ao to fit the spectra with
an absorbed (wabs) multicolour disc model (diskbb) and a powerlaw.

3. A varying absorption?

In spectral analysis, the evaluation of the thermal component strength (and hence the value ofRin)
may interfere with the absorption value and especially whenTin is lowering. For example, the effect
of the absorption begin to be noticeable under 0.5 keV in a spectrum ifNH > 1021 cm−2.

We therefore decided to examine in details the ability ofSwift/XRT to disentangle this possible
degeneracy by following the method summed-up in Fig. 1. Each spectrum is analysed following
two ways. On the one hand, we simply fit it with the best model (a powerlaw anda multicolour
disc when necessary), leaving the absorption free to vary. We then obtain fit parameter and among
them a value of the absorptionNH. On the other hand, we apply thefff method: we first fit the
spectrum with afixed absorption, hence we obtain fit parameters. Then wefake a spectrum with
those fit parameters and fit this fake spectrum by allowing now theNH to freely vary. At the end we
compare the values ofNH obtained with the real spectra, and the ones obtained with thefff method.
In the hypothesis that variations ofNH were only due to the spectral analysis, one should therefore
obtain the same values with both methods.

The evolution of the absorption as a function of the powerlaw photon indexΓ obtained for
XTE J1817-330 and SWIFT J1753.5 is displayed in Fig. 2 for both methods. It shows first that a
trend can be noted for both sources. The higherΓ, the higherNH in real spectra. Moreover, paying
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Figure 2: Column density variation during the Swift observation of XTE J1817-330 and SWIFT J1753.5-
0127 when high energy component in real and faked data are fitted with a powerlaw model. The model is
either a simplewabs∗ po (7) or awabs∗ (diskbb+ po) (△). Red dashed line shows the fit by a powerlaw of
the△ and the dotted-dashed blue line is a fit of all acceptable points (△ and7 whenΓ > 1).

attention to thefff spectra (right column plots on Fig. 2), we note that this trend, though present, is
quite less intense. This is confirmed by analysing the statistical errors on this correlation and also
noticed in GX 339-4 and GRO J1655-40Swift/XRT spectra (see [2] for further details).
We conclude that when analysingSwift/XRT spectra, one has to leave the absorption free to vary,
as there seem to be a real variation of the absorption during the outburst.

4. The disc evolution in XTE J1817-330

Whereas for the previous study we included the maximum of spectra available, for the following,
we only include the one where a thermal component is necessary (i.e., reducedχ2 > 1.2 with a
single absorbed powerlaw and F-test probability< 10−2 when adding a disc). According to the
previous section, adopting a freeNH in the fitting process, we show that an absorbed powerlaw is
sufficient to fit the data in the last three observations of the source (reducedχ2 always under 1.1,
see [2]), whereas [13], performing a similar analysis but fixing the valueof NH, suggest that a disc
component was required.
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Figure 3: Variation of the disc properties during the decline of XTE J1817-330 when leaving the absorption
free to vary. ThekTin vs Ldisc/LEdd, kTin vs Rin/Rg andLbol/LEdd vs Rin/Rg data sets have been fitted by
a broken powerlaw (red solid broken lines). The blue dotted dashed lines plotted in the upper right panel
are showing constant disc accretion rateṀd profile. From upper right to lower left: ˙md = Ṁd/ṀEdd =

0.01, 0.005, 0.002 and the accretion efficiency at the Eddington luminosityηEdd = 0.1.

The results concerning the remaining spectra are however quite interestingregarding the evo-
lution of Rin, as shown in Fig. 3. When examining the evolution ofTin as a function ofLdisc, a drop
can clearly be noted underLdisc < 0.015LEdd (assumingM = 6 M⊙ andd = 6.3 kpc). This has
been tested by fitting theTin vs Ldisc relationship with either a simple powerlaw (spl) or a broken
powerlaw (bknpl). The break is thus clearly necessary (red.χ2

bknpl = 1.15 whereasχ2
spl = 4.96).

Moreover, over the break, the fit results are consistent withLdisc ∝ T4
in, which is expected for a

constant inner radius, whereas it is not the case anymore under the break atLdisc∼ 0.014LEdd.
The same analysis was performed with the bolometric and disc luminosities in function of the

inferred radius, and it gives similar results: underLbol ∼ 0.015LEdd, the data are consistent with a
disc that begins to recess. This is consistent with the results obtained by [5], but using an irradiated
disc model.

The analysis of theTin as a function ofRin relationship gives another information. The begin-
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Figure 4: Left panel: kTin versusLdisc/LEdd. The black dashed correspond toTin ∝ (Ldisc/LEdd)
0.25. The

impact of the orbital parameters (distance, mass and inclination angle) uncertainties on the disc luminosity
is shown on the inset for each source.Right panel: Lbol/LEdd versusRin. Continuous curve refers to the
accretion model or timing relationship used (see text). Parameters value used: ADAFα = 1.33×10−2 and
β = 10−8. MH02 [10]: α = 0.3 andβ = 0.11. RC00 [12]:α = 3×10−5 andβ = 0.11. K07 refers to [6].
Color/symbol codes: GX 339-4 (▽: SWIFT data.H: [15]. △: ASCA data.N: [11]). GRO J1655-40 (•,
SWIFT data). XTE J1817-330 (�: SWIFT data.�: [14]). SWIFT J1753.5-0127 (⋄, SWIFT data). XTE
J1118+480 (⋆. open : EUVE data, [3, 7]. filled : SAX data). A0 620-00 (7).

ning of this disc recession seems indeed to occur at constant accretion rate in the discṁd. It would
mean that the observed drop in the disc luminosity at the beginning of this transition is only due to
the disc recession, and not to the decrease of the accretion rate flowing through the disc.

5. Multi-sources analysis

We then include the other data set available to see how typical XTE J1817-330 behaviour was for
BHB. It also allows a wide extension of the previous study as the bolometric luminosityLbol is now
probed from quiescence (Lbol ∼ 10−7LEdd) to the highest states (Lbol ∼ LEdd). Figs. 4 and 5 show
the results obtained with our whole data set.
The main result deals with the disc radius evolution as a function of the luminosity.OverLbol >

10−2LEdd, the data are consistent with a constant radius, close to the ISCO. On the contrary,
under this value, theTin versusLdisc/LEdd relationship clearly deviates from the expectedTin ∝
(Ldisc/LEdd)

0.25 in a constantRin hypothesis.
By using the normalisation value of the multicolour disc to estimate the inner radius, we obtain the
right plot of Fig 4. The disc radius values obtained are therefore consistent with a recessed disc
whenLbol . 10−2LEdd. Moreover the left plot of Fig. 5 seems to confirm that the beginning of the
disc recession takes place at constant ˙md. However, the accretion rate in the disc in quiescence then
drops by about 3 order of magnitude, suggesting that both a lowering accretion rate and the disc
recession may contribute to the observed drop in luminosity.
We also attempt to plot the evolution of the sources in a Disc Fraction Luminosity Diagram (right
plot of Fig. 5, see e.g. [4] and reference therein for the definition), which follows the contribution
of each component (optically thin vs optically thin) during the outburst. The pattern drawn by XTE
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Figure 5: Left panel: Tin versusRin. Blue dotted-dashed lines :Tin ∝ R−3/4
in relationships obtained for a

8 M⊙ BH accreting at constant ˙md and an Eddington efficiencyηEdd = 0.1. From upper right to lower
left ṁd = 1,10−2,10−4,10−6,10−8. Right panel: Disc Fraction Luminosity Diagram of the whole set of
observations presented in this paper. The arrow represent the supposed path in the DFLD during an outburst,
starting from quiescence.Lpl is the luminosity of the absorbed powerlaw component calculated between
0.05 and 200 keV. Color/symbol code is the same as in the figure4.

J1817-330 is interesting as it follows part of the expected track of a BHB.From the softest state,
when the bolometric flux decrease, the thermal component dominate the overall luminosity. Then,
at aboutLbol ∼ 10−2LEdd, the optically thin component suddenly increase its contribution to the
overall flux, at rather constant bolometric luminosity. However, we note that the disc contribution
in quiescence is close to the one obtained in soft state. This is the reason why we suggest the
possible evolution of a BHB in the DFLD on Fig. 5.

We then try to constrain accretion models with our data. Three models are used:the clas-
sic ADAF in its strong definition, and two models were evaporation by conduction of the inner
part of the disc takes place [10, 12]. In all those models, the driving parameters are the classical
viscosity parameterα and the magnetisationβ = Pgas/(Pmag+Pgas). They all predict a certainLbol

vs Rin relationship according to the values of both parameters. We tried reasonable combinations
of (α ,β ) values that could link both the quiescent points and the last observation where the disc is
not recessed (i.e.,Lbol ∼ 10−2 LEdd andRin ∼ 6 Rg). It appears first that the strong ADAF model
does not allow to fit those two ends with a single viscosity parameter value, andsecond that a high
magnetisation is necessary for both other models (see caption of Fig. 4). However, the value of
α ∼ 3× 10−5 required for [12] model seems quite low compared to the one required with [10]
(α ∼ 0.3).

At the end we compared our data to the expected behaviour derived fromthe variability plane
found by [6] for accreting compact objects, that links the typical frequency observed in the power
spectra (νl), the BH mass (M) and the total accretion rate (in Eddington units) ˙m:

(

νl

Hz

)(

M
10M⊙

)

∝ (ṁ) . (5.1)
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If the frequencyνl comes from Keplerian motion atRin, and in the inefficient regime whereLbol ∝
ṁ2, we then expect that:

Lbol

LEdd
∝

(

Rin

Rg

)−3

. (5.2)

The previous relationship is then overplotted on the right panel of Fig. 4, the normalisation being
adjusted to fit the data at lowest luminosities of XTE J1817-330. We can see that this relationship
is then also consistent with the data in quiescence.

6. Discussions

In this study we have been focusing on the evolution of the optically thick disc geometry as
inferred from the thermal component. As the normalisation of this component can be affected
by the absorption in the line of sight, we studied the possible changes of this value during state
evolution. We showed withSwift/XRT data that a possible trend could be noticed and hence that
theNH should be thawed during the fitting process.

We then demonstrated, first on the striking example of XTE J1817-330, thenon the comparison
with other sources, that the evolution was compatible with a disc recessing when Lbol < 10−2LEdd.
TheLbol vsRin data points obtained are also consistent with models where evaporation of theinner
part of the disc takes place, with a high magnetisation. The radius evolution is also consistent with
the expected relationship derived from the timing behaviour in X-ray binaries.

We note however that our conclusions can be affected by several effects. First, the simple
multicolour disc model used in this study can be, under certain circumstances,unphysical. How-
ever, these drawbacks are significant when the comptonised componentis dominating the spectrum
and always lead to an apparent decrease ofRin, whenever even if it remains constant in reality.
Modelling of such irradiated disc has been performed on XTE J1817-330, showing that the disc
recession is even emphasised when the comptonised flux dominates [5]. A reanalysis of our data
set in this framework is showing the same trend.
On the contrary, the addition of a reflection component on the disc could alsoexplain part of the
soft X-ray emission (by reprocessing part of the hard emission), decreasing the disc intensity and
hence the inner radius inferred from the fits by a multicolour disc.
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