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ABSTRACT

The Galactic Black hole candidate XTE J1752-223 was obdatuang the decay of its 2009
outburst with the&SuzakiandXMM-Newtorobservatories. The observed spectra are consistent
with the source being in the "intermediate” and "low-hardtet respectively. The presence
of a strong, relativistic iron emission line is clearly dettd in both observations and the line
profiles are found to be remarkably consistent and robustveriaty of continuum models.
This strongly points to the compact object in XTE J1752-28®19 a stellar-mass black hole
accretor and not a neutron star. Physically-motivated atiebsnsistent reflection models for
the Fed{« emission-line profile and disk reflection spectrum rule dtitez a non-rotating,
Schwarzchild black hole or a maximally rotating, Kerr bldake at greater thans3level of
confidence. Using a fully relativistic line function in wiithe black hole spin parameter is a
variable, we have formally constrained the spin parametee®.52+0.11(10). Furthermore,
we show that the source in the low—hard state still requinespaically—thick disk component
having a luminosity which is consistent with tfiex 7 relation expected for a thin disk ex-
tending down to the inner—most stable circular orbit. Ogules in contrast to the prevailing
paradigm that the disk is truncated in the low-hard state.
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1 INTRODUCTION of these sources permit constraints on black hole spin peteam

(e.g! Miller et all 2002: McClintock et &l 2006; Shafee e24106;

Stellar-mass Galactic black holes in X-ray binaries regmes Reis et all 200¢: Miller et 4. 2009)
nearby laboratories in which the inner regions of the acamdtow Presently, dynamical (I:onstra.ints demand a black hole pri-

can be studied in detail, thus providing information on btita i i . .
mary in 20 sources in the Milky Way and Large Magellanic Cloud

geometry of the accretion disc and on intrinsic physicabpee- AT f . | o this
ters such as black hole mass and spin. Whereas the supemnassi Remillard & McClintoc . 2006). In approxmatethlcet m-
ber of sources, observing constraints have prevented dgahm

black holes that power active galactic nuclei (AGN) are alale - : =
by a factor of several, the mass accretion rate onto a stabas constraints on the mass of the primary, but X-ray spectmaing
-wavelength properties clearly indicate that bieary

black hole can vary by0® between quiescence and outburst peak. and multi
v by q b harbours a black hole. These sources are often called "hlakek

This affords unique opportunities to study how accretionv$§lo ; ; - : .
evolve, including how relativistic jets are produced anémghed candidates’ (Remillard & McClintock 2006). New candidatadk

(Eender et 2 4) At relatively high mass accretionsatéhere hole transients that are found to lie in favourable fields @ndot

a standard_Shakura & Sunyhév (1973) accretion disk remains a suffer excessive extinction — candidates that will pernyibami-
the innermost stable circular orbit (ISCO), the X-ray spect cal constraints via radial velocity curves — are especiatiyortant

sources.
XTE J1752-223 was discovered during period®XTEscans
* E-mail: rcr36@ast.cam.ac.uk of the Galactic bulge region on 23 October 2€t
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2009b). Observations with thwiffBAT and MAXI/GSC soon 0kF1s 2200 keV o, Obs 1 ‘ E
confirmed the new source (Markwardt el al. 2009a; Nakahiedl et g0k ot = o
). Additional prompt observations failed to detectsptibns; O% S faune N~ It
the absence of pulsations and the nature of the spectrunoled t T 1 1 o l

an early identification of XTE J1752223 as a new black hole ~_ §8f1:5-40keV PR ]
candidate | (Markwardt et al. 2009a). Many black hole X-ray bi = 94F o — ""\.‘ E
naries begin their rise to outburst peak in the “low/harditest 'g 0 ——“M : i 1“"“‘"”
in which jet emission is typical (Remillard & McClintock 269 2 04£4.0-10.0keV ot S 3
prompt radio observations of XTE J175223 with ATCA de- S 02F e s '-”-.o.-, , 3
tected a flat-spectrum radio sources, consistent with émigom 0'(1) e rk ay ‘ Ot Rinane.
a compact jet (Brocksopp etlal. 2009). Also typical of blacless, 0.15 ‘ ‘ ‘

XTE J1725-223 was detected in hard X-rays with thermiGBM 01 100-200 keVN#V ~ MWM :
(Wilson-Hodge et 2. 2009). A bright optical counterpars teeen 0'0(5) _\,,.,.‘.#’-.,,.;...:vﬁf " zu*g,,mw. s
reported|(Torres et Al 2009a), together with the presehedmad " } . —! } ‘

Ha emission linel(Torres et Hl. 2009b). The column density glon g 1%2- con e s 3
the line of sight to XTE J1752223 is modest4.5 x 10%! cm ™2, 2 odE Bl oy : A N
Dickey & Lockmah! 1990), and a dynamical mass constraint may T CoE &+ %% ‘ el e NA
be possible. 55100 55150 55200 55250 55300

Understanding the role of black hole spin in shaping accre- MJD

tion flows onto — and jets from — black holes is an important and

timely aim. The dimensionless spin parameter of a black f®le
given bya = ¢J/GM?, whereJ is angular momentung; is New-

ton’s constant, and/ is the mass of the black hole. In the case of

stellar-mass black holes, the spin parameter cannot beetasig-
nificantly through the limited mass that can be accreted filoen
companion stat (Thorne 1974; Gammie et al. 2004). Thus ptine s
of black holes in X-ray binaries is set by the creation evike]y

a gamma-ray burst (GRB) or supernova (SNe).

The mass of the black hole in XTE J175223 and the dis-
tance to this source are not presently known, but modellfngle
ativistic Fe K disk lines — as well as all other associatedeotitbn
features — in the spectra of X-ray binaries, can constraim sa-
rameters without these quantities (€.g. Miller é{ al. 2@@2044,
[2009; Martocchia et al. 2002; Reis eflal. 2008, 2009). Thecefl
tion component arise as hard emission from the corona atesli
the cooler disc and results in “reflection signatures” cstivgy of
fluorescent and recombination emission lines as well agptiso
features|(Ross & Fabian 2005). The most prominent of thegmsi
tures being the broad, skewed Rex line. Constraint on the spin
parameter arises because the Doppler shifts and grawishtied
shifts that shape such lines depend only on the relativéhddpihe
disk within the potential well, not on an absolute quaniifhen the
mass and distance to a source are known, modelling of thetamcr
disk continuum can give a completely independent spin caimst
(e.g! McClintock et dl. 2006; Gou etlal. 2009).

In this paper, we draw on observations of XTE J17223
with XMM-NewtorandSuzakuo constrain the nature of the inner-
most accretion flow in this source, and to constrain the spiam-
eter of the black hole. The observations were made at vefigreift
points during the current outburst of XTE J175223: Suzakuob-
served the source in an "intermediate” state, wkiMM-Newton
observed the source in a "low/hard” state. A relativistmnirdisk
line is detected in both observations; the profile is remtalgkeon-
sistent between the two.

2 DATA REDUCTION

XTE J1752-223 was observed during the decay of its 2009 out-

Figure 1. MAXI lightcurve for XTE J1752-223 in four energy bins and
hardness ratio (Bottom panel) defined as the ratio betweed-ti0 and
1.5-4keV energy range. The dotted vertical lines shows the time fer th
SuzakuObs. 1) andXMM-Newton(Obs. 2) observations presented in this
paper. Itis clear that the source was observed in two diffespectral states.

mately 4Z%s each time. Th&uzakwbservation caught the source
in the intermediate state during its decay from maximum flsix a
shown in Fig[l. At the time of th&XMM-Newtonobservation,
XTE J1752-223 was back in the low-hard state.

The three operating detectors constituting the X-ray Imggi
Spectrometer (XI07) on-boardsakakuvere
operated in the “burst” mode with the front illuminated (KIS0
and 3) and back illuminated (BI; XIS1) detectors in the 2x& an
3x3 editing modes respectively. The observation resuted to-
tal (co-added) good-exposure of approximately k2.2nd 516;
for the FI and BI instruments respectively. Due to the sheft e
posure time of the Bl camera, throughout this paper we wily on
discuss the results obtained with the Fl instrument. Udieddtest
HEASOFTV6.9 software package we processed the unfiltered event
files for each of the two remaining CCDs following tiseizaku
Data Reduction Guide New attitude files were created using the
AEATTCOR script (Uchiyama et dl. 2008) in order to correct for
shift in the mean position of the source caused by the wopldfn
the optical axis. Th&aTOOL XISCOORDwas used to create new
event files which were then further corrected by re-running t
Suzakuwpipeline with the latest calibration, as well as the associ-
ated screening criteria files. The good time intervals mlediby
the XIS team were employed in all cases to exclude any passibl
telemetry saturation&XSELECTwas used to extract spectral prod-
ucts from these event files. Source events were extracted dro
square-annulus region with inner and outer width of 30 arf’ 24
respectively, and background spectra from another regicheo
same size, devoid of any obvious contaminating emissi@g-el
where on the same chip. The script “xisreSiith the “medium”
input was used to obtain individual ancillary response fbss)
and redistribution matrix files (rmfs). “xisresp” calls tt@mls “xis-
rmfgen” and “xissimarfgen”. Finally, we combined the spa@nd

burst with SuzakuMitsuda et a 7) on February 24 (hereafter 1 http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/

Obs. 1), and subsequently wikMM-Newton(Jansen et al. 2001)
on April 06 (hereafter Obs. 2) for a total exposure of approxi

2 http://space.mit.edu/cxc/software/suzaku/aeatt.html
3 http://suzaku.gsfc.nasa.gov/docs/suzaku/analysigisp
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response files from the two front-illuminated instrumeX$SQ
and XIS3) using th&TOOL ADDASCASPECto increase signal-to-
noise. TheFTOOL GRPPHA was used to give at least 100 counts
per spectral bin. The Hard X-ray Detector (H !
@) was operated in the normal mode. The appropnate meepo
and tuned non-X-ray background (NXB) files for HXD-nominal
pointing were downloadédand the data were reprocessed in accor-
dance with theSuzakiData Reduction Guide. Common good time

Spin from reflection features: XTE J1752-2233

3 DATA ANALYSES AND RESULTS
3.1 Phenomenological models

The X-ray spectrum of stellar mass black hole binaries can us
ally be phenomenologically characterised by a continuum- co
sisting of an absorbed powerlaw together with a thermal-disk
blackbody component. In addition to this continuum, oftearé
is also a broad emission line at 6.4keV (see egmr

intervals were obtained with MGTIME which combines the good [2007). Anticipating a similar combination for the contimouf

times of the event and background files, A8ELECT was used to
extract spectral products. Dead time corrections wereegpplith

XTE J1752-223, we start by fitting the energy range 1.3-4& an
8.0-45.keV with a powerlaw modified by interstellar absorp-

HXDDTCOR, and the exposures of the NXB spectra were increased tion (PHABS® model inXSPEC) together with the disk blackbody

by a factor of ten, as instructed by the data reduction guitie.
contribution from the Cosmic X-ray Background (CXB) was 8im
lated using the form 7), with the appropriatemal-
isation for the HXD nominal pointing, resulting in a CXB raié
0.021 count s~ *. The NXB and CXB spectra were then combined
using MATHPHA to give a total background spectrum, to which a
2 per cent systematic uncertainty was added. The sourc&spec
was finally grouped to at least 500 counts per spectral bin.

The EPIC-pn cameraOl) on-botM-
Newtonwas operated in “timing” mode with a “medium” opti-
cal blocking filter. TheEPIC-MOS1 andEPIC-MOS2 cameras
1) were operated in the “imaging” modertSta
ing with the unscreened level 1 data files, we generated tenca
nated and calibrated event lists for the different instmit®eising

modelDISKBB (Mitsuda et all 1984; Makishima etlal. 1986). Ini-
tially we constrain the neutral-hydrogen column densitu( to
be the same between the two observations. The model parame-
ters are thus the (globali, as well as disk temperaturebasz),
powerlaw indices I{) and normalizations ) for each observa-
tion. This combination resulted in a good description of ¢he-
tinuum, with the bulk of the residuals coming from the energy
range between 1.7-2kBV possibly due to the Au M-shell edges
and Si features in the detectors. Hereafter this energyeravil

be ignored. The resulting fit giveg®/v = 2121.5/1282 with a
disk temperature 06.570 + 0.002keV and 0.287 4 0.004 keV

for Obs. 1 and 2 respectively. The total, luminosity in th&-0.
10keV range, {r) is L1 ~ 2.5(d/10kpc) x 10*® erg s~* and
Lrs ~ 3.0(d/10kpc) x 10°7 ergs™! for Obs. 1 and 2 respec-

the latestXMM-Newton Science Analysis System v 10.0.0 (SAS) tively. Assuming a fiducial black hole of 1, at a distance of

EPIC-pn events were extracted from a stripe in RAWX (30-48)
RAWY (2.5-199.5) space. Bad pixels and events too closeif ch
edges were ignored by requiring “FLAG = 0” and “PATTERN
4", The energy channels were initially binned by a factor wé fi
to create a spectrum. THEPIC-MOS data suffered heavily from
pile up and will therefore not be included in the forthcomantgl-
ysis. We used the SAS taglPATPLOTto assess the level of pile-
up in theEPIC-pn spectrum and found it to be insignificant. The
EPIC-pn count rate is approximately 15@unt s~ which is well
below the nominal pile-up limit for the instrument in timimgode
(~ 800 counts~!). Response files were created in the standard
way using the toolRMFGEN and ARFGEN. The total good expo-
sure time selected was k8. Because of the high source flux in

10kpc places our observations &Y Lgqq ~ 0.2 and0.02 respec-
tively. The latter value for the luminosity state of XTE J27523
during the XMM-Newtonobservation is over an order of magni-
tude higher than the range explored|by Tomsick 2t al. (2000) f
GX 339-4 (0.14%L r44), where the authors presented the first di-
rect evidence for the truncation of the accretion disk indkehard
state of accreting black holes.

The unabsorbed disk flux decreases fro2.57 =+
0.02) x 107%ergem™2s™" in Obs. 1 to (1.71 + 0.07) x
107 ergem™2 57! in Obs. 2 so tha(7:/T2)* = 17.7 + 1.0
andFy /F> = 15.0 £ 1.0 which is remarkably consistent with the
L « T* relation expected for a standard thin accretion disk extend

ing down to the ISCO (see elg. Frank, J., King, A.. & Raine.D. J

the EPIC-pn spectrum we did not subtract any background. Finally [2002) in both spectral states.

we rebinned the spectrum with the ta@HARBN®, to have 3 en-
ergy channels per resolution element, and at least 20 cqants
channel. Throughout this paper XIS-FI a&®IC-pn spectra are
fitted in the 1.3-10.8eV energy range respectively. This lower
limit was chosen as it was found that the data below this gnerg
showed strong positive residuals above any reasonableaant.
Similar residuals were reported by Hiemstra étlal. (2018Haon

an EPIC-pn-timing observation of XTE J1652-453 where the au-
thors associated it with possible calibration issues edlatith the
redistribution matrix of the timing-mode data. The PIN dpem is
restricted to the 20.0-45K2V energy range and fit simultaneously
with the XIS data by adding a normalisation factor of 1.18wvi-
spect to that of the FI spectrum. All errors reported in thiskhare

90 per cent confidence errors obtained by allowing all patarse
to vary, unless otherwise noted.

4 http://www.astro.isas.ac.jp/suzaku/analysis/hxd/
5 http://virgo.bitp.kiev.ua/docs/xmmsas/Pawel/reduction/pharbn

(© 0000 RAS, MNRASDOQ, 000-000

The total neutral hydrogen column density in the line of sigh
to low-mass X-ray binaries is not expected to vary at the Snades
considered her09). However due to the tage
ties in the cross calibration between the instruments wetfiear al-
low this parameter to differ between tBeizakiand XMM-Newton
observations in order to obtain a better description of thtin-
uum. Fig[2 shows the data/model ratio for the two obsermatiuf
XTE J1752-223 fitted with a variety of plausible continuumdals
over the full energy range allowed for each spectrum exogitie
iron-K band between 4.5-88V. The models used for the con-
tinua are listed in Tablgl 1. Model 2 replaces the powerlawpmm
nent in Model 1 with the thermal Comptonization codempTT,
of Titarchuk {1994) where the input seed photon temper4ife)
was tied to the thermal disk temperature modelled \RitbkBB .
The temperature 7T.) and optical depthr() of the plasma are fur-
ther free parameters of this model. As a further test to thesb

6 Using the standard BCMC cross-sections

_Balucinska—Church&McCammbn92) and ANGR abundances
Anders & Greves$e 1989).
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Figure 2. Data/model ratio to a variety of absorbed Compton compenent
together with thermal disk emissio8uzakwspectra (XIS and PIN) for the
Feb-2010 observation are shown in black. TkidM-Newton(EPIC-pn)
April-2010 spectrum is shown in red. The XIS aBBIC-pn data were fitted

in the 1.3-4.5 and 8.0-10k@V energy range. The PIN data was fitted be-
tween 20.0-45.ReV. The bottom panel shows the double Compton model
applied to the low-hard state data only. The residuals staw a broad
iron-emission line extending to approximatelk&V is present in both ob-
servations independent of the model used for the hard emis¥he data
have been rebinned for plotting purposes.
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Figure 3. Close up of the line profile for th&uzaku(black) andXMM-
Newton(red) observations. It is clear that the line profile hasednery
little between the observations. Note that KiddM-Newtonobservation has
its own ratio scale shown on the right.
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Figure 4. Inclination versus emissivity index contour plots for

XTE J1752-223 (Model 1). The 68, 90 and 95 per cent confidesoger for
two parameters of interest are shown in black, red and grespectively.
The cross marks the position of the global minimum.

ness of the line profile we replaced in Model 3 thuenpTT com-
ponent withcompPS (Poutanen & Svensson 1996) which is better
suited for high electron temperatures. It is clear from Bignd Ta-
ble[ that the extent and overall shape of the line does nungly
depend on the chosen continuum.

Allowing the neutral hydrogen column—density to differ be-
tween the observations resulted in a higher disk temperatnd
lower Ny for the second observation as compared to the results
presented above. Although this fit yields an improvemengirit
is unlikely that such a large variation iNy is real and the ac-
companying high temperature is merely a response to thé\lgw
We remind the reader that the purpose of these phenomeoalogi
models is simply to highlight the robustness of the line peaid
a variety of — very different — continua. From Table 1 we sex th
the strength of the line — characterised by its equivalermitiwi-
for Obs. 1 (Obs. 2) does not depend on the curvature of the con-
tinuum, with a value of approximately 270(180) for the least
curved model (Model 1) and 290(17&Y for the highly curved
Comptonisation modelompPSModel 3).

We again see from Fid.] 3 that the shape of the line pro-
file does not vary significantly during the two observationsre

(© 0000 RAS, MNRASD00, 000—-000



Table 1. Joint fits with simple phenomenological models

Spin from reflection features: XTE J1752-2235

Model 1 Model 1b Model 2 Model 3

diskbb+powerlaw diskbb+powerlaw diskbb+compTT diskbtrrpPS
Parameters Obs. 1 Obs. 2 Obs. 1 Obs. 2 Obs. 1 Obs. 2 Obs. 1 Obs. 2
Nig (x10*2c¢m™2)  0.56+0.01  0.14+0.02 0.563+0.005 0.134+0.005 0.55175-009 0.15(f) 0.55070 003  0.07+0.01
Taisk(keV) 0.5617000% 0427007 05617950 0.42970000  0.560T0 50, 0.336T0008  0.563 +£0.002  0.434 + 0.001
r 2571068 1824001 2527502 1.82 +0.01
ETo(keV) 0.56070 005 0.336T000%  0.563 +£0.002  0.434 % 0.001
ETe(keV) 96T £o0 32798 101733 27798
T 0.175% 1. 2t8 Z 0.3707 3.0_0.3
ELaor (keV) 69170% 697 o0 6972 6.97_0.01 6.847030  6.97 .02 6931003 6.97_0.04
EW (eV) 270715 180 + 20 280750 190 + 20 250 + 50 150 + 10 290 + 60 170739
q 42405 3.3103 4.640.4 3.940.3 4.2%09 3.240.1 4.370% 3.240.1
i (degrees) 19%7 =Obs. 1 28 +2 =Obs. 1 1613 =Obs. 1 1815 =Obs. 1
Tin () 41708 =Obs. 1 2.8103 3.9+0.5 49405 =Obs. 1 4.0+0.4 =Obs. 1
X2 /v 2645.4/2247 2634.9/2246 2672.0/2246 2626.7/2245

Notes: Results of joinBuzakyObs. 1) andKMM-Newton(Obs. 2) fits with simple continuum models. In all cases tloéination and inner disk radii were

tied between the observations and the disk component waslledavith the standard multicolour disk model DISKBB

S @4)

The hard

continuum in Model 1 is assumed to consist of a simple powetéodels 2 and 3 replaces the powerlaw with the Comptomnatodes 4)

(ED%) respectively. In both cheasput photon temperaturé{y) were tied to the thermal disk temperature. For Model 2 a

disk geometry was assumed and the column density in Obs. Fezas at the value found in Model 1 so as to prevent it fronmgdo zero. In Model 3 we
assume that the Compton cloud has a spherical geometryr{pted) and deactivated the reflection option. All errors are 90cpat confidence.

an

though we are looking at two distinct states of XTE J1752-223 9
(see Fig.[). Such a line profile is usually attributed to grav
itational effects close to the central regions of a blackehol

(Fabian et all_1989; Lddr 1991). Alternative explanationshsas
Comptonization, velocity shifts and/or scattering efédtave been
shown to be extremely unlikely source of line broadeningy.(e.

[Fabian et 2Il_1995; Reynolds & Wilhls 20d0: Miller et al. 20p4b

see also Hiemstra etlal. 2010). We therefore proceed by asgam
relativistic origin for the broad emission line and as suebib by
modelling the residuals seen in Fig. 2 with the th®R model
). This model describes a broad line emerging from
an accretion disk with emissivity profile described by a pewe ~
law of the forme(,y = =~ % and an inner radius;, in units of

Inner radius (rg) Obs. 2

rs= GM/c?. The outer disc radius was fixed at the maximum al-
lowed value of 408,. Only the inner radius and disc inclinatian,
were tied between the observations.

When we fit the line profile with a model such Ba&OR , to-

4 6

Inner radius (rg) Obs. 1

10

Figure 5. Contour plot showing the inner-edge radii for both the imter

diate (Obs. 1) and low-hard state (Obs. 2) observations & XI752-223.

gether with a separate disk component (e.g. Model 1) we find a This provides explicit evidence that the radial extent & #tcretion disk

degeneracy between the emissivity indgxdnd the inclination of
the system. The inclination as such is determined from the bl
wing of the line profile and in XTE J1752-223 this region isro

dental with the downturn of the disk emission. Figlire 4 shtives

emissivity indeX versus inclination parameter space for Model 1.
Itis apparent that there are two set of solutions: (i) dig#ifation

i < 50° with 3 < ¢ < 5, and (i) > 50° with ¢ > 5. We will
proceed with the rest of this analysis by confining the iratiion to

be less than 40 degrees anek 5.5 thus being consistent with val-
ues for emissivities found in the literature (see, @I@)
and adhering to the value of 3 expected for a standard agoreti

disk (Reynolds & Nowak 2003). It should also be said that we do
not expect the inclination of this system to be high basedaih b
the lack of dips and absorption - as expected for edge-orsist

as well as the lack of high frequency QPOs. Furthermore, vile wi
show in the following section that this degeneracy is inde®den

7 We are only showing the emissivity index for Obs. 1 versusination

however, a similar degeneracy is also foundgam Obs. 2.

(© 0000 RAS, MNRASDOQ, 000-000

Fig.[).

does not change between these states. As before the 68, 96 aed cent
confidence range for two parameters of interest are showtadk kred and
green respectively. The cross marks the position of theaglminima.

when we fit the data with a self-consistent reflection modat th
also incorporates the thermal emission. Table 1 detailsdhieus
parameters found for the three continuum models togethérthe
LAOR line profile. In all cases we find a strong relativistic linetwi
an inner radius of approximatelyr4 In order further to address
the question of whether the edge of the inner disk recedeseket
the two states we allowed in Model 1b far, to vary between the
observations. Figufd 5 shows the contour map for these tiuesa
It is clear that inboth states the inner-edge of the accretion disk in
XTE J1752-223 extends down to approximateky 4with such a
value being consistent amongst the datase2s §gjreen contour in

Suzakwbservations of the stellar mass black holes J1655-40

and Cyg X-1 in the low-hard state have suggested that the the

broad-band continuum in this state has a more concave shape t
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Table 2. Joint fits with self-consistent reflection models

Model 4 Model 5

kdblur*refbhb + powerlaw kerrconv*refbhb + powerlaw
Parameters Obs. 1 Obs. 2 Obs. 1 Obs. 2
Nig (x10*2cm~™2)  0.36+0.01 0.34£0.01 037700} 0.361053
r 2.537008 1834002 254709 1.83 +0.02
Toisk(keV) 0.4710 57 0.3010-01 047 +0.01  0.305 =+ 0.005
Fritum/FpB 0.3%02 40103 0.2815:52 3.94%513
Hgen (x10%0) 0.227068 25.873°7 0.2215°59 2673
NRegony (x1072) 44718 44108 4515 4. 5j8 2
Nhard 0127017 0.24+0.01 0. 13*8 0 0.24 4+ 0.01
q 3.6707% 24752 4.0%51 2.5+0.1
6 (degrees) 2577 =Obs. 1 2874 =Obs. 1
Tin (rg) 3. 7j8 H =Obs. 1
Spin (@) . 0.52%513 =Obs. 1
x2/v 2579.3/2247 2580.2/2247

Notes: Results of joinBuzakyObs. 1) andKMM-Newton(Obs. 2) fits with the self-consistent reflection model REFB I all cases the inclination, inner
disk radii (or spin) were tied between the observations. &lddises the kernel from the LAOR line profile to account fer ginavitational effects close to
the black hole. Model 5 replaces KDBLUR with the fully relastic code KERRCONYV were the spin is a parameter of the mddddoth cases the hard

emission illuminating the disk is assumed to be a powerlath imidexI". All errors are 90 per cent confidence for one parameter.

that predicted by a singleompPS component together with re-
flection (Takahashi et al. 2008; Makishima et al. 2008). Taoaat
for this effect the authors proposed a doutderxpPSmodel in line
with previous double-Comptonisation work (Gierlinski &{097;
lIbragimov et al| 2005). Such a model is suggestive of a system
where the accretion disk is truncated and the Comptonisaige
gion is inhomogeneous (for a detailed description of thislehand
interpretation see Takahashi etlal. 2008). In order to téwither
such curvature in the continuum could result in a narrowee li
profile in the low-hard state observation of XTE J1752-223inve
clude an extraompPScomponent to Model 3. Similarly to the work
of IMakishima et al.[(2008) we constrain both components t&ha
the same seed-photon and electron temperature, and thersame
flection parameters, but allow them to differ in normaliaatand
optical depth. The electron temperature could not be cainstd
and was thus frozen at 180V similarly to the value found for
Cyg X-1. The presence of a strong and broad emission linér(aga
modelled with theLAOR line profile) at6.7 + 0.1 keV remained
nonetheless (see bottom panel of Elg. 2), with an equivalgtth

of 130139 eV slightly lower than the values found for all other
combinations for the continuum (see Talble 1) as expectesuicin

a curved continuum . However, this fit to the low-hard statastet
(x*/v = 1162.8/1566) still requires an accretion disk extending
to within 3.9 £ 0.5r of the central black hole.

3.2 Self-consistent disk reflection

In all our previous fits a broad iron emission line has beemvsho
to be robustly present above a thermal-disk and powerlegvelon-
tinuum. In this section we use the reflection model REFBHB de-
veloped by Ross & Fabian (2007) to self-consistently modeh b
the thermal emission as well as the reflection features. Snah
yses have previously been made for the stellar mass blagk hol
in GX 339-4 and SWIFT J1753.5-0127 where it was shown that
the black holes are rotating with a dimensionless spin pafam
ter of approximately0.93 + 0.01 and 0.76 £ 0.15 respectively

[ 2004, 20D9). A current shortcoming of the reifhect
model is that it assumes a single-temperature accretion ldsnv-
ever, iI8) we showed that such an assumpties d
not have any significant effect on the inferred innermostusdf

L 100f 3
>

L 10| ]
w

j2)

g 1k 3
>

8

S o1l 4
(o}

N

T 001 <
15

S 10° L , T N
S fT \

Energy (keV)

Figure 6. Suzakuand XMM-Newtonspectra of XTE J1752-223 together
with the ratio of the data to a model consisting of a self-csirst reflec-
tion component and a powerlaw (Model 4). The spectra have bemed
for visual clarity only.SuzakuXIS and PIN are shown in black and red
respectivelyXMM-Newton EPIGpn spectrum is shown in green.

emission by: (i) simulating a “real” disk with known innerdias
and comparing it with the measured value using REFBHB aid (ii
comparing the results obtained with REFBHB with that of a-the
mal model, (KERRBB, Li et l. 2005), which includes relasiit
smearing in a disc with radial temperature gradient. In luatbes
there were no indication of any strong systematic variaiiothe
values obtained from the single temperature model posdiloyto
the the dominance of relativistic smearing over the inicilhsoad-
ening due the nature of the multicolour disk.

The parameters of the REFBHB model are the number den-
sity of hydrogen in the illuminated surface layéfge,, the tem-
perature of the blackbody heating the surface layers, theepo
law photon index, and the ratio of the total flux illuminatitige
disc to the total blackbody flux emitted by the disc. To be able
to directly compare the results with that obtained with tha-s
ple models §[3.1)), we start by convolving the reflection compo-
nent with the relativistic blurring kern&DBLUR, which is derived
from the same code by Ladr (1991). The power law index of REF-

(© 0000 RAS, MNRASD0O, 000—-000



Ratio

Energy (keV)

keV? (Photons cm2 s~! keV-")
0.1

0.01

1 1
1 10
Energy (keV)

100

keV? (Photons cn? st keVY)

Spin from reflection features: XTE J1752-2237

0.1

0.01

1 1
10
Energy (keV)

100

Figure 7. Best-fit model for theSuzakwspectrum of XTE J1752-223 in the intermediate state (Leift)>aVIM-Newtonspectrum in the low-hard state (Right).
The total model is shown in black, with the powerlaw and REEBtdmponents shown in blue and red respectively. The indéeifeft panel show the line
profile obtained by dividing the current model with the bespéiwerlaw plus DISKBB continuum.
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Figure 8. Goodness-of-fit versus inner radius for Model 1 (black) and Figure 9. Goodness-of-fit versus spin for Model 5. It is clear that tteelk

Model 4 (red). The inner radii measured with these two distimodels

are found to be consistent with each other. Taking the vahieirmed for

the physically consistent model (Model 4; red) as a conﬂﬂa/mdication

of the inner extent of the accretion disk we fing to be3. 7+ -rg at the

90 per cent confidence level\? = 2.71 for one parameter of interest).
The dotted lines indicate confidence intervals.

hole in XTE J1752-223 is not maximally rotating, with a spfruo= 0.998
being excluded at overs A non-rotating, Schwarzchild black is excluded
at the3o level of confidence.

AGNs and neutron stars (Stellar mass BH: Miller t002,
120044, 2009! Blum et al. 2009; Reis et al. 2009; Hiemstralet al
2010; AGNs: Fabian et Al. 2002, 2009: Fabian &Vaubhan 2003;

BHB is tied to that of the hard component and as before we con- [Zoghbi et al| 2010;_Miniutti et al. 2009; Schmoll et al. 2000S:

strain the inclination and inner disk radius to be the santedoen
the observations. Note that we have now removed the uppér-li
constraint on the inclination and allow the full paramefeace to
be explored. The model results in an excellent fit to the datia w

lananaghawaﬁﬂmnmay er 2007; Cackett é{al. 2008, 209
di Salvo et all 2009, Reis, Fabian, & Yoling 2009). Assumiraj th

this radius is the same as the radius of marginal stability

(Reynolds & Fabidh 2008), our results implies that the blacle

X%/v = 2579.3/2247 (Model 4, see Fid16). The parameters are in XTE J1752-223 is rotating with an intermediate spin pagtan

shown in Tabl€DR. Figuid 7 shows the model for bothSheakun-
termediate state (Left) and tVIM-Newtorlow-hard state (Right)
observations.

To test this we replaced the convolution mo&#@&IBLUR with the

modelKERRCONV (Brenneman & Reynolds 2006). This convolu-

tion model is a fully relativistic code which enables thedi#&ole

The results presented in Tables 1 and 2 suggest that the ac-spin to be fit as a free parameter and does not assume spetific sp

cretion disk in XTE J1752-223 extends down to witBif 587,

of the central black hole. This constraint can be better eppr
ciated in Fig.[B, where the various confidences levels fgr
are shown as the dashed-lines in the plot. Also shown in
Fig. [@ are the confidence levels for the value @f as ob-
tained via theLAOR line profile (Model 1). It is clear that
the inner radius found by modelling the line profile is consis
tent with that obtained from the physically motivated antf-se
consistent reflection model thus confirming the robustnésg-o
sults obtained from line-profile fitting in stellar mass Wdwles,

(© 0000 RAS, MNRASDOQ, 000-000

a priori. The parameters for this fit are listed in Tdhle 2 (lds).

In this manner we find the spin of the black hole in XTE J1753-22
to bea = 0.527712 at the 90 per cent confidence level (Fiy. 9) and
place a strong upper limit of < 0.7 at greater thand.

4 SUMMARY AND CONCLUSIONS

We have observed the black hole candidate XTE J1752-223®@n tw
separate occasions during the decay of its 2009 outburgt{i
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By fitting the energy spectra we found that the earlgarzakwb-
servation caught the source in the intermediate state wiitiméa
nosity of approximately 0.2gq4, Whereas the subsequexiviM-

The natal spin of a stellar-mass black holes produced via sin
gle collapse events is often thought to be$6.75 — 0.9 depend-
ing on the type of the supernova or GRB that preceded its forma

Newtonobservation found it to be in the canonical low-hard state tion and the physical structure (magnetic field, angular eatom,

with L/Lgqqa =~ 2 x 1072 assuming a 181 at a distance of

metallicity, etc) of the progenitor star (see e

10kpc. Both spectra shows the presence of a broad and asymmeti2002] Heger & Woosley 2002; Gammie eflal. 2004) However- sub

ric Fe emission line with equivalent width (EW) decreasingnf
270eV to 170eV. The line profile is found to be remarkably similar
between the two states (FId. 3) and robust to a variety ofivoat
(Fig.[2). Furthermore we find that a thermal-disk componsme#
quired in both states with the variation in flux following sty the

L  T* relation. The requirement of both a thermal disk compo-
nent as well as a strong (EW150 eV) and asymmetric Fe emis-
sion line in the low-hard adhere to the strong observaticniat-

ria described i10) and is further evidene ttine
accretion disk does not begin to recede at the onset of the low
hard state. Our result is in direct contrast with the truedadisk
paradigm which suggest that the disk recedes at the outsbe of
low-hard state and is thereby replaced by advection or niegifig
dominated accretion flows.

By modelling the full reflection features present in the $gec
of XTE J1752-223 with a self-consistent reflection model haee
shown in Fig[®B that the inner disk extends dows 16" S 7, at the
90 per cent level of confidence. Such a joint fit to the multipéges
with a common model allows for the explicit treatment of edons
in the ionization and/or structure of the accretion disklsttat the
same time reducing the errors on intrinsic physical parametuch
as the inner-disk inclination and black hole s-
[Reis et all 2008; Miller et 4l. 2009). We note also that simital-
ues forri, are found when fitting the Fé&“« line profile with a va-
riety of phenomenological models, thus confirming the rafess
of inner radii measurements via such reflection featuresuddiyg
a fully-relativistic convolution codeKERRCONV) acting on a self-
consistent reflection model (REFBHB), we formally consteal
the spin of the black hole in XTE J1752-223 tobe= 0.527)1%
at the 90 per cent level of confidence, thus ruling out a noatirg,
Schwarzchild black hole at greater than thec®nfidence level and
a maximally rotating black hole at more than thelevel of confi-
dence (Fig-R).

The clear spectral differences between the two states (see
Fig.[d) can potentially be ascribed to physical changes endikk
properties. In the intermediate state the disk contribotestly to-
wards the heating of the atmosphere whereas in the low-hatel s
this is achieved mostly by flux from the comptonzing regioge(s
Table[2). This difference is partially due to the much lowesrmal
flux in the low-hard state, but it may also reflect an increastaé
accretion power being funnelled into the corona or jet. Ticedase
in hydrogen number density in the low-hard state as compared
the intermediate state, together with the lack of radiaiayem in
the disk is likely attributed to changes in the atmosphertefin-
ner disk indicating that the disk is more vertically-exteddn the
intermediate state. Changes in the physical propertieleoinner
disk has previously been proposed as viable alternativiskdin-
cation MEO) and has recently been invokguhitly
explain the variable behaviour of GX 339-4 in the low-haraltest
(Wilkinson & Uttley[2009). The decrease in the equivalendtiviof
the ironK « line between the states is characteristic of a decrease in
the reflection fraction R, |George & Fabidh 1991). This behaviour
is usually seen in stellar mass black holes and can be egrplain
without invoking disk truncation by assuming that eithes thner
disk becomes fully ionize99) or/and thattmena
is moving relativistically away from the dis ).

sequent accretion process has been shown to spin-up thalcent

black hole to values> 0.9 (Gammie et al. 2004; Volonteri etlal.

2005) under certain conditions. The intermediate valuétferspin

parameter found here suggest that the black hole in XTE 32282
has not changed its natal spin by a significant amount.
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