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ABSTRACT

The nature of accretion onto stellar mass black holes indiwhhrd state remains unresolved, with some evidence suggehtit
the inner accretion disc is truncated and replaced by a hot However, the detection of relativistic broadened Fe sinrslines,
even at relatively low luminosities, seems to require amegtmn disc extending fully to its innermost stable cirewebit. Modelling
such features is however highly susceptible to degenesastach could easily bias any interpretation. We presemfitbt systematic
study of the Fe line region to track how the inner accretiat @volves in the loyhard state of the black hole GX 339. Our four
observations display increased broadening of the Fe liee tvo magnitudes in luminosity, which we use to track anyiatamn

of the disc inner radius. We find that the disc extends clas¢he black hole at higher luminosities, but is consisterihvieing
truncated throughout the entire Igvard state, a result which renders black hole spin estimatezurate at these stages of the
outburst. Furthermore, we show that the evolution of oucspéinner disc radius estimates corresponds very cldsdlye trend of
the break frequency in Fourier power spectra, supportiagriterpretation of a truncated and evolving disc in the Ishate.

Key words. accretion, accretion discs - black hole physics - reldivizrocesses - X-rays: binaries
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1. Introduction (Ponti et all 2012; see Diaz Trigo & Boifin 2012 for a recent re
L . : view) whereas a similar, but reversed, pattern is observed f

B_Iack Hole X-ray Binaries (BHXRB.S) are, in _the rpam, trang, e jet, which is quenched in the soft state (Russelllet @l1p0

sient, spending the majority of their lifetime in a ‘quieste but steady in the hard stafe (Eender ét al. 2004). These two ou

state punctuated by intense outbursts, which can last foitmso flow phenomena may be physically linkéd (Neil %|Lee 2009)
or even years. These outbursts are driven by accretion mhsc |, just symptoms of the state change. The transition between

O[E Istﬁbjlitiez (S? M rth Me r-dem i IEQ%%.—%O%&HM e hard and soft states is often referred to as the ‘interme-
and references therein) and we observe distinc .s;bec fiate’ phase, again split into two distinct regimes: thedhar
. states revealed through the relative strength of theire@8f® o mediate (HIMS) and soft-intermediate (SIMS) stabeshe
O soft and hard X-ray emission (Remillard & MCCI'md)bk—oleZOGHIMS the spectrum has softened as a result of a steeper power-
o A b 1[._B_Q|.|_O_I1I_€Lﬂ]_._20. hlll._Eem:IgL&_B_ejll 4 (h fer 'h d’). law index (now as high as.2, whereas-1.6 in the hard state)
n ?]Ut urst _cor(r;rger_\cej in the froar (Ierea er ﬁ;m) and an increased thermal disc component. Furthermores-it di
state, characterised Dy Its dominant power-law COMpon@mt g, .« \ariahility similar to the hard state, with increasbdrac-
- « high level of aperiodic variability. The power-law is belézl to teristic frequencies (van der Klis 2006; Belloni et al. 2D The
. 2 originate 23 a reﬁ;ultdof mv_ers”e Chqmpton sca,Ltte_rlrr:g of ‘seled- SIMS spectrum is slightly softer, but not significantly; rewer,
>< lonsinathermalised, optically thin, ‘corona’, with a teenture ¢ iming properties change abruptly displaying varigbs
« of ~ 100keV. Present, albeit weakly, is a soft excess, generg Me as a few %, marking a clearly @ierent state
M attributed to arise from the cool and dim accretion disc.sThi Also presen:[ and superimposed upon the (.:ontinuum are re-
is starkly juxtaposed with the higéoft (hereatter ‘soft’) state flection features emerging from irradiation of the accretigsc
where a quasi-blackbody component (kTL keV) is now dom- the up-scattered seed photohs (Reynolds & N K12003:
inant and the hard power-law has steepened, contributing V[%El p [Eabian & R pZQIIO) Emission from the inner re- ’
little to the overall luminosity. ' :

These two distinct states are ubiquitously associated wllphs of Fh_e accretion ﬂO\.N will undergo both special and gen-
eral relativistic éfects leading to a broadened and skewed profile

two different types of outflow: winds and jets. Narrow ab - [.1989). Such a profile is a result of the stropgde

sorption features have been detected in numerous systains — o
high-resolution spectroscopy has attributed them to aneac ance of relativistic #ects with distance from the central Black

. . . - 7 ole (BH), allowing it to be used as a diagnostic of the inrer a
Egg_éj‘;_sc yvmd !(Ueda W&Vﬁnﬁe%hmghi t(t) a%etion disc, specifically the inner radius. Furthermossuaning

ubiquitous in BHXRBS, they are only observed in the softesta c d|s_c is at the Innermost st_able cwcqlar orbit (ISC.OE oan
ssentially use the inner radius to estimate the spin of the B

* Present address: Department of Physics, Astrophysics, Universitgince the ISCO evolves fromrg to ~1.2r4 for the full range
of Oxford, Keble Road, Oxford, OX1 3RH, United Kingdom of prograde spin_(Bardeen et al. 1972; Tharne 1974). However
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even given a fully robust model, there is still one rathegéeas- All of the observations used in this study have previously
sumption here - that the inner disc has extended all the waybieen analysed in other works, but directly comparing these r
the ISCO. sults can be misleading. Firstly, the parameters deriva fie-

Jlection modelling can be highly degenerate and can signitiga

It is widely accepted that the inner accretion disc e lusi i d for. Thi be ob q
tends fully to the ISCO for a large fraction of the soft stat ect conclusions IT not accounted for. This can be observe
o Ty [2004] Steiner ethl. 2010). In quiescenc rough the range of inclination angles fitted in the studies-
however, the disc is predicted and found to recede as the 4aned previously. The inclination angle of GX 339-4 has not
cretion r;ite diminishes (McClintock et/al. 1995: Narayan & een accurately measured, and freely fitting this paranceter
[199%: [Naravan et A 1996; Esin ef Bl 1987: McClintock &t Arucially afect the inner radius estimae (Tomsick €{al. 2009).
ILO_O_1: Esin et al. 2001; McClintock et/al. 2003). At some sta 'ddit_ionally, assorted interpret_ations_of the specftraeHead to
there;‘ore, the inner accretion disc must evolve and extesedfi 2 variety of models being applied which can again skew result

; ; therefore present the first systematic study of evolution
::é(ése?]rt E[?r;ngH' a topic which has become strongly debated:ﬁfg Fe line region in the hard state of GX 339-4 by fitting our se

_ ) ) ) ~lected observations simultaneously, enabling potegitagigen-

A truncated inner accretion disc provides a geometric intedrate parameters to be tied. This allows us to keep our dsalys
pretation to explain the spectral changes observed in BHXREs consistent as possible and significantly remove thesstere
(Done et al| 2007; Plant etlal. 2014). Here, the standard ojéribed before by inspecting the relative change in theridise
cally thick and geometrically thin accretion disc is re@dc eyolution, specifically the ionisation and inner radiusgpae-
in the inner regions by what is sten\}\m"&:onverse;tgs_ Our focus in this investigation is only GX 339-4 sintcis i
hot, optically thin, geometrically thick flow (Esin et'al. 98). the best sampled transient BH at the resolution we requitesin
As the accretion rate increases, the truncation radius ®f fyrd state (sedB2). We do note, however, that althougti¢rens
disc is expected to decrease, eventually extending fulthéo BHs generally display the same behaviour in outburst, it by
ISCO. However, there are two distinct claims in the literghe case that the inner disc does not always vary how we find in
ture strongly arguing against this, even at relatively law | thijs study.
minosities in the hard state. (1) The detection of signifigan — \ye pegin by introducing our observation selection criteria
broadened Fe lines at low accretion rafes (Miller & 06ind data r(gaduct)i/on process §2. We then firstly analysedthe c
Reis etal. 2008, 2010)fter evidence of relativisticféects at in,ym emission (&312) and then proceed to fitting the Fertine
or near to the ISCO. However, a number of works have rgisn iilising both line and self-consistent reflectiondebing

analysed these observations and instead found evidenceti;%ni NCme! P> 8
¢ 4 ; — _ ques (83.3.1=3.3.2). Our results indicate that eteela
inner disc_truncationl (Done & Gieflski [2006;. Yamada et al. a1y high luminosities the disc appears to still be reeelsa the

2009; Done & Diaz Trigo 2010: Kolehmainen etlal. 2014). Fugaq state, in addition to a strong trend of evolution towae
thermore, | Tomsick et al.| (2009)._Shidatsu et al. (2011) ap§co at higher luminosity. We then perform a detailed Markov
Petruccietdl. [(2014) have found further evidence for digghain Monte Carlo analysis ifiE3.4 to confirm the significasfce
truncation in additional hard state observations viizaku. tpis result. Additionally, we analyse whether this trengisely
(2) A geometrically thin disc with a fixed inner radius willhaseq on luminosity by comparing observations in the rigk an
CIO&IR)"OW thel o T* relation (Gierlhski & Donel2004; ecay of the hard state at similar flux levelE§3.5). Nex{3ds
Dunn etal.[2011), and hence deviations from this can s jnvestigate any correlation our results may have with the
\slgﬂjegwtcr?g?gugeﬂg fl)nner_ disc. TheLg&tj)ate remains ulnrp?dwer spectra break frequency, which is believed to alstktra

1 (Gienlski et al 8. Tomsick et al. ho the inner disc evolves. Finally, if8B.7 we examine how
2008; |Cabanac etal. 2009) and against (Ryeoal [2007; o results may beftected by the spectral bandpass we employ,
Miller et all 2006a; Reis et al. 2010) disc truncation. Ferth e fitted inclination of the system, and the chosen emissivi
more, there is evidence that the disc may also be truncatée in,ofile. We then summarise our findings and discuss potential
hard intermediate St&tb_(&Lb_Oj_&_&Mﬂe_Zlopﬁ;LOﬂe_&Ldbo veats, plus implications for the truncated disc modelBidd
12006] Tamura et &l. 2012), or at the |S¢_O_(mems£am_al_.l)201gpin estimates, in34 andss.

GX 339-4 is a key source in the inner disc truncation debate.

Investigations by Miller et al/ (2006b) and Reis et al. (2068

strongly broadened Fe lines have suggested that the didc i$ appservations and data reduction

the ISCO in the hard state. However, Done & Diaz Trrigo (2010)

demonstrated that these data can be larg@gcted by photon We utilise the Fe line region as a probe of disc evolution with
pile-up, and revealed that the emission line could be signifiminosity. To undertake such a task, which requires higd pr
cantly narrower. Studies by Tomsick et al. (2009), Shidetsal. cision, the work presented here considers only high resolu-
(2011) and Petrucci etal. (2014) have examined the Fe line tien observations with a largdfective area in the Fe K band:
gion further at lower luminosities, providing strong evide for XMM-Newton and Suzaku. Our focus is the hard and hard-

a truncated disc, and hints at a correlation between the nane intermediate phases of the outburst, since the state ofhtiex i
dius estimates and luminosity. Currently, therefore, audlar- disc is unclear during this phase, and has subsequentiytdead
standing of the state of the inner accretion disc in the h@tg s much debate in recent years. This is also ideal since a study
of GX 339-4 is uncertain. It is essential that we are confidént by |[Kolehmainen et al! (2011) displayed that in the case of the
how the inner disc evolves in the hard state in order for us disc and power-law components having equal fluxes around the
measure the BH spin through the X-ray reflection method. THig K range, i.e. the soft and soft-intermediate states, liilitya
requires that the inner disc is at the ISCO and relies heawily to determine the width of the Fe profile is severely hampered.
studies of the hard state, where irradiation of the disc g hiWhilst the data we ignore restricts our sample to probe therin
and the underlying continuum around 6 keV is relatively dampdisc evolution, the inner disc is already well regarded teehex-
(seee.g.[Kolehmainen et al. 2011 for issues with softer spectri@nded to the ISCO in the soft states (Gieski & Donél 2004;
states). ISteiner et al. 2010).

Article number, page 2 ¢f19




D. S. Plant et al.: The truncated and evolving inner acanafisc of the black hole GX 3334

Table 1. Observation log for the X-ray datasets used in this study.

ObsID Date State Net Count Rate (s)s Exposure
1 403067010 2008-09-24 Hard (Decay) =+8.01 105ks
2 0605610201 2009-03-26 Hard (Rise) 1301 32ks
2b 405063010 2011-02-11 HIMS (Decay) 20.02(29) 22ks
0204730201 2004-03-16 .
3 0204730301 2004-03-18 Hard (Rise) 259 0.1 155ks
4 0654130401 2010-03-28 Hard (Rise) 350.2 (988) 25ks

Notes. Observations 2, 3, 4 were taken wikiVIM-Newton, whilst 1 and 2b ar&uzaku datasets. Exposures correspond to that remaining after our
reduction process, and hence used in our analysis. Vall@adkets refer to the count rate before any pile-up remoeal applied.

The remainder of this section introduces our data reductiturst’ mode observation at a very high count rate where the
procedure, and the five observations found in the archivéshwhcorrection may not be suitable. We follow the current recom-
met our criteria are described in Table 1. mendation and applserast to all our data, but we also note that

the low count rate of our observations did not result in any no
ticeable changes. This has also been found at similar categ r
2.1. XMM-Newton in the EPIC-pn timing mode (sexg. [Chiang et al. 2012)

For the reduction oXMM-Newton observations we employed

the Science Analysis Software (SAS) version 11.0. In thj T .
study we do not consider data from the EPIC-MOS came#sal'l' Mitigating pile-up
(Turner et all 2001), and instead restrict ourselves to RECE
pn LSILUQ&LQI-AL—ZQOD for h'Ch the threg Observationeweg, ., pile-up) or the same (photon pile-up) pixel during osed-

all taken in ‘timing’ mode. In E2.1]1 we outline our reasons f ;i cycle If this happens the events are counted as oneesing|
this and how the ects of pile-up were mltlgated. We apply they e carrying an energy of the sum of the two or more incident
standard tools to creafe response and ancillary tiessey and photons, leading to a loss of flux or spectral hardening depen
arrGen) and use only single and double events (PATTERN 4 o whether the energy-rejection threshold is exceetiésy.

whilst ignoring bad pixels with #XMMEA_EP and FLAG=0. 2 afore 4 vervi ; ; ;
L — ) , y important issue when observing brightces)
All spectra were extracted from a region in RAWX [31:45] anJ:JCh as BHXRBs. Theffect of pile-up upon the Fe line profile

were binned using the FTOQirrprHA tO have at least 20 counts; ; ; ; :
; ; is uncertain. Simulations by Miller etlal. (2010) suggesttti
per channel. Finally, we found all background regions were ¢ |oo4s to the narrowing of line profiles, but spectral studips

taminated, indicated by spectra clearly following that bét ... display broadening (Done & Diaz Trigo 2010; Ng ét al.

source. However, due to the high source flux in all the obs
vatlobns \Q/e four:jd It E\cceptable to proceed withoutimplennent In this study we only utilise the EPIC-pn camera, and in the
any background subtraction. s X S ’

yln §3:39-E33 we fit the EPIC-pn spectra in the 4—10 keV banrﬁa'n this is to ensure pile-up is mitigated. For Observaton
ThiS enablessimulaneous fing of the speciawih e T EFICMOS tats s e st snce ooy e ERCH
eters and a well calibrated bandpass in a reasonable tilees o S : X
We then check the consistency of these result<nl §3.7 by ﬁkﬂers significantly from pile-up. This dataset was taken in the

ting each observation individually in the full bandpass @10~ 'Ull-frame imaging mode, for which WebPIMMS (using values

keV, as is the standard method for X-ray studies of BHXRBg.Om '_I'ablel]Z_) predicts a count rate of over 100 times the nom-
Many “soft excesses" have been reported in binaries with-m al pile-up limit of 0.7 ctés recommended in the XMM Users

erate to high column densities, the origin of which remai and_book. Since such a large annulus region is requiredie so
uncertain a?nd appears to not be Iimite?j to the timing mo thls,_the resultant spectra has less than 2 % of the_cwg{s
(see the XMM-Newton Calibration Technical Note (008&jd istered in the EPIC-pn dataset between 4-10 keV, which wellat
references therein). We also find a significant residualvbel§€termine to be pile-up free. The MOS dataset for Obsemvatio

1 keV which severely féects the fit, and hence we foIIowVVaStaI.(en In timing mO(_je,Whu:_h should befree of pile-up. How
Hiemstra et 4l (2011) and Reis et al. (2011) in setting a @8 k €Ve"» 9iven that the pn is certainly free of pile-up for thisser-
lower limit to the bandpass. We also ignore the 1.75-2.35k tion, and is a much superior instrument at 6 keV, we decided

region which contains strong features, likely to be of insten- h_e pnwas th_e best option for our study. A fu_rther_ motivaftm
tal origin. this is that using only the pn reduces the calibration depeoel

Charge-transfer irfeciency (CTI) results in a gain shift, andOf our results. ) ] ) )
hence &ects the energy spectrum, and can be corrected by the The default check for pile-up is to examine the registered
SAS taskepeast. More importantly, if not allowed for CTI can count rate and compare it to the nominal limit for pile-up-rec
shift the Fe K profile (see Fig. 22 in the XMM-Newton Cali- ommended by the XMM team. For the EPIC-pn timing mode
bration Technical Note (0083) In a recent study, Walton etlal.this is 800ctss, of which Observations 2 and 3 are well be-
(2012) showed that the rate-dependamtst correction could low (see Tablé]l), although Observation 4 exceeds thistthres

also lead to an incorrect profile; however, they made use oPlg- A more detailed test comes from the SAS taskreLor,
which displays how the distribution of single and doublrepi

I httpy/xmm.vilspa.esa.gsxternaglxmm_sw_cakalily (and higher) events compare to their expected values. kiihe
documentation.shtml diverge this acts as strong evidence for pile-up, and heecgpw

Pile-up occurs when several photons hit two neighbouriadr (p
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ply this to all threeXMM-Newton observations. Again, Observa-any pile-up. The toolsisrMrGEN and xissIMARFGEN were used
tions 2 and 3 show no evidence for pile-up, although Obsienvatto create the response and ancillary files respectively.oor
4 does. We find that the removal of the inner 3 RAWX columranalysis we combine the two Fl cameras (XISO and XIS3) using
in Observation 4 resolved the event distributiomirreLor, and the FTOOL abbascaspec and ignore the Bl instrument (XIS1)
also reduces the net count rate to a very acceptable 382 cts which has a smallerfiective area at 6 keV and is generally less
In a final test we compared the spectra wheffedént inner well calibrated. We require a minimum of 20 counts per bin us-
column regions are removed, whereby if pile-up is presest oimg GrepHa. AS with the XMM-Newton observations, we fit the
should see dierences in the Fe line and spectral hardening. OK}S spectra between 4-10keV il §4.343.5 allowing simukane
servations 2 and 3 show littleftiirence when inner columns areous fitting with tied parameters and a well calibrated basdpa
removed, with just some minor softening above 8 keV, which is a reasonable timescale. FGr83.7 the bandpass is extémded
likely to be due to calibration uncertainties in the deteration 0.7-10keV and the 1.7-2.4keV region is ignored, which liiee t
of the dfective area for PSF with central holes (this has be@n shows strong residuals.
confirmed by the XMM-Newton EPIC calibration team). In con- In §3.2 and E3]7 we also make use of the PIN instrument
trast Observation 4 shows a significantlyfdient spectra for a to extend the bandpass examining the continuum emission. Af
full strip compared to that with the three inner columns reetb  ter determining the pointing (XIS or HXD) appropriate respe
Comparisons of three to five and seven columns being remowel tuned non-X-ray background (NXB) files were downloaded.
again only show some softening above 8 keV, and thus confivife then applied the FTOOkxppinxep1 which produces a dead
that the removal of three inner columns in Observation 4 fis stime corrected PIN source spectrum plus the combined PIN
ficient to mitigate pile-up. We therefore confirm that theethr background (non X-ray and cosmic). Again a minimum of 20
EPIC-pn spectra used in this study are free from tifiects of counts per bin was required and the PIN was fit in the 15-50keV
pile-up. bandpass as recommended by the HXD instrument team. The
GSO instrument is not used in our analysis.

2.2. Suzaku

Suzaku carries four X-ray Imaging Spectrometer deteckiiS;( 2.3. RXTE
Koyama et dl. 2007), one of which is ‘back-illuminated’ (&) In §3.2 and E3]7 we use data from the Proportional Counter Ar-
addition to the three ‘front-illuminated’ (FI) ones. Eactvers ray (PCA;Jahoda et al. 2006) and the High Energy X-ray Tim-
the 0.2—12keV band. On 2006 November 9, XIS2, one of the iRy Experiment (HEXTE;_Rothschild etlal. 1998) to extend the
detectors, failed and hence will not be considered in thikwo continuum bandpass. The data were reduced using HEASOFT
Furthermore the Hard X-ray Telescope (HXD; Takahashilet abftware package v6.11 following the standard steps deetri
[2007; Kokubun et al. 2007) extends coverage to the 10-70kigvthe (RXTE) data reduction cookbdbkWe extracted PCA
(PIN) and 50-600keV (GSO) regions respectively. spectra from the top layer of the Proportional Counter Unit
We processed the unfiltered event files following Sueaku (PCU) 2 which is the best calibrated detector out of the five
Data Reduction Guide using the HEADAS v6.11.1 softwarePCUs, although we added a systematic uncertainty of 0.5% to
package. We produced clean event files using the FTOG®@Ilspectral channels to account for any calibration uraceties.
AEPIPELINE, applying the calibration products (HXD20110913We produced the associated response matrix and modelled the
X1S20120209 and XRT20110630). Suzaku undergoes wobblipgckground to create background spectra. It has been hgcent
due to thermal flexing leading to a blurring of the image. Weoted (seé Hiemstra etl 11; Kolehmainen gt al. [2014) tha
ran the scripaeartcor.sifi to create a new attitude file, whichthe cross-calibration between the PCA and EPIC-pn is uncer-
was then applied to each clean event file using the FTOOL XI&in, showing an energy-dependant discrepancy at leastbel
COORD. For the XIS XSELECT was then used to extract the? keV. We therefore fit the PCA in the energy range 7-30keV
spectral and background products. A source region withiasadfor Observations 2 and 3. For Observation 4 the HEXTE was
of 200 pixels (1 pixek= 1.04 arcsec) centred on the image pedken not operational so we only employed the PCA data, but
was used for all observations. Observation 2b employed the Bince the source flux was higher, and the exposure was signifi-
window mode, and therefore the extraction region is largant cantly longer than the other observations, we were abletenex
the window itself, and hence théfective region extracted is anthe bandpass up to 50 keV.
intersection of our circle with a rectangle of 102256 pixels. For HEXTE, we produced a response matrix and applied
Background events were extracted using a circle of 100 pix#he necessary dead-time correction. The HEXTE backgrosind i
located away from the source. Observation 2b is named such ieasured throughout the observation by alternating betwee
cause it is at a similar flux level to Observation 2. The smctisource and background fields every 32s. The data from the back
hardness of Observation 2b is significantly softer (0.88 @93 ground regions were then merged. When possible we used data
for the hard state observatiofisthus we identify it as being in from both detector A and B to extract source and background
the HIMS (see also_Petrucci etlal. 2014). spectra. However, from 2005 December, due to problems in the
We also check for thefiects of photon pile-up using the toolrocking motion of Cluster A, we extracted spectra from Clus-
piLE_esTivATE.sI which creates a two-dimensional map of th&er B only. On 2009 December 14, Cluster B stopped rocking as
pile-up fraction. In the case of Observation 2b we solve fe-p Well. From this date, we thus used only PCA data in our anal-
up by exchanging our source circle for an annulus with anrinri¢sis. HEXTE channels were grouped by four and fit in the 20—
region with a radius of 30 pixels which limits théect of pho- 100keV band.
ton pile-up to< 5%. Observation 1 was found to be free from For the variability analysis in[€3.6 only the PCA data
was used. We utilised the data modes GoodXenonl 2s and
2 httpy/space.mit.ediCXC/softwargsuzakyaeatt.html E_125us_64M_0_1sdepending on the case. Power density spec
% The spectral hardness was calculated using the ratio of-thé &nd tra (PDS) were computed following the procedure reported in
3-6 keV model flux.
4 httpy/space.mit.ediCXC/softwargsuzakypest.htmi 5 httpy/heasarc.gsfc.nasa.gdecgxte/data_analysis.html

Article number, page 4 ¢f19



D. S. Plant et al.: The truncated and evolving inner acanafisc of the black hole GX 3334

Belloni et al. (2006) using stretches 1024s long and PCA chah@ble 2. Results of continuum fits to our five selected observatiors us
nels 0-95 (2-40keV). ing the modebuass+powerLaw, ordered by increasing flux.
. Observation r NpL Flux  x?/v

3. Analysis and results 1 1.565:0.012 0.01%0.001 0.82 777791
The Fe line region in some of our observations, or contempora 2 1.43%:0.008 0.0980.001 8.30 71/668
neous ones, has previously been a”ag“jg (Tomsicket &; 2to? 2b 1.80%0.009 0.1440.003 8.46 887789
Done & Diaz Trign-2010 Shidatsu efal dmﬂmmom)_ Quies 3 1.476:0003 0.1860.001 1505 817566
ply, one can compare the results from each previous anatysis 4 1.64#0.004 0.91920.006 59.61 76/58

probe any correlation between the Fe line region and lunitinos N _ _

However, such a process introduces many issues which ¢ fies. An addltlon'a|SMEDGE is added to Observation 4 to account for
bias results, and hence conclusions. For example, the g of € Significant residual beyond 8keV. The unabsorbed flur isnits
ferent models; theftects of degeneracies in the models; and tﬁ)é.xutrh °r9 geT s~ and calculated in the 0.5-10keV energy range
range of values of constant parameters like inclination j@st a t=ing the modetrLux.

few of these potential complications.

To gain a real insight into evolution throughout an outhburst . .
one must keep the analysis between each observation aS-CO% itr-mrg n:ggn(?lr]?rft rggel;té?:ig;%ﬁ ﬁ;i“gﬁ?g%%dest\gﬁézg\z:gé(1)
tent as possible. This is the key approach of this work. We Sgectsp . = 91) or (2) self-consisgentl
observations simultaneously and apply the same model to e l(Eahla.n_eI_é_tlL_lﬂB : ; NSIH

eproduce the entire reflection spectrum for an illuminated

dataset. Furthermore, we are then able to tie degeneraimpaﬂ’ . : - ;
. . . . 0 . N o
eters such as inclination (see Fig. 3|_of Tomsick &t al. 20@9) Ci:]et'?‘;;'i\s/icsu—o-s-s—elh—gtia” . 1999; Ross & Fahian 2 II nE ; 1050_5[)’ Wh'lﬂtl b
ducing the &ect of such issues. I &3.Y.1 we display how d y (Brenneman & Reynol

generate the inclination parameter can be with the disairae nc)e. vl?/gcirr]nmlgtmhgg tlihee);;egzlt\r/f:% %ﬂrr)“aer?allnstige _Il%eﬁgggl the
dius. To this end we stress that it is not our aim to presentw P YSIS.

the exact inner radius value is for each observation. Idstea . © Ka line (method 1) and apply relativistic quod
investigate the relative change of parameters betweenaach dzﬁ)e :gglogc:ir\]/zzlELng\cl)Er %nedrl;Ing]t\ilcV)nn;Oiilt?u?ng
servation. This is a crucial step towards an accurate iigggin PEC y. : SPp 11) which goes
of the Fe line region, and thus the simultaneous analysiacife v} (Garcia & Kallmah 2010; Garcia etal. 2011) 9
spectra with tied parameters forms the basis of our invatitig beyond the resolution of the_ most widely used publicly a_abié
(833£35). For this work we use XSPEC version 12.8.0 and mpdelrerionx (Ross & Fabiah 2005). However, we do include

quoted errors are at the 90 % confidence level, unless otbenit -0\ © allow comparison with previous investigations and
<tated : ensure our results withiLLver are consistent.

3.1. Our selected models 3.2. The Continuum

The X-ray spectrum of BHXRBs can generally be described B¢ begin, we fit each observation individually with the Feelin
three components. Two of these are a thermal blackbody comfggion (5-8keV) removed in order to accurately estimate the
nent originating from the accretion disc and a power-lawliik continuum emission upon which the reflection is superimgose
due to Compton up-scattered seed photons. The third, knewrf¥ this point we want to test two properties of the continuum:
the ‘reflection spectrumf (Fabian & R0ss 2010), occurs due {b) whether an absorbed power-law is an acceptable deseript
the irradiation of the disc by the up-scattered photonsiliieg Of the continuum, and (2) that our description of the contimu
in, but not exclusively, X-ray fluorescence. The most pranin is consistent with the later analysis when the reflectionaslm
signature of this is Fe & emission due to its high abundancé&lled. It is imperative that our continuum is correctly mteie
and fluorescent yield. since the shape of the reflection spectrum is strongly depend
The hard state itself is dominated by the power-law corbon it, and hence we use this initial analysis as a saniggich
ponent, whilst the disc is weak (k¥ 0.5keV) above 1 keV for the later sections. To this end, the motivation for fgteeach
(Di_Salvo et all 2001, Miller et al. 20065; Reis etlal. 2010¢- B observation individually in this section is that it allows to
cause of this we ignore the region below 4 keV above which tB§tend our broadband coverage. Our main focus, the EPIC-pn
disc contribution is negligible, thereby simplifying oyrexctrum and XIS cameras, will only be covering the 4-10keV region to
to just 2 components. However, we later check for consigtergonstrain the continuum for the majority of this investigat
using a full bandpass, and include a disc emission moddE.in § We add simultaneous PCA-HEXTE observations to the EPIC-pn
We model the interstellar absorption using the modeis fixed and make use of the PIN on-board Suzaku to extend the cover-
at 05 x 10?2cm2. There are two reason for this: firstly, by onlyage up to 100keV and 50keV respectively. A constant normal-
fitting above 4 keV our ability to constrain the column freiy isation factor must be allowed between each detector; hexvev
reduced. Secondly, the neutral hydrogen value towards @X 38e only one well calibrated enough to be fixed is between the
4 is well resolved to be within the range40- 0.6) x 10?2cm2 XIS and PIN (both of our Observations were taken in the XIS
(Kong et al[2000). We therefore fix the value of the column thig@minal position, and hence we fix the constant to be 1.163. Th
be at the centre of these limits, noting that tiieet of such a cross-normalisation between the PCA, HEXTE and pn are all
range above 4 keV is negligible. We also note that varigtitit uncertain, so the PCA constant was fixed to be 1 and the pn and
the absorption has been suggested (Cabanatiet al. 2009); HdwXTE datasets are allowed a free constant. The fitted cotssta
ever, this was found not to be the case when fitting individuaere~0.85 and~0.8 for the pn and HEXTE, respectively.
photoelectric absorption edges in high-resolution X-rnagctra We fit a single absorbed power-law to the broadband spec-
(Miller et all[2009). trum above 4 keV, tying the photon index and normalisation pa
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Fig. 1. Left: A Hardness intensity diagram (HID) of all GX 339-4 outbts monitored by RXTE (1995-2011; grey points). The largeured
symbols indicate the positions of our chosen observatiessribed in Tablgl1: blydiamond (1), magentsquare (2), gregtriangle (3), regtircle
(4), and cyaystar (2b). The flux has units of erg cfs™. Right: The datanodel ratio of continuum fits to the four hard state spectramthne
‘ignored’ energy range (5-8keV) in Tallé¢ 1 are added (‘remtidn XSPEC) back in, indicating the shape and strength efR& line region
between observations. Each spectra are shifted arbjttanihatch the left figure and follow the same ratio scale orytagis. The data have been
re-binned for plotting purposes as well. The cyan HIMS obestion (2b) is not shown. This is since it would overlap thes@ation 3 ratio and
is in a diferent spectral state to the others. The line profile of Olagienv 2b is instead displayed in Fig. 7.

rameters between detectors whilst allowing a constant & fl@ppears to shift to higher energies. A higher spin and iatitm
between them as described before. Our continuum modeMidl broaden the red wing and blueshift the peak respeagtivel
found to be a good fit to all of the observations (Tdlle 2) arldowever, these two parameters will be constant betweemnr-obse
no cut-df is required at high energies, although this may exisations, so we can rule out their influence.

beyond our upper energy limit. A significant smeared edge is Two remaining variables can increase the profile’s extensio
required for Observation 4 suggesting a large amount ofcreflgg |ower energies. Were the inner disc radius to changejfspec
tion is present. The majority of residuals lie beyond 10 k&¥, jcally to extend closer to the BH, the relativistifects would
likely source of which is a Compton ‘hump’ from the reflectiofincrease and we would observe an increase in the broadehing o
of hard X-rays by the cool accretion disc. Interestinglgréhis  the red wing. Additionally, the emissivity can generates thf-

no obvious edge or Compton hump present in data-model ratigg. More centrally concentrated emission would meangelar

of Observations 1 and 2, suggesting that the level of reflecticontribution to the profile by region experiencing strongsa-

has increased in the higher luminosity observations. Hewewijyistic effects, so increased red wing broadening. However, we
since 1 and 2 are the lowest flux observations, these featuigshot expect the emissivity to vary so intensively betwelen o
may be masked by the lower signal-to-noise ratio. Given th@ryations given that previous investigations have yiblgle 3
good description of the continuum by this model, we use it e emissivity is defined to scale as?; [Mi :
the base continuum in the later sections unless statedvatieer Reis et all 2008, 2010; Done & Diaz Trlgo 2010; Shidatsu et al.
We do not include the smeared edge applied to Observatiop@h ). Furthermore, if the illuminating source (the coronad

in the later sections. This is because it may interfere With tchanged between these observations, this would only strong
Fe line fitting, and using the same continuum model allows tigect the value ofj corresponding to the very inner regions of

fairest comparison of each observation. In addition, thgeed the disc €2rg). As noted by Fabian ethl. (2012), even for the
self-consistently calculated in the reflection modelsionx and  high spin estimated for GX 339- 00g)should
xiver (§3.3.2 onwards), and is hence not required. not deviate significantly away from 3 at the ISCO. Thus inner

For now we only consider the hard state spectra. We displagdius variation should dominate thetdrent red wings that we
the continuum data to model ratio with the Fe line region a@ddebserve. The shift in the peak of the profile is almost celgain
back into the ploti¢e. ‘noticed’ in XSPEC) for the hard state ob-due to an increase in the disc ionisation. A more ionised disc
servations in Fid.J1. Immediately one can see a distinctgiesi means emission from higher rest energies, and hence arshift i
of the Fe line region. At higher luminosities the profile exds the peak of the line profile. Also, larger ionisation resirdtén-
further in both the red and blue wings. Additionally, the peacreased Compton scattering and emission from multiples&ni
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tion stages which can both contribute an overall broadeofng
the profile (Garcia & Kallman 2009; see also Garcia & Kallman ' ' ' ' '
2010 and Garcia et'al. 2011), thus extending the blue wing. 1k

Therefore, visual inspection of FIg. 1, just by eye, implies
that at higher luminosities in the hard state the accretiso id
extending closer to the BH and becoming more ionised.

3.3. The Fe line region
3.3.1. Line modelling

Normalised Counts s keV™

To gain a more accurate description of how the disc is evglvin
we next model the Fe line region, and we begin by fitting the i
Fe Ka line. We employ the modeleLLINE .2010), I . . . . .
which assumes an intrinsic zero width emission line tramséal
by the relevant relativisticfBects. The rest energy of the emis-
sion is fitted freely within the limit 6.4—6.97 keV, which rep
resents the range of emission from neutral to H-like Fe. Fore
our initial analysis we focus upon the four hard state oleserv
tions in TabldL to probe how the reflection evolves just withi
this state. We fit these simultaneously, tying the incloatbe-
tween each observation and fix the emissivity and spin tobe

11

)
=

1.10

and Q9 respectively, and the outer radius of the disc is fixed at
1000ry. We adopt 0.9 for the spin parameter since this is the up-
per limit found by Kolehmainen & Dohe (2010) using the con-
tinuum method. It is also close to values obtained previousl
through reflection fittingl (Reis etlél. 2008; Miller et al. &)0O
We discuss this impact of this choice in_84.2. In order to fi th
four epochs simultaneously we now only use the EPIC-pn and
combined XIS datasets, and fit these between 4-10keV. We us
the absorbed power-law continuum describedInl83.2, apglyi
those results as the initial parameter values. Our restdtpra-
sented in Tablg]3. The joint best-fit is reasonably gogdy =
1.30), but significant residuals are evident, particularlthe Fe

K band (Fig[2). The feature around 7 keV in Observation 1 is
likely to be Fe K3 emission, consistent with the near-neutral Fe
Ka fit of 6.46£0.02 keV. A similar residual is also seen in Obser-
vation 2 but below 7 keV, which possibly arises from emission
from a higher ionisation stage (H-like at 6.97 keV) or Conmpto
scattering broadening the profile. However, Fgdfnission can-
not be ruled out. ThefBect of multiple ionisation stages is also
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seen in Observation 3 where a feature at 6.4 keV remains, most

Ilke_Iy due to neutral emission from the Olj'ter_d'sc’ and a uro%ig. 2. Our four hard state datasets simultaneously modelled using
residual IS seen beyon_d 7_keV as scattering Is not modeled ;e for the Fe ke emission line. The top panel shows the resultant
Observation 4 the disc is likely to be more ionised removive t pest fit with the remaining panels displaying the model nesisi for
former issue, but the latter becomes even more significaat asach observation using the same colour scheme as il Fig ditigke
result. A large edge is also clearly prefent ally the model residuals from Figl 1 are overlaid in grey. §éheorre-
Our results indicate consistently that the inner accradisn  Spond to the absorbed power-law continuumngs-rowerLaw) before
is more recessed at lower luminosities. We see evolutiom frghe Fe line is fitted, as described §8.2. This therefore indicates how
79ise0 1O 3risco OVEr two magnitudes of ggq (Table[3). How- thereLLine model is fitting the overall shape of the Fe band. All of the
ever, we stress that our recorded values may not be a true getra have been re-binned for the purposes of plottinge bio well
S . - . o d . that the line profile of Observation 4 is slightlyfidirent to FigurEll,
_d|cat|on of the inner dlsc_ radius as it is possible degenesacyhich included thevence model.
in the model could skew its accuracy. Furthermore, we can see
from Fig 2 that the reflection is not well fitted by a singledlin
The key result here is the strong relative trend, which we ckayers are more ionised at higher luminosities, adding iy
be confident about, of a disc extending closer to the BH #te second and third of our predictions by eye. The tied-ncli
higher luminosities. This confirms the first of our prediogo nation parameter is found to be °1&vhich is consistent with
using Fig[d. Additionally, we note the rest energy of enuigsi previous analysis using a single Fe line (Miller etlal. 2006b
also increases with luminosity, approaching the uppertlohi [Reis et all 2010; Done & Diaz Trigo 2010). We note, however,
the allowed range (87 keV; H-like Fe kx emission) for Obser- that an inclination lower than 40° looks unfeasible since it
vations 3 and 4. This, therefore, predicts that the discaserf will result in BH mass of> 20 M, (assuming the constraints re-
ported in_Hynes et al. 2003 ahd Mufioz-Darias ét al. 2008), al-
& We do not include themence model like in §3.2 in order to fairly though the inner disc may not be aligned with the binary incli

compare the four observations. nation (Maccaronke 2002).
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Table 3. Results from fitting the four hard state observations siamdbusly with thexeLine line profile (top section) and a blurred reflection
modelreLconv=xiLLver (middle section)reLconv=rerLIONX (bottom section).

Model Parameter 1 2 3 4
POWERLAW r 1.59+0.02 1.42:0.01 1474001 1.64-0.01
NpL 0.011+0.001 0.0960.001 0.180.01 0.9%0.01
RELLINE E (keV) 6.46:0.02 6.55:8:8% 6.94f8:8§ 6.97 001
0(°) 18+0.1
Fin (Fisco) 79fg§ 3673t 3.792 3.0+0.2
N_ (10%)  0.37+0.05 2.610.22 7.85:83?) 59.3:3.0
E.W. (eV) 6110 40*¢ 75f§ 154fé3
X?/v 66085100
POWERLAW r 1.728:%2 1.44:001 144001 1.6G:0.01
NpL 0.013:0.002 0.08%0.004 0.16:0.01 0.373%%
RELCONV 6 (°) 4273t
Fin (Fisco) >344 295:%2% 13733 6759
XILLVER log(¢) 1.528% 2.5&8:83 2.61f8:8§ 2.88i8:8§
NR(10F) 65023 331027 482015 206009
RF 0.13:0.05 0.13:0.03  0.14:0.01 1.29:0.25
X2/v 54675100
POWERLAW r 1.66+0.03 1.450.01 1.49:001 1.53_8:8?
NpL 0.012:0.001 0.0940.001 0.180.01 0.448:1%
RELCONV 0 (°) 36" g
Fin (Fisco) >321 4197, 54f32 311%8
REFLIONX log(¢) 2.0@8:23 2.38f8:8§ 2.47+0.03 3.36:0.01
Nr (10%)  2.47:031 8.385%0  8.440%%%  6.577038
RF 0.10+£0.03 0.06:0.03 0.06:0.01 0.730.21
X2/v 54825100

Notes. The photon index in the reflection models is tied to that of¢dbetinuum power-law and the Fe abundance is assumed to &e Fbe
emissivity and spin parameters are fixed tarbeand 0.9 respectively, whilst the outer radius of the discdsdito be 1000y. We calculate the
reflection fraction RF) as the ratio of the flux from the reflected emission and thegpdaw continuum flux. Both are calculated usitrgux in
the 4-10 keV band. If an upper or lower limit is not shown thidicates that the parameter has reached a hard limit. In sasas the inner radius
parameter has reached the largest tabulated value in thel fi@®0r,), therefore we only present the lower limit in this case.

The equivalent width (EW) of the lines in the rise data insuggests that the reflection is more complex than just ke K
creases with luminosity, indicating a larger area of reifteci.e.  emission at one ionisation stage. Such a shortcoming ifylike
a smaller inner radius). However, Observation 1, which idén to arise due to Comptonisation and emission from regioniseof t
cay, does not fit this trend. It is likely, though, that thighie only disc with diferent physical conditions. Both would generate fur-
profile well described by one ionisation stage, and hencddvother broadening and structure in the resolved emission dind
yield a larger value compared to other observations, whieh ithese mechanisms are not taken into account by a Fe line model
stead leave significant residuals in their fit (fFiy. 2). Wea¢fiere Therefore, the model will either be artificially broadenadi-
believe the reflection fractiorRF) calculated in E3.3]2 to be ader to fit the profile, for example by over-predicting the tisia-
more accurate method to draw any conclusions from thevelattic effects, or leave the additional broadening not modelled, and
flux between components. consequently residuals in the spectra.

We therefore compare our results from line modelling to
that of relativistically blurred reflection from an ioniselisc.
The model we employ, on top of our standard continuum, is
As noted in the previous section, and displayed in [Big. 2, &lELCONV#*XILLVER I._2010; Garcia & Kallman 2010;
though the fit was statistically satisfactory when line nithdg |Garcia et al. 2011). Again, we use a single absorbed power-la
was applied, there were residuals remaining in the Fe bdrid. Tas the underlying continuum, using the resultdin183.2 amthe

3.3.2. Self-consistent reflection fitting
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the ionisation stage evolves through the green lines, waieh
the reflection spectrum when the relativistic blurring hagrb
removed. Mainly neutral emission and the significance of Be K
is seen for Observation 1, whilst Observation 4 requirey &hl
and He-like Fe k emission from an almost fully ionised disc,
with a hint of Fe K3 arising from recombination. Intermediate
to this in luminosity, Observations 2 and 3 indicate a motidya
ionised disc with emission from a range of stages.

The flux of each component is calculated using the convo-
lution modelcrLux, keeping all parameters free and tied as be-
fore. The reflection fractionRF), which we define at the ratio
of the flux from the reflection emission and power-law contin-
uum fluf], also shows some increase with luminosity. Although
1 strong conclusions are limited by our chosen bandpasg Hcth
cretion disc is moving inwards it presents a larger solidlang
) as seen by the illuminating source, therefore increasiadltix
due to reflection. This therefore agrees with our evolutibtihe
Fig. 3. Evolution of the estimated inner radii (x-axis; Table 3) dsrec-  inner disc, and displays consistency with other investgatof
tion of luminosity (y-axis; assuming a BH mass and distarfic@ d,  the hard state (seeg. (Gilfanov et al. 1999; Plant et gl. 2014).
and 8kpc respectively), clearly showing that the inneruadiecreases The values of the power-law photon index show good consis-
as the source luminosity rises. The red and blue lines reféitstwith tency with those found over a larger bandpass (Tablé 2] §3.2)
RELLINE and_RELCONv*XILLYER res_pectlvely._ The black dashed line Indl-although some variation is expected as the reflection spedt
cates the disc outer radius, which was fixed to be 1§00 then accounted for witkiver andrerLionx. Nevertheless, this

indicates that the reflection spectrum is being fitted cadiyrec
_ L y This result stresses the importance in taking into account
tial parameter values, but otherwise fitted freely. Theimatlon 4 _relativistic broadening mechanisms when fitting a fine-
is tied between each observation, and the emissivity amisspi fije | fact, for Observations 1 and 2 we only find a lower limit
fixed to ber=* and Q9 respectively, whilst the outer radius 0{or the inner radius, making them consistent with requinirag
the disc is fixed at 100Q. The input photon index in the reflec-rg|ativistic broadening at all at the 90% confidence levedoty
tion model is tied to that of the power-law, and solar abuitéan ¢4 ching the limits of the model in terms of radii, the lin@pr
are assumed. The fit is improvegf(v = 1.07; TabldB), and we fjjq shape becomes dominated by ionisation rather tharivelat
record that all four observations are expected to harbognifs i making the inner radius parametefidiult to constrain. The
icantly more truncated disc relative to the values obtaineth ., nsistency of the evolution we find between observationgbr
modelling the Fe K line only. The evolution of the inner ra- girong evidence that the inner accretion disc can be stttztan
dius is found to be less significant statistically than fortto@  +,ncated in the hard state, even at relatively high lunitiess
1; however, we still find strong evidence for evolution betwe (up t0~0.15 LEd(E)-
Observations 4 with 1 and 2, and Observation 3 with 1. Figure 3DWe also repeated our analysis replacingver with the re-

displays the evolutiqn of the inner radius against sou_rcrea'-lu flection modelrerLionx (Ross & Fabian 2005), finding similar
nosity, and empha_5|se§ fqr both methods how the disc MOYGS|ytion. For this analysis we applied the same fixed parame
inwards as the luminosity rises. _ ) ters as used foxiver. We see that the inner radius parameter

~ The much larger values recorded for the inner radii can B§ilows the same trend, although having smaller valuesdche
driven by two efects. A much larger inclination is found (42 observation. The inclination is found to be les8¢), and this
vs. 18) and the smaller doppler shifts at low inclinations woul@ecrease is likely to drive the trend to lower values;gfn the
require a smaller inner radius to recover the same profilétwicsame way we proposed for the line only method. Observations 1
(Done & Diaz Trigol 2010; see alsd §37.1). However, as dignd 2 are still consistent with requiring no relativistioaden-
cussed in the previous section, the much lower value found iRy at the 90 % confidence level. The ionisation parametesfind
the single Fe line method is highly unlikely given the coastts  different values, but this is likely due tofflirences between the

on the binary parameters of GX 339-4. Thus, the inner ragjo models, and the trend of higher ionisation with incregsi
values found for the self-consistent reflection method aveem |yminosity is still very clear.

likely to be correct, and we discuss the accuracy of the vesol
inner disc radius further i’84.1. We investigate tfffeet of the _ _
inclination parameter further if 83.7.1. 3.4. Markov Chain Monte Carlo analysis

_Additionally, the ionisation parametef, = 4zF/n (where The three derent models we have applied have unanimously
F is the total illuminating flux, and the electron number den-gpserved the same trends; however, applyifditting to such
sity), will lead to a broader profile through increased Campt 5 |arge number of free parameters (21; Tdble 3) across four
isation and multiple ionisation stages. We find this spams av gatasets brings with it the considerable possibility thigcal
magnitude in range, yielding reasonable values in coOmatS  minimum is mistaken for the global best fit. Furthermore, ias d
previous work. Also present is a trend to higher ionisatiohw ¢, ssed previously, the precise resolution required, amdubtle

luminosity, consistent with what one would expect: as the agrects that parameters have, make reflection fitting highly sus
cretion rate increases the disc will become warmer, andéhenc

more ionised. Additionally, the more luminous hard comp@ne 7 Traditionally, in models such asrexkav  and  PEXRIV
driving the vertical track on the HID, will irradiate the disore (Magdziarz & Zdziarski 1995)RF = Q/2r, where Q is the solid
and more, again increasing the ionisation of the surfacertayangle subtended by the disc beneath the illuminating source
responsible for the reflection spectrum. In Elg. 4 we can s&e h® Assuming a BH mass of I, at a distance of 8 kpc
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Fig. 4. The unfolded spectral fit and dateodel ratios of the simultaneous fitting of the four hardestatiservations in Tabléd 1, using the blurred
reflection modekeLconvsxiLver. The up-scattered disc emission is indicated by the red Emel the composite model is overlaid in orange. We
present the reflection in two ways: the blue solid lines shioevlilurred reflection as fitted, whilst the green dashed lifigslay the reflection
spectrum when the relativistic blurringe.conv) is removed. Please note that the green dashed lines aramof the fit, they are purely to allow
the evolution of the profile due to ionisation and relatigigffects to be viewed separately. All of the spectra have bebdmresd for the purposes
of plotting.

ceptible to degeneracies, which can force the parameteespation or trend, thus suggesting that the global minimum has in

fit occupies. In order to assess this possibility we apply adgha fact been found, fering even more certainty to the inner radius

Chain Monte Carlo (MCMC) statistical analysis to our resultevolution we have uncovered. The lower panels of[Hig. 5 show

with xiLiver. This technique has recently been successfully uste probability distribution for the inner radius, in-kéeg with

by [Reynolds et al. (2012) to constrain the black hole spin ®&ble[3. For each observation the inner disc being at the ISCO

NGC 3783 which also required a large number of free parawiearly ruled out.

eters. Another benefit of MCMC analysis is that it allows one to
Starting a random perturbation away from our best fit (Tabieveal any correlations between parameters. I{Fig. 6 weepte

[B) we run four 55,000 element chains, of which the first 500@o-dimensional probability distributions of the innerdnas

elements of each chain are discarded (‘burnt’). The chain pwith the inclination and ionisation parameters. Each axishio-

posal is taken from the diagonal of the covariance matrix casen for clarity, rather than to span the entire parametecespa

culated from the initial best fit. For this we assume probabibf the model, but still encompasses the full probabilitytrilisi-

ity distributions which are Gaussian, and a rescaling facfo tion for both parameters. Each distribution shows littgnsof a

1072 is applied. We can use the resultant 200,000 element chagirelation, indicating that no significant parameter aegacies

to determine the probability distribution for each paraeneind are at play, and that we have indeed found the global best fit.

compare to the results found through the standard XSR&EC

rOorR cOmmand. For Observations 1 to 4 the best fit inner ra

and MCMC-determined 90 % confidence intervals ar&02,

2957125 13782 and 6732 respectively, and hence show excel-

lent consistency with those quoted in Talble 3. So far we have only analysed the four hard state observations
Figurd® (top panels) displays the values of the inner radiigmoring the 2011 hard-intermediate dataset (Observattmn

for the four observations from every 200th step of the 200,00 his observation took place in decay at a very comparablé lum

elements. Each distribution shows no sign of significaniatevnosity to Observation 2, which was taken whilst GX 339-4 was

@.'5. Does disc evolution monotonically track luminosity? -
Comparing rise and decay
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Fig. 5. Inner radius results from our MCMC based analysis displdyeah left to right for Observations 1 to 4 respectively. Tognels: The
distribution of inner radius values along the 200,000 elenohain with every 200th element displayed for clarity. lesvpanels: Probability
distributions for the inner radius, each bin has a width ofid@ An inner accretion disc at the ISCO is clearly ruled out for four hard state
observations.

< 60f { s60f 2 { 60t 3 { 6ot 4
@ $
O .
~ 50} {1 5o} i 50} 1 5o}
C
.©
B 40 C 401 C; 401 { a0}
£
O
< 30} 1 30} { 30} 1 30}
100 200 300 400 100 200 300 400 100 200 300 400 100 200 300 400
18} 1 2 3 4
<] 265 { 265} { 295}
.6} 3 .
oA 2.60f 2.60} { 2.90}
o
24 \
’ 2.55¢ 2.55¢ 1 2.85f -
100 200 300 400 100 200 300 400 100 200 300 400 100 200 300 400

Inner Radius (rig)

Fig. 6. Two-dimensional probability distributions of the inclim@n (top) and ionisation (bottom) parameters with the mraglius. For each
panel we plot contour levels at the 68% (blue), 90% (red) &% tblack) confidence levels. Each plot contains the fulritiistion for the whole
parameter range with the axis reduced for clarity. In alhedistributions there is no indication of a significant eation between the parameters.

in its rise through the hard state. Therefore, if disc evotuts is more significant. We fix the inclination to that found in Tab
solely a trend with luminosity then one should expect to imbtd3 to probe this conclusion, and the results are presenteakile T
similar results between the two observations. Panel (b)gpfZ= [4. The same fixed values are used for the spin (0.9), emigsivit
shows the dafenodel ratio of the continuum fit to Observatiorindex (3) and disc outer radius (10Q).

2b. We find a strongly broadened Fe line, much more asymmet-

ric than the hard state profiles, indicating relativistioduening thewe find that for both the line and reflection fitting techniques

inner accretion disc radius is estimated to be signifizan

Article number, page 11 6f19



A&A proofs:manuscript no. paper2

Table 4. Results from fitting Observation 2b with therLine (left sec-
tion) andreLconv=xILLVER (right section) models respectively.

L a
F‘% W%&%W Parameter RELLINE RELCONV#XILLVER
E it
"o r 1.84+0.02 1.852%%
§ 01| ] NpL 0.15+0.01 0.13:0.03
é E (keV) 6.97_0'06
% Fin (Fisco) 238431 12-51:%
£ N (10%)  6.691%
r f f ) f f — log(¢) 2.65:8%%
L b '
g P e _ Ne (109) .. 15055
€ 1 oo buh i T4 $HH Ty b 29
E.W. (eV) 152
-f”?‘ﬂ? \%W +I T I I I YITTAﬁf . . =30
s ' ' ' ' i RF 0.230.12
1.05 | C % + i
£ 100 ﬁﬂﬁﬁ%ﬁ%& j‘ %‘L%jﬁﬁ?ﬂﬁ %ﬁ%ﬁj #ﬁﬂ++ & Y2y 15631518 15581518
S |
095 TL, I I I I § Notes. The inclination was frozen to that fitted simultaneously bg t
105k d } ot ] four hard state observations for the respective model (abke(B). The
2 400 it by ‘W% H%Lw‘%mﬁuﬂf : 1, H L+‘++1L%$ emissivity and disc outer radius were frozen torbdand 1000 re-
S 00 BL ik ! TR gt 1 spectively, following the previous sections.
4 5 6 7 8 9
Energy (keV) 3.6. Power density spectra

Fig. 7. (&) The unfolded spectral fit for the 2011 HIMS observatio;l—he power _spectra of BHS in the hard Sta_te display similar
(Ogbser\ga?[ion 2b) USingELCENV*XILLVER to model the reflection com- Ch?raCter'St'Cmn—qﬂL&hs—lgMOG%- Typically, taeg de-
ponent. The colour scheme follows that of IFlg. 4. (b) The dasalel SCribed by a flat region of powd?(v) « v* below a frequency
ratio for the continuum fit in Tablgl 2 displaying strongly hdened Fe vb, Known as the ‘break frequency’. Abovg the power spec-
K emission. (c) The model residuals when usieguine to model the tra steepens to roughli(v) o« »v~1. This break frequency is
Fe line. (d) The daganodel ratio when the reflection is modelled usingoupled with the BH mass and accretion rmﬂ al.
RELCONV#XILLVER. The spectra have been re-binned for the purposesZf06] Kérding et dl. 2007), and gradually increases as thieso
plotting. progresses through the hard state @geMigliari et all[2005).
Furthermore, a number of correlations have been foundphota
with a steepening of the Comptonised spectrum and an increas
. . . . ing amount of reflection_(Gilfanov et &l. 1999). Both of these
smaller for the intermediate state observation. This SfN- trends can be interpreted as an increasing penetrationeof th
trast in the inner radius of the disc suggests a possiblere/st cqo| accretion disc into the inner hot flow, which providesreno
sis in how the inner disc evolves throughout the outburst: F4eed photons to cool the flow. Therefore, it has been sugteste
thermore, the disc inner radius found through both methedsyhat,, is associated with the truncation radius of the inner disc
smaller than for all of the hard state observations at QO%COF‘GG”fanQV et al[1999; Churazov et/al. 2001).
dence. Therefore, this strongly suggests that the disur'm;@ted_ For each of the hard state observations listed in Thble 1
throughout the hard state, even in Observation 4, which is\GL o4 se the power density spectra (PDS) of a simultaneous
~0.15 Legg (assuming a BH mass and distance Md8and 8kpc oy 1 ohseryation. Where more than one observation is avail-
respectively). This conclusion is further supported by sivell able we chose the one with the best signal-to-noise. Unfortu

; y) cd
d|ﬁe(rj%r_1tc_:e ml gt betwee? fthedtwo methods '((')I'N/k}fl a2 +7 701 ately, the nearest observation to Observation 2b was rsatfof

no additional degrees of freedom usingLiNe; Tableld), mean- gqiont'0ality to be used, and hence this epoch is ignoreg. Fi
ing that the profile is now dominated by relativisti€ezts from urd® displays all four PDS and a clear evolution to higher fre
emission close to the BH. guencies can be seen fgyas the luminosity increases. PDS fit-

The ionisation parameter is similarlpg(2.6)), although ting was performed via standagd fitting with XSPEC. We fit-
slightly larger in decay. The decay spectrum is softer (as d€d the noise components with one zero-centred Lorenthien p
fined by the hard-intermediate state) since there is morewe Other two centred at few Hz (see_Belloni et al. 2002 for de-

emission from the disc (compaesy. [Hiemstra et dl. 2011 with tails on the s_;tandard procedure). For Observation 4 anatrer _
[2010). This will lead to increased heating of iire s Fow Lorentzian was added due to the presence of a weak quasi
face layers of the disc where the reflection spectrum ortgsapPeriodic oscillation. The break fitted for each PDS follows t
from, and therefore display broader line profiles (Ross &i&iab €xpected trend to higher frequencies with luminosity (@&l
2007), similar to that of a larger ionisation parameter. The Earlier in this work we have used the reflection spectrum to
rent publicly available models do not take this into accdqgae examine how the inner radius of the disc evolves through the
§4 for further discussion of this), and it is likely that thertia hard state. Ifv, corresponds to the inner radius of the disc it
intermediate state observation would then require a laoger allows us an independent measure of this, and hence iflFig. 9
sation parameter to solve for this. the two are plotted to see how they correlate. In partictiher,
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Table 5. Fitted break frequenciesy) for RXTE observations simulta- T T
neous to that of the high-resolution spectra listed in T@ble -
0.100 =
ObsID Date vp (HZ) _ E
93702-04-01-00 2008-09-24 00:29:53 §
o
93702-04-01-01 2008-09-2506:23:06 0.00065 5
1 0.00255; 00045 5
93702-04-01-02 2008-09-2511:06:06 ) o0k |
93702-04-01-03 2008-09-2519:00:14 g
2 94405-01-03-00 2009-03-2611:04:44 o.oo@gg{g [ — RELLINE
) —— RELCONV OXILLVER
3 90118-01-07-00 2004-03-1818:01:16 0.0fgf %g [l R
4 95409-01-12-01 2010-03-2803:13:35 O.%g 0.001 —_—el —_—l e
' 1 10 100 1000
Notes. In order to analyse the lowest flux epoch we combined four con- Disc Inner Radius (R,,,)

temporaneous observations. Quoted errors are avthevel. . ) o B ) )
Fig. 9. The estimated disc inner radii (x-axis; Table 3) uskEJLINE

(red) anckeLconv=xiLLVER (green) versus and the fitted break frequency
from simultaneous RXTE observations (y-axis; Table 5). To&ed
line represents the relation« R~%2, which corresponds to the dynam-
ical and viscous timescales for accretion onto a BH.

1000 L

found to be at (3 = 0.03, more than a factor of two larger
than Observation 4, clearly indicating that the evolutiontin-
ues through the hard state. Therefore, if the inner radiubeof
accretion disc and the break frequency are physically dntee
inner disc radius must continue to evolve throughout thel har
state. Furthermore, as the source transitions into theniretei-
ate states the break frequency is seen to continue aboveskElz (

also Belloni et al. 2005%; van der Klis 2006).

100 F|

Power

10}

3.7. Testing the full bandpass

0.1

So far we have restricted our analysis to above 4keV, since
Frequency (Hz) this Qllows us to fjt a simpler_ qontinuum model in_ thg com-
putationally intensive task of fitting four datasets witedtipa-
Fig. 8. The PDS of the four RXTE observations in Tafle 5, clearlj@meters. Including the data below 4keV firstly adds a censid
showing that the break frequency shifts to higher frequenan the €rable amount of extra degrees of freedom that need to be fit.
higher luminosity observations. The dashed lines indi¢hte fitted But more importantly it presents a much more complex contin-
break frequency for each observation (TdBle 5). The sanmigshape uum. Above 4 keV the continuum is a simple power-law, but be-
scheme as Fifl 1 is used. low this the thermal emission from the disc quickly becomes
significant, and adds considerably more curvature to the con
tinuum. Furthermore, the requirement obakss model to fit
trend between the break frequency and the inner radius fras, and the much strongeffect of interstellar absorption, re-
RELCONV#XILLVER IS very strong, and suggests the two are irguires three additional free parameters to be fit per sp®ctru
deed connected. The dynamical and viscous timescales gbotill of these factors combined make simultaneous fitting &f th
which could be tracking the inner radius) for accretion oatofour hard state spectra, with tied parameters and a seistemt
BH are proportional tdR*2. We also plot this in Fidll9, which treatment for reflection (as applied if83]3.2), impossihla
indicates that the slope of the break and inner radius isithjig reasonable timescale if the full bandpass is used.
steeper. As we described before, other parameters have beemnother potential issue is that the weak thermal component
found to correlate with the break frequency, and thus it i ngan be mistaken for the soft excess in the reflection modeb Al
certain which is truly causal in driving the change in freqee the lower part of the bandpass contains strong edges in the ef
of the break. However, the softening power-law photon indgctive area and is hence generally less well calibratetceSi
and increasing reflection fraction trends that we mention hﬁe statistics are better at lower energies these featundd c
fore are both expected if the inner radius of the disc dee=agrive the reflection fit rather than the more revealing Fe Ksemi
7). Mass accretion rate may also influence #gn. Whilst ignoring the data below 4 keV restricted ourdan
break frequency, or be intrinsically linked to the inneritesd width, it significantly decreased our calibration deperugaas
(Migliari et all[2005] McHardy et al. 2006). well. This procedure is standard practice in the AGN commu-
Nevertheless, the evolution is remarkably similar. To see h nity where the majority of X-ray reflection studies have take
the trend continues we fit the final hard state RXTE observalace, be it in systematic investigations (seg [Nandra et al.
tion of the 2010 outburst (ObsID: 95409-01-13-06), whicthis [2007; de La Calle Pérez et al. 2010) or single observatiares (s
same outburst as Observation 4. The break frequency is new Fabian et di. 2002; Ponti etlal. 2009).
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the additional parameters for the inner disc temperatudenan
malisation allowed to be free. The column density is now also
fitted freely due to the strong impact of interstellar absorpbe-

low 4 keV, and the results can be found in T4lle 6. Unfortugate
the weak disc component cannot be constrained in Obsengatio
2 and 3 due to the lower cutfoof 1.3 keV used for the pn data.
The remaining observations are all well fitted by the added di
model, all reporting a reducegk of < 1.10, except for Obser-
vation 3. The main cause of the poor fit to Observation 3 is in
the soft region of the bandpass4 keV), and is probably due to
some un-modelled thermal emission being present therel-&he
line is still well modelled. The column densit ‘) varles too,
which is expected to remain fairly const

We expect this is due to a combination of factors. The Iower-
bound of 1.3keV restricts the ability to constrain thg M the
XMM-Newton spectra. Also, where it has not been possible to
fit a disc component (Observations 2 and 3), theidllikely to
respond to any soft X- -ray excess remaining. This may also be a
response to calibration issues in the timing mode. We nate th
[Kolehmainen et all (2014) use some of these datasets, ahyd app
more complex continuum models, but still find strong evidenc
oo foratruncated disc through the Fe line.

Ratio

Ratio
2nres 2 ol

S
Sdacai g

4, w. \;
AN RS

Ratio

Ratio

Ratio

eavey,
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Energy (keV) For all of the observations, we find that each parameter

Fig. 10. Datgmodel ratio plots of the PGAIEXTE/PIN data added to rémains consistent at the 90% confidence level with those in
the best-fit model fitted between 4-10 keV with téM-Newton and  §3.3.2, and clearly indicates that our results in that sactiere
Suzaku data (TableSI3 arld 4). The PGAEXTE/PIN data are allowed not driven by fitting only above 4 keV. In particular, the imne
a free constant, but all other parameters are frozen to thesdisted radius parameter shows little change, and the trend of e di
in (Table§3 an4). Observations 1-3 show very good agreewitn  extending closer to the BH with increasing luminosity sték
the ha:dHX-ray data, gubggesti?g tr;fatththe model fit kt)ett\)Nee(?ﬁKe\’l IS mains. Additionally, the power-law photon index shows Viry
correct. However, in Ybservation 2 there appears 1o be & Wigrep-  yq y4riation, indicating that the continuum was still vemgll
g@( between the pn and PCA data. Hard X-ray data are colmlgecas constrained when Wegrestricted the fit to above 4 keV??u-rther
(red), HEXTE (green) and PIN (blue), and fit in the ene@yges . . )
outlined in &2. more, |f a broa_d red wing from a disc at the ISCO was present,
then it is possible that it could have been masked by a harder
photon index when fitting only above 4 keV. However, the ex-
The focus of this study is to systematically uncover how theemely consistent results found when fitting the full baasip
inner disc is evolving in one source, and hence tying paranerifies that the profiles in the hard state show little relstic
eters and minimising calibration and model dependance istwbadening, confirming that the disc is truncated througtive
utmost importance. As we have outlined, by necessity this feard state.
quires fitting above 4 keV, but this then also throws away gdar
amount of the soft X-ray spectrum. Whilst the reflection spec Recently, some hard-state observations with the broad-band
trum is weaker than the thermal and Comptonised emission pess ofSuzaku have found that a single power-law does not suf-
low 4 keV, it is still significant, and in particular this paot the ficiently fit the data, and instead a double thermal Comptonsi
reflection spectrum holds important information about the-i ation model (with diferent optical depths) is required to fit the
isation stage. Furthermore, the most broadened Fe prdfées, soft and hard continua. If1.§3.3 we employed a soft bandpass be
that of a maximally rotating black hole, may be mistaken fer t tween 4-10keV to fit the data, thus our analysis is unlikely to
continuum when only fitted above 4 keV. It is therefore edaéntresolve more a complex continuum such as this. Instead, dre ad
that be examine the full bandpass of each spectrum to erimatrethe hard X-ray data from{&3.2 to the best-fit model determined
our results from fits above 4 keV are not in error. over 4-10keV (Tabldd 3 arid 4) to see how the hard X-ray data
To examine this consistency we thus fit each spectrum match up. We allowed a free constant between the data, but oth
dividually using a full bandpass, as is the standard approasrwise all the parameters were fixed to the values determined
in snapshot X-ray studies of BHXRBs. For thd@&IM-Netwon between 4-10keV in&3.3. In Fig.J10 we display the gratzdel
observations the full bandpass covers the 1.3-1.75 and-2.8&siduals, which show that Observations 1-3 correctlydittita
10keV ranges. Th&uzaku observations were fitted in the 0.7-above 10keV, and suggests that the continuum power-lawimode
1.7 and 2.4-10keV bands (sdé 82 for more details on the batidt we employed is correct; however, Observation 4 shows a
pass used). Since the inclination cannot be jointly deteeohi significant discrepancy above 10keV. Interestingly, evelodw
we fix it to the value determined withiiver (Table[3; 42) to  10keV the PCA and pn data do not agree which would suggest
allow a fair systematic comparison of each dataset. Beddasethat the two datasets are inconsistent, and, therefors,ribf
inclination is measured from the sharper blue wing of the ke Koossible to determine if the model is correct. Each R&/con-
profile this should be well determined even if the analyst.wab stantis 1.12, 1.10 and 1.16 for Observations 2, 3 and 4, cespe
4keV is in error. We nevertheless test tieeet of diferent in- tively. The PCA and pn data have previously been noted to be
clination angles over the full bandpass [ §3.7.1. discrepant (Hiemstra etlal. 2011; Kolehmainen €t al. 204y,
With the added disc component our full model is nowhis may be the source of this inconsistency, although théesd
PHABS(DISKBB+POWERLAW+RELCONV#XILLVER) Which we fit with not explain why it is only seen in Observation 4.

Article number, page 14 6f19



D. S. Plant et al.: The truncated and evolving inner acanafisc of the black hole GX 3334

Table 6. Results from fitting the four hard state observations irtliglly with prABs(DISKBB+POWERLAW+RELCONV=XILLVER) USing a full bandpass.
Results are presented for emissivity profiles ofandr-2° (bottom).

Model Parameter 1 2 3 4 2b
g=3
PHABS Ny (x10%%)  0.62:0.04 0.32:0.01  0.24:001 0.32:0.03 0.38592
DISKBB Tin (keV) 0.16:0.01 0.228:8‘21 0.27+0.01
Ngg (x10%)  3.72212 14.027°0  3.94130
POWERLAW r 1.68:0.02 1.45:0.01 1.49:0.01 1.6G:0.01 1.9G:0.01
NpL 0.013:0.001 0.08&0.003 0.160.01 0.410.07 0.130.01
RELCONV 0(°) 42
Fin (Fisco) >320 213338 11032 69+3¢ 17jg
XILLVER log(¢) 1.8@8:% 2-6]::8:82 2.63:0.01 2.86:t0.03 2.78:8:%1
Ng (10°5) 1.60°03¢ 3.29922 5.11+0.08 20.3%9 1.33933
X°/v 22752227 17741614 29201614 16711612 2378226
g=25
PHABS Ny (x10%%)  0.62:0.04 0.3:0.01  0.24:0.01 0.32:0.03 0.389%02
DISKBB Tin (keV) 0.16:0.01 0.22+0.02 0.27%0.01
Ngs (x10°)  3.72735 14.08%5  3.81°%%5
POWERLAW r 1.68£0.02 1.45001  1.49:0.01 1.60593 1.89:0.01
NpL 0.013:0.001 0.08%0.003 0.16-0.01 0.41%2%  0.13:0.01
RELCONV 0(°) 42
fin (Fisco) >317 21125 1072 538 1477
XILLVER log(¢) 1.8@8:83 2.6@8:83 2.63:0.01 2.86_‘8:83 2.8@8:23
Ng (10°5) 1.607039 3.29°022 5.11+0.08  20.4:0.8 1.25%42
X2/ 22762227 1774614 29211614 16711612 23802226

Notes. The photon index in the reflection models is tied to that of¢betinuum power-law and the Fe abundance is assumed to &e Fbé
same fixed values are used as for Table 3. In some cases theddnes parameter has reached the largest tabulated velhe inodel (1006y),
therefore we only present the lower limit in this case.

3.7.1. The unknown inclination of GX 339-4 inclination values, investigating the full range of ¢as steps of
0.05.
The orbital inclination of GX 339-4 is unknown, thus any defin
tive constraint on the accretion disc inclination is migsiHow-
ever, indirect evidence suggests intermediate values. @n o Figurd1l displays how the absolute value of the inner radius
hand, the absence of absorption dips, eclipses and almorptaries throughout the range of do3 he influence of the inclina-
features from an accretion disc, together with the observiéan parameter is immediately clear, fitting smaller inreatiras
colours and outburst evolution, indicate that the inclovatis the inclination decreases. As previously describedin.23tBis
less than~ 70° (Ponti et all 2012; Mufioz-Darias et al. 2013)is a consequence of the reduced doppler shift when a discds fa
On the other hand, an inclination lower thard(®° is unlikely on, thus as the inclination increases (becoming more edye-o
since it would result in a very large BH mamﬁﬁémﬁrger inner radius is required to replicate the observedilpr
Mufioz-Darias et al. 2008). The respective strengths of the dvidth. This degeneracy underlines the importance of theulsim
ferent relativistic &ects is determined by the inclination of theaneous and systematic approach we have takehin B3.3.2, and
accretion disc, one obvious example being aberration. E&chhighlights the limitation of snap-shot analysis often hadii in
fect ultimately transforms, and most importantly broade¢hse X-ray spectroscopy. In Tab[é 7 we detail the complete resflt
line profile in diferent ways, thus the inclination parameter ighe analysis. We note that although Observation 1 appeaes to
very degenerate with the inner radius. A key aspect of thikkwamain at a constant inner radius regardless of inclinatiois, is
is that we jointly determine the inclination across all ftnard because the parameter is pegged at the hard limit. The temisis
state spectra (se¢_§3.8.2); however, this only feasibledmat relationship between the inner radius and inclination reehat
4 — 10keV. We thus instead test thé&ext of the inclination by the inner radius ubiquitously decreases with increasingcso
fitting each full bandpass dataset individually for a ranffiexed  luminosity for any assumed disc inclination. Furthermahés
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Fig. 11. The fitted inner radius parameter forffeéirent fixed values of
inclination, fitted individually using a full bandpass. To&loured sym-
bols indicate the four observations in Table 1: blue (1), emg (2),

green (3) and red (4). For clarity errors are not plotted betimstead

listed in TabldY.

Table 7. The fitted inner radius of each observation (Table 1) fiedi

0.2

0.4

0.6

cos(i)

ent fixed values of inclination.

0.8

cos() 1 2 3 4
0.05 >373 >328 2093 14871%
0.1 > 377 >327 20835 148*13%
0.15 >382 >341 20635 145722
0.2 >380 418, 241728 139+326
0.25 > 376 408*135 235%2% 136*%3t
0.3 >373 385'h, 228*Z; 132318
035 >371 3575, 219%27 107*%3°
0.4 >374 33783, 206°%8 1194392
045 >368 319'}%7 189*3% 114+*9%
0.5 >364 297329 152*7%  106*88
055 >362 27233* 155%35 96 fgg
0.6 > 354 291*5? 145+30  86*13
065 >345 2667152 132%37 7551
0.7 >337 239780 121*35  63*3]
0.75 >318 2073° 10739 64+38
0.8 >291 1713 108*13 49*%
0.85 >241 132718 104%5% 433
0.9 >165 106725 102*1F 49+
0.95 2588 218*222 11345 5434

Notes. In some cases the inner radius parameter has reached testlafguclidean value of

1.0

again confirms that the trend presentedin §3.3.2 an@Fiq&is
an artefact of the reduced bandpass.

3.7.2. The emissivity parameter

Throughout this study we have fixed the emissivity paranadter
each observation due to the high level of degeneracy it htds wi
the inner radius parameter. Additionally, previous worktinfj
the Fe line in the hard state have regularly found emisspaty
rameter values consistent to the® law that we have adopted
(M|Iler et all|[2006a| Reis et al. 2009, 2010; Done & Diaz Trigo
2010; Shidatsu et &1. 2011). A larger emissivity index yssifa+
creased emission from the inner regions of the disc, anddianc
creases the significance of the relativistiets upon the overall
profile. This is somewhat analogous to having an inner disc ra
dius closer to the BH, where the influence of relativity beesm
stronger. We do acknowledge, however, that the profile we hav
assumed may be incorrect, and could evolve throughout the ou
burst depending on the geometry of the hard X-ray source.

The value of 3 that we use for the emissivity parameter is
the value for a flat Newtonian disc being irradiated by a point
source. In General Relativity, however, one would expeet th
hard X-ray source to be more focused on the inner regions be-
cause of light-bending, resulting in a steeper fdil with ra-
dius (.e. a larger emissivity index; Miniutti et &l. 2003). Further-
more, decreasing the scale height of the corona would furthe
this dfect. To account for this, a broken power-law profile may
instead be required to describe the contrasting emissimm fr
the inner region. A recent studies by Dauser étlal. (2010) and
Wilkins & Fabian (201P) investigate further the emissivio-
files for different coronal geometries, the general trend being to-
wards a value of roughly 3 outwards f10— 30rg. Such radii
are much smaller than the disc inner radius we find in thisystud
Additionally, as discussed in Fabian et al. (2012), it is/dnlthe
innermost region< 2rgy) where a steeper inner profile is strictly
necessary. Nevertheless, it is possible that a varyingsaritis
profile may be contributing to the trend we observe.

To test how the emissivity profile maytact our results, we
re-analysed the full-bandpass observations, replacey tHaw
with r=>2? (Table[®). The fitted radii were largely unchanged,
as were the remaining free parameters, but generally maved t
smaller values, although well within the errors of thé fit. The
change is a consequence of the flatter profile giving a weaker
weighting to the emission from smaller radii, thus to modhel t
broadening of the profile the inner radius parameter red@ies
servations 2b and 4 saw a larger change in radii, which is@ue t
the stronger #ect upon the modelled profile by changing the
emissivity index, because the integrated disc region gela(i.e.
the rangen — rout is larger). The fit itself is equally good, and
thus it doesn’t seem that there is any significefe@ to our re-
sults in adopting a flatter emissivity index.

To investigate the emissivity profile further we fit a free enc
broken emissivity profile to each observation, again usifigla
bandpass. The emissivity indexes, both represented byahe p
rameterq in the formr~9, are fitted in the ranges 3 10 and
2 — 3.5 for the inner and outer region respectively. The larger
range selected for the inner index reflects the influencegbti
bending, and in any case the index should be greater than 2 for
the outer region of the disc, but not significantly largemtiiae
» (Wilkins & Fabian 2012). The break radiu

tabulated value in the model (106), therefore we only present thery, is allowed to span the range32 — 10rq, whereby the lower

lower limit in this

case.
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bound is the ISCO for a spin of@. For all four observations the
inner region index and break radius are unable to be resplved
both being insensitive to the fit as a significantly truncameer
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Table 8. The source heigttt of the corona fitted for an inner accretiongeryed as well as a truncated disc. Fixing the black holetspin
disc at the ISCO using the modeit.conv-Lp. be zero (.. a larger ISCO) yielded the same result. As discussed

inlFabian et al/(2014), such a large source height is uylikeld

Parameter 1 2 3 4 in conjunction with the poorer fit emphasises the presenae of
h(rg) ~92 -94 >98 >86 ner disc truncation in the hard state of GX 339-4.
Ax? +65 +39 +116 O

4, Discussion

Notes. The parameteny? refers to the additional? in comparison to . . .
fitting a truncated disc model for the same degrees of freeanle N this work we have analysed the Fe line region of GX 339-4

B). In all cases the source heighpegged at the hard limit of 109, ~and applied it as a probe of how the inner accretion disc egolv
therefore only lower limits were calculated. presenting evidence that the Fe line profile changes with-lum
nosity. Our results indicate that even at relatively highiluosi-
ties the inner disc radius is still somewhat truncated,oaitjin

radius, much larger thamy, is still preferred. To stabilise the fit following a trend of decreasing radius with increasing Inos-
we fixed the inner index to the smallest expected value of 3 aitgl This brings into question at which point, if any, the armlisc
break radius to 1§, fitting the outer index as previously. We notéas reached the ISCO in the canonical hard state. Such adindin
that the choice of the inner index and break radius valuesotlo has a directimpact upon the use of reflection features toumeas
affect the results sinog, > ry,. BH spin. The entire range of prograde BH spin is spanned withi

The inner radius of Observation 1 remains pegged at tte inner 5 gravitational radii of the disc, and hence evdiyhts
hard limit (as in the previous analysis; Tablds 3 ahd 6), thtrsincation, much smaller than the extent we present, wilelra
consistent with requiring no relativistic broadening. §there- profound impact upon the confidence of spin determination.
fore means that the emissivity index has no influence on the fit We investigate the use of both the line and self-consistent
and is unresolved. The lower limit on the inner radius iswvirt reflection fitting methods, and the disc is found to be signifi-
ally unchanged by the free emissivity parameter3(19 versus cantly more recessed using the latter technique. Selfistems
> 320risco; Table[®). Observation 2 prefers an index of 3.5, buéflection modelling takes into account Comptonisationmant
is unable to constrain the emissivity within the-23.5 range. tiple ionisation stages, which themselves broaden thegdioe
Again this is not surprising given the small relativistiohden- file. These fects are a consequence of disc ionisation, and
ing required to fit the narrow profile. Despite the emissivity hence a degeneracy could occur between relativistic broagle
dex being free the constraint on the inner radius is agaielyparfor example the inner disc radius, and the ionisation parame
affected (2143%2risco). In Observation 3 the broader profile nowter. We also record a trend of increase in the ionisationrpara
allows an index of- 2.7 to be constrained, whilst the inner raeter with luminosity. On the HID (Fifll1) the hard state track
dius shifts slightly (128.8risc0), but is still consistent with the is near-vertical, keeping a roughly constant hardness.t kibs
value determined using a fixed index of 3. the power thus is consistently going mainly into the haid; il

The emissivity index of Observation 4 is found to b&.5, minating, component rather than the soft disc. By definitien
thus being the only observation to require an index lesstiian ionisation parameter is proportional to the flux of the ilinat-
Euclidean value of 3. This may represent some change in thg component for a constant density, and therefore it shbel
corona, possibly linked to the imminent state transitionel@o expected to increase with luminosity.
the decreased centralisation of the emission, where thguist One major issue currently with the publicly available reflec
tic effects are stronger, the moderately broad profile is recovetamh models is that they describe the illumination of an othe
by a decrease in the inner radius tojg.”zisco, confirming the wise cold slab of gas. This assumption is acceptable for use
degeneracy described before. Nevertheless, this sti#septs a in fitting the spectra of AGN where the disc is relatively cold
significant level of truncation in this observation and osdyves However, in the case of BHXRBs the hotter surface layers of
to isolate it further from the more truncated hard state pbs¢he disc will have a significantfiect upon the reflection spec-

vations at lower luminosities. Therefore, our decision xatlie trum (Ross & Fabiah 2007). Additionally, we have the presenc
emissivity index at 3 has little influence on the trend présen of the thermal disc component in the soft bandpass which may
in Fig.[3. be mistaken as reflection by the model. This problem is fur-

Recently_Fabian et al._(2014) performed simulations to ither compounded by better statistics at lower energiesgiwhi
vestigate how the nature of the cororféeats the determination can then drive the reflection fit in this range, rather thanugh
of the inner radius, concluding that the profile width is sgly the more revealing Fe line region. We remove the latter ssue
dependent upon the coronal height (see lalso Dausell et &).20ky fitting only above the energy range where the disc is signif
Ultimately, increasing the coronal height leads to a redadh icant, and hence our continuum description is a much simpler
the fraction of photons illuminating the inner regions & tlisc, absorbed power-law. Théfect of a hotter disc is not so straight-
and hence a narrow profile could be a signature of coronal €lerward to determine. As discussedlin Ross & Fablan (2007),
vation rather than disc truncation. We apply the same laogi-pthe increased ionisation has clear broadeniiigce on the line
illumination modelreLconv-Lp (replacingreLconv) employed in  profile; however, they focused upon the soft state when the di
the simulations df Fabian etlal. (2014) to investigate weethe emission dominates the soft X-ray spectrum. Studies of éné h
height of the corona can alone describe the narrow profilesdfo state using soft X-ray instruments have shown that the disc fl
in all four hard state observations. We fix the inner radiuthef is low at this stage, and the X-ray spectrum is dominated by
disc to be at the ISCO, and allow the height of the corbnathe power-law componerit (Reis etlal. 2010; Kolehmainenlet al
to be fit freely between 2 100rg. The photon index is tied to ). Therefore, thefkect of ionisation due to the disc flux
that of therowerLaw model. All observations prefer a sourceshould not difer substantially between the observations in this
height larger than 8g, whilst no fit is improved and is signifi- study.
cantly poorer for Observations 1-3 (Table 8). To paraphtase Itis, however, significant, and likely to be treated in twoywa
source height alone cannot replicate the narrow line peofite by our model. Either the ionisation parameter, or the naktic
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effects, will be increased to reproduce the additional bromgensistent with the EW ratio within the limits on the inner rasliu
in the line profile. If the outcome is the latter, we shouldgie- parameter. Although this is a good indication that our altsol
ner disc radii values closer to the BH than would be appamnt f/alue of the inner radius is reasonable, some uncertaistiies
a self-consistently modelled BHXRB. Therefore, in suchseca remain. For example, the expected EW is calculated from the
we expect the disc to be more truncated than what we recoradiihole Fe K region, where Fegemission could contribute up to

this investigation. ~ 15% of the EW depending on the ionisation stage. Also, flar-
Although we have displayed distinct evolution of the inndng of the outer disc is expected (seg. [Corral-Santana et Al.
disc in the hard state of GX 339-4, we are still currently tedi and references therein), which could significantlyaase

by our sampling of other BH sources. Many sources show sintire EW observed.
lar behaviour (see.g.Dunn et al[ 2010); however, some do not
show full state transitionse(g. Swift J1753.5-0127; Soleri et/al. ,
), and hence it may be the case that the inner disc evol{es On the effect of the spin parameter

differently in the hard state of other BHs. Throughout this analysis we have assumed that the spin of the
BH in GX 339-4 is a=0.9. This_ is the upper limit found by_
4.1. How well constrained is the inner radius? Kolehmainen & Done (2010) using the continuum method. It is

also close to values obtained previously through refledtiting
Much of this paper has focused on how the inner radius of t{Reis et all 2008; Miller et al. 2008). Since the spin paramist
disc is evolving in the hard state. If we just examine absoluferred from the ISCO, fitting the inner radius and spin para
values, then this would suggest that the disc is always anbsteters can potentially be highly degenerate. Thereforegsine
tially truncated. However, given how degenerate the unknowim of this investigation was to measure the inner disc sdiu
inclination parameter is with the inner radius (sée 88,78 we fixed the value of the spin to be:@.9 to keep all the analysis
cannot be sure of this, and instead concentrate more orethe trconsistent.
between observations. It should also be noted that othekswvor  [Yamada et al. (2009) suggested that the spin of GX-339
have found contrasting results to those found here. For ple@mmay be smaller than 0.9, but defining a spin value has, in fact,
Shidatsu et al. (2011) analysed thizaku observations at a very little effect upon the conclusions of this work. For a fixed
very similar luminosity to Observation 2, and found a smallgadius, increased spin will have somféeet due to frame drag-
inner radius (although not significantly) using the line rabdging, but this is quite minimal, and only observable for tieey
piskLINE. However, they also fit a value fayof 2.3, which will  jnner regions of the accretion dic (Dauser &t al. 2010xeSihe
force the inner radius to be smaller to broaden the model pefisc is found to be largely truncated, the adopted spin vislue

file. They also re-analyse Observation 1 and show that the #xpected to have little or ndfect upon the results of this study.
ner radius is larger, although again not as large as what we un

cover because of the smallgtthat they adopt. In fitting a fea-

ture with such a small signal, model degeneracies can eagjlyconclusions

affect absolute values of Fe line fitting, and the important fact

is that/Shidatsu et all (2011) find the same trend to us (lowdfe have systematically analysed how the inner accretion dis
luminosity—larger inner radius). evolves in the canonical hard state of GX 339-4 using the Fe

At first sight, the magnitude of the confidence limits on thiéne region. Our results have shown that the inner accretisn
inner radius would suggest that our analysis is uncertain, pmoves closer to the black hole at higher luminosities, ctest
haps even flawed, but this is simply due to the decreasing repdth the broader profile found in the spectra. The poor fit ichea
tivistic effect at large radii. For example, the fits to the Fe Kspectrum using a single line model points to a reflection spec
line with ReLLINE (Table[3) find confidence limits a factor of oveitrum not dominated by relativistidiects, with significant broad-
100 larger for Observation 1 than Observation 4. The fit is jugning also arising as a result of ionisation. When this igmak
as well constrained, and as well as the other parametesgyiti into account we find an improved fit and significantly larger in
the smaller impact on the spectrum at large radii that dilies ner radii, concluding that the inner disc is truncated tigfmut
increasing limits. the hard state.

Although we are not focusing upon the absolute values of The trend we find thus fully supports the truncated disc
the inner radius, we are still interested in how well theyreep model of the hard state. Furthermore, when extending our ana
sent the true value. One test of this is to calculate whetier ysis to the hard-intermediate state we find even smallerrinne
EW we observe matches that expected for a reflecting slab treadii confirming that the inner disc is truncated throughtbiet
cated to the radius we infer. A disc will subtend a solid arofle entire hard state. It has also been suggested that the beeak f
Q = 2n(costi, — coShoyr), Where the respective angles are to thguency found in the power density spectra of the hard state co
radii corresponding to the inner and outer radii from thetigen responds to the inner radius of the disc (Gilfanov et al. 3999
of the disc. These are calculateddas arctan R/h), where R is Upon comparing this to our results from spectral fitting wel fin
the respective disc radius, and h is the height of the illatiiy  a remarkably similar trend. Together, these two indepeirmen
source above the disc, for which we assume a height of.20clusions provide very strong evidence in favour of disc ¢tamn
We note that this value is uncertain, but is a reasonablematti tion in the hard state. Additionally, whilst it has been sesfgd
Given that Ry > h we can usd&y,: = 90. We estimate ex- in|Fabian et al. (2014) that the coronal height can reprothee
pected EW values from Garcia et al. (2013) using the values foofile of a truncated disc, we show that the observationsiden
the ionisation parameter we fitted usirgiver (Table[3). As- ered in this study unanimously require that the inner awomet
suming isotropic emission, the ratio of the EW calculatethwidisc is truncated.

RELLINE 0 the expected value should be equivaler®y@r. This result implies that the current sample of spin estimate

We find reasonable agreement in each case, with the EWirathe hard state are inaccurate. Therefore, any distinutlae
tio factors of 1.17, 0.94, 0.82 and 1.14 larger than the solgle  sions drawn from these estimates, such as the spin-powefring
for Observations 1 to 4, respectively. Each observatiorois c relativistic jets, may well be biased.
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