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ABSTRACT

We present a spectral analysis of four coordinbta8 TARXMM-Newtorobservations of the Seyfert galaxy
NGC 1365. These exhibit an extreme level of spectral vdiigbivhich is primarily due to variable line-of-
sight absorption, revealing relatively unobscured statetbis source for the first time. Despite the diverse
range of absorption states, each of the observations gspie same characteristic signatures of relativistic
reflection from the inner accretion disk. Through time-fesd spectroscopy we find that the strength of the
relativistic iron line and the Compton reflection hump risfato the intrinsic continuum are well correlated,
as expected if they are two aspects of the same broadbancticeflepectrum. We apply self-consistent disk
reflection models to these time-resolved spectra in ordeotstrain the inner disk parameters, allowing for
variable, partially covering absorption to account for astly different absorption states observed. Each of
the four observations is treated independently to testdnsistency of the results obtained for the black hole
spin and the disk inclination, which should not vary on oliable timescales. We find both the spin and the
inclination determined from the reflection spectrum to baststent, confirming NGC 1365 hosts a rapidly
rotating black hole; in all cases the dimensionless spimpater is constrained to ke > 0.97 (at 90%
statistical confidence or better).

Subject headingBlack hole physics — galaxies: active — X-rays: individudG(C 1365)

arxiv:1404.5620v1 [astro-ph.HE] 22 Apr 2014

1. INTRODUCTION (Fabian et al. 1989; Ladr 1991) which depends on black hole

Black hole spin is a quantity of significant importance SPIN- . o
for addressing a variety of astrophysical topics, incladin The most plrlorr;:nent f?élture_s prodl_uced bg/ 4su7cgk|rr\f;1d|a-
the growth of the supermassive black holes powering activelion are typically the iron Kv emission line at-6.4-7.0ke
galactic nuclei (AGNg.g/Dubois et all 2013), the formation (depending of ionization state) and a broad peak in the re-

of black hole binaries in supernova explosions (Miller ét al flected continuum at-30keV referred to as the Compton
2011), and potentially the launch of powerful relativigtis hump (George & Fabiah 1991). Roughty40% of X-ray

(Blandford & Znajek 1977), although the exactroles in play bnghtAGN displa evidenceforbrogdenediromyremission
here is still controversial (Steiner etlal. 20 % (Nandra et & ﬂ La Calle Pérez etal. 2010), and the

[Russell et dl[ 2013). For active gaIaX|es the best methodMajority Of AGN also show a ‘hard’ excess abovdOkeV
available for measuring black hole spin is to measure the(& gummuwlﬁwﬂwwom

relativistic distortions of fluorescent line emission frahe . 2013), consistent with Compton reflection from
inner accretion disk, excited through irradiation by hard X I%accretlon disk &.g. Mt?llgn_el_al 12010; I—Nagmj—e—t—hl
rays. These relativistic effects broaden and skew intaili ). Spin estimates for a growing sample20-30

: sources) of local AGN have recently been obtained through

narrow emission lines into a characteristic ‘diskline’ file
W study of these features,g..Brenneman & Reynolds (2006);
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TABLE 1
BASIC OBSERVATIONAL DETAILS FOR THE COORDINATED
NUSTARXMM-NewtonOBSERVATIONS OFNGC 1365.

D. J. Walton et al.

presence of such material was found to be inconsistent with
the levels of reprocessing observed, either from neutral or
partially ionised material (Risaliti et Bl. 2013), prowvidi a
strong confirmation of the contribution from relativisticsk
reflection. However, based on a set of simulated spectra,

Observation Date Total Good Exposures (ks)
XMM-Newto  NuSTAR
1 July 2012 110/130 77
2 Dec 2012 93/120 66
3 Jan 2013 90/118 74
4 Feb 2013 103/119 70

Miller & Turnel (2013) subsequently challenged this conclu

sion, suggesting that distant absorption/reprocessinig get
explain the spectra observed from NGC 1365, and claiming
that AGN spins cannot be measured at all.

Here we present results from the full series of four coordi-
nated observations of NGC 1365 performedMiySTARand
XMM-Newton the first of which was initially presented in

@ XMM-Newtonexposures are quoted for thePIC-pn/each of theEPIC-
MOS detectors.
b NuSTARexposures are quoted for each of the focal plane modules.

Miniutti et all (2009); Zoghbi et al! (2010); Brenneman et al
(2011); Nardini et al.(2012); Gallo etlal. (2013); Waltora&t

( ); see also Miller (2007); Reyndlds (2013); Brennema
(2013) for recent reviews. Current results indicate theomaj
ity of AGN may host rapidly rotating black holes, although
the sample is still fairly small, and not yet well defined in a
statistical sense.

However, the identification of these spectral features with
relativistic disk reflection is not without controversy. par-
ticular, scenarios fully dominated by absorption and repro
cessing from material relatively distant to the AGN have fre
quently been proposed as alternative interpretationsl# re
tivistic disk reflection é.g:Miller et all|l2008| 2009; Sim et al.
[2010). If these absorbing and scattering structures aeedl

sufficiently complex geometries, such models are also able

to reproduce the observed X-ray spectra. Many AGN do in-
deed display evidence for partially ionised absorption in X
rays €.g.Blustin et al. 2005), as well as evidence of reflec-
tion from distant, dense material in the form of a narrow iron
K o emission line é.g/Bianchi et al. 2009), and a number also
display evidence for variable absorptioe.d.
[2002). The contributions of this absorption can be diffi-
cult to fully disentangle from relativistic disk reflectian
some cases, particularly without access to sensitive hard X
ray (>10KkeV) coverage.

[Risaliti et al. (20113). These observations probe an unprece

dented range of absorption states with high signal-toenois
data, and also reveal a persistent contribution from therinn
accretion disk. We use these observations to disentangle th
relative contribution of these processes, and determmath
ner disk parameters. This work is structured as follows: the
data reduction procedure is outlined in secfibn 2, our aisly
is presented in secti@h 3, and the results obtained distirsse
sectiori 4. Finally, we summarize our conclusions in se@ion

2. DATA REDUCTION

NuSTARand XMM-Newtonhave performed four coordi-
nated observations of NGC 1365 to date, in July and Decem-
ber 2012, and January and February 2013, hereafter observa-
tions 1-4 respectively. Basic observation details arergine
Table[1. Here we outline our data reduction procedure for
these observations.

2.1. NuSTAR

TheNuSTARlJata were reduced using the standard pipeline,
part of theNuSTARData Analysis Software v0.11.N{S-
TARDAS; now part of the standard EASOFT distribution),
and instrumental responses frawuSTARcaldb v20130509
are used throughout this work. The unfiltered event files
were cleaned with the standard depth correction, which sig-
nificantly reduces the internal background at high energies
and South Atlantic Anomaly passages were excluded from
our analysis. Source products were obtained from circular
regions (radius~100-120), and background was estimated

Since the launch of the Nuclear Spectroscopic Telescopefrom a blank area of the same detector free of contaminat-

Array (NuSTAR[Harrison et al! 2013), NGC 1365 has be-
come central to the debate over the contribution of emission
from the inner disk in AGN. NGC 136%(= 0.0055, D ~

20 Mpc) is a well studied Seyfert 1.9 galaxy, hosting-@
x10° Mg, black hole [(Schulz et al. 1999; Kaspi et lal. 2005)
which displays evidence for a relativistically broadenexhi
line (Risaliti ; ; ta
[2013) indicative of a rapidly rotating black hole. However,
it is also known to display complex and variable absorption
(Risaliti et al 2005alk, 2009; Maiolino etlal. 2010). The un
precedented high energy data quality and the continu@4s

80 keV bandpass provided BJuSTARSs ideal for the study of
X-ray reflection €.g.Miller et all[2013 4;
Marinucci et al 2014a; Parker et al. 2014abmittedl. Early

in the mission,NuSTARobserved NGC 1365, coordinated
with XMM-Newton(Jansen et al. 2001) for soft X-ray cover-
age, detecting both a relativistic iron line and a strongihar
excess. The hard X-ray data fraduSTARdisplayed excel-
lent consistency with the prediction of the disk reflectian i
terpretation from theXMM-Newtondata, and revealed that
a Compton-thick absorber would be required to reproduce
the high energy data without invoking disk reflection. The

ing point sources. Spectra and lightcurves were extracted
from the cleaned event files usitKSELECT for both focal
plane modules (FPMA and FPMB). Finally, the spectra were
grouped such that each spectral bin contains at least 5@coun
The data from FPMA and FPMB are analyzed jointly in this
work, but are not combined together.

2.2. XMM-Newton

Data reduction was carried out with tXé&M-NewtonSci-
ence Analysis SystensASv13.0.0) largely according to the
standard prescription provided in the online glideThe
observation data files were processed udtRLCHAIN and
EMCHAIN to produce calibrated event lists for tE#1C-pn
(Struder et dl. 2001) andPIC-MOS (Turner et dl. 2001) de-
tectors respectively. Source products were extracted &rom
circular region of~40" in radius, and background was esti-
mated from an area of the same CCD free of contaminating
point sources. Lightcurves and spectra were generated with
XMMSELECT, selecting only single and double events (sin-
gle to quadruple events) f&PI1C-pn (EPIC-MOS), excluding

1 http://xmm.esac.esa.int/
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FIG. 1.— Top-left panel:time-averagedKMM-Newton EPIGn spectra from each of the four coordinatddSTARXMM-Newtonobservations of NGC 1365,
demonstrating the extreme spectral variability display@dservations 1, 2, 3 and 4 are shown in black, red, greenlaadéspectivelyTop-right panel:residuals
to a simplel’ = 1.75 powerlaw continuum, modified by partially covering neuttbkorption, and applied to the 2.5-4, 7-10 and 50-80 ke\ggmanges. For
clarity, we show theXMM-Newton EPI@n data below 10 keV, and tiduSTARFPMA/FPMB data above 10 keV. The same hallmarks of refledtiom the
inner accretion disk,e. a relativistically broadened iron line at6 keV and a strong Compton hump-a80 keV are seen in each of the four observations, despite
the extreme variation in the line-of sight absorbing coluiBattom panelsas for the top panels, but now displaying only teSTARlata, further highlighting
the reduced variability at high energies compared to thext s¢~2 keV, and the detection of the broad iron line in these dal@. farrow component of the iron
emission is less visually prominent in thesSTARJata owing to the coarser spectral resolution in the irenlandpass in comparison ¥XMM-Newton In the
left panel, only the data from FPMA is shown for clarity. Thetalin all panels have been rebinned for visual purposes.
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periods of high background flares (occuring predominantly each observation (see Figlieight panels, despite the mas-

at the end of the observations). The redistribution madrice sive changes in absorption column density inferred (ramngin
and auxiliary response files were generated VRMFGEN from ~1-25x10%2cm™2). Relativistically broadened iron
andARFGEN while lightcurves were corrected for the back- emission lines, extending down te4 keV, and strong Comp-
ground count rate usingPICLCCORR After performing the  ton humps are observed in each case, which are clearly inde-
data reduction separately for each of the MOS CCDs and conpendent of the line-of-sight absorption. These residusds a
firming their consistency, the spectrawere combined usiagt not resolved by fitting this simple absorbed powerlaw model
FTOOL ADDASCASPEC Finally, spectra were re-binned us- to the full 2.5-80keV bandpass considered here.

ing the SAS tasliSPECGROURO have a minimum signal-to- In addition to the broad reflection residuals, two pairs ef re
noise (S/N) of 5 in each energy bin. solved narrow absorption lines &7 and 8 keV from ionised
iron can also be seen in all observations. These lines have
3. SPECTRAL ANALYSIS been observed repeatedly from NGC 1365 (Risaliti et al.

Throughout this work, spectral analysis is performed with 20053, Brenneman etl 13), and will be studied in detail i

XSPECV12.8.0 6), and unless stated otherwise Subsequent work (Nardini et ain prep). However, although

parameter uncertainties are quoted at the 90% level of conlthese features are not the main focus of this work, we do point

fidence for a single parameter of intereise.(Ay2 = 2.71).  out that they primarily cause the sharp drop in the spectrum
The spectral agreement betweekIM-Newtonand NuSTAR just below~7keV, the depth of which is essentially indepen-
is generally good across their common energy rang@— dent of the neutral absorption column. This should not be
10keV; e.g.Walton et al. 20134, 2014; Madsen et dh confused with either the iron edge associated with neutral a
preparation), but we treat residual uncertainties in the flux sorption, or the blu‘? wing of the iron Ilne._ The blue wing of
calibration between the various detectors utilized byveitig the line in fact continues to higher energies, and can ill b
variable constants to float between them, fixing the constantoPserved at-7.5kev.

for theNUSTARFPMA data to unity. 3.2. Linking the Broad Iron Line and the Compton Hump
£ S | Variabili Although we show the time averaged spectra from each
3.1. Extreme Spectral Variability observation in Figurl1 for clarity, NGC 1365 is known to

It is clear from a simple visual comparison of the average display both flux and spectral variability on relatively sho
spectra obtained from the four observations, shown in Eigur timescales in soft X-rays{10s of ks,e.g [2000).
[ (left panel3, that our coordinated program caught a truly As shown in Figuré 12, such behaviour is clearly displayed
extreme level of spectral variability. Changes of over an or during our observations. Following Risaliti ef al. (201®)g
der of magnitude can be seen-~a2 keV, while at~10keV split each observation into four separate periods (remplti
the variability is much more modest, at most a factor of sixteen periods in total, as highlighted in Figlile 2), deter
~2. The variability at lower energies<( 1keV) is also mined by changes in intrinsic flux, as roughly indicated by
more modest, although this is not surprising, as tradition- the 5-10keV count rate, and/or changes in spectral shape,
ally below ~3keV the spectrum observed from NGC 1365 as roughly indicated by the hardness ratio between the 3-5
is dominated by diffuse thermal emission, resolved with and 5-10keV energy bands, and extracted spectra for each
Chandramm%, which should not vary on the of these. For the first observation, the selected periods are
timescales probed. Variability of this nature and magrétud the same as those usedlin Risaliti et al. (2013), for consis-
is most readily explained with drastic changes in the line- tency. The data reduction follows that described in section
of-sight absorption, which have previously been observed for each period apart from the fourth period of observation
from NGC 1365. This is confirmed by our detailed spec- 3 (P12 in Figurd R, the brightest part of the least absorbed
tral analysis, presented in Sectionl3.3 (see et aobservation). During this period, the observédM-Newton
[2014b). However, in past high S/N observations the columncountrates were formally just in excess of the recommended
density has always remained substantial, abo¥6?3 cm—2 limits for pile-up. Although comparison of the pattern dis-
e.g.Risaliti et al.[2009] Maiolino et al. 2010; Walton et al. tribution suggests any pile-up effects below 10keV areé stil
2010; Brenneman et lal. 2013), occasionally increasingeo th minimal, to be conservative we extraX#M-Newtonspectra
extent of becoming Compton thic al. 2005b). using an annular region for this period, with the same ouater r
Here, we are witnessing variations in the opposite sense, obdius as the circular regions used otherwise, but with therinn
serving the source in an almost fully uncovered state for themost 6’ of the PSF removed fdEPIC-pn, and the innermost
first time. 10" removed folEPIC-MOS.

The first of these four observations, which is also the most Following the same procedure as above for each of these
absorbed, displays residuals to a simple absorbed powerlavindividual periods results in the same residuals highéghn
continuum indicating the presence of relativistic diskeaefl Figure[1in each casdalbeit at lower S/N), even though the
tion.,i.e. a relativistically broadened iron line at6 keV, and individual periods sample an even broader range of absorpti
a prominent Compton hump at30 keV (Risaliti et al. 2013).  states (see below). In our further analysis, we only comside
Here, we apply the same continuum to the average spectradhe XMM-Newtondata above 2.5keV in order to avoid the
from all four observations, consisting of a powerlaw with diffuse thermal contribution and focus on these reflectems f
I' = 1.75 modified by partially covering neutral absorption tures, and th&NuSTARdata are modeled over the 4-79keV
(usingPCFABS, with both the column and the covering frac- energy range. The only exception to this is RIC-MOS
tion free to vary between observations. This is fit to the 2,5— data from observation 3, in which narrow residuals are ob-
7-10 and 50-80keV energy ranges, in order to fit the AGN served just above 2.5keV, most likely associated with cali-
dominated continuum, and avoid the most prominent reflec-bration of the instrumental edges at slightly lower enexgie
tion features. Although formally only a visual aid, the tesi  these data are therefore modeled above 2.7 keV.
uals in the 3—80keV energy range are extremely similar for A key expectation of the relativistic reflection model isttha
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FIG. 2.— Top panels:The 5-10 keVXMM-Newton EPI@on lightcurves observed from NGC 1365 for each of the fowseptations. Bottom panels:the
5-10/3-5 keV hardness ratio lightcurves. The vertical dddimes indicate the 16 periods selected for our time-vesbanalysis (4 periods are defined within
each observation), based on either changes in the 5-10dfe¢dirve, and/or the 5-10/3-5 keV hardness ratio.

the strength of the iron line and the high energy reflection
hump relative to the continuum are positively correlated. |
order to test this prediction in a model-independent manner
we applied two purely phenomenological models to each of
our 16 broadband spectra. The first consists of an absorbed
powerlaw continuum, a broad Gaussian emission line to treat
the iron emission and a narrower Gaussian absorption line
to treat the strongest of the ionised iron absorption featur
and avoid strong residuals which may alter the best fit values & 1-5|
of the other components, while the second consists simply
of a powerlaw and a neutral reflection continuuUPEXRAV; I
' ' ' 5). We simply use a single Gaus- 1
sian line to treat the ionised irondabsorption here as indi- I
vidually the spectra from the 16 selected periods do not have

Ve

o

sufficient S/N to separate and constrain all four of the ab- o5} Pl ¢ -
sorption lines visible in Figurgl 1 simultaneously, and the t 7
weaker iron K3 lines have a negligible effect on this analy- S
sis. The first model is applied to the data below 10keV, and 02 03 04 05 06 07 08 009
the second to the data above 10 keV, with only the parameters EWyos (keV)

broad

of the intrinsic powerlaw continuum required to be the same

in each energy range. In this way, the two interesting com- Fic. 3.— The correlation between the equivalent widf{y,aq) Of

ponents are lreatec] completelyIndependently. For SUIC e b seton conimoon Ailed oo b elacbm abier

we assume SOIar apundanc_es for the reflectlon at this Stagénferred frompthe Compton hump, f?)r each of the 16 peri(}?js Ilghted in

The fits obtained with this simple procedure give a reduced rigure[2 using our simple phenomenological analysis. Faritgl the data

x? < 1.21in all cases, and do not show large residual features.from each observation has been color-coded to match Figuféd best fit

We then estimated the equivalent widths of the broad Gaus-inear relation is shown with the dashed line.

sian components, and the raftbbetween the reflection and

intrinsic powerlaw normalizations. in order to ensure that our analysis would not artificiallg{pr
The results are plotted in Figuré 3. Although there is some duce such a correlation. If we fit a powerlaw relation to the

scatter, likely related to degeneracies arising from the-si  data, the best fit index,55 £ 0.36 is consistent with the rela-

plistic analysis, a significant positive correlation idl stiear tionship being linear, as would naturally be expected far tw

from the data, demonstrating a clear link between the stheng aspects of the same fundamental emission component. For

of the Compton hump and the strength of the iron emission.illustration, we show the best fit linear relation in Figlite 3

The Kendall'sr correlation coefficient for these parametersis  Finally, we confirm the correlation observed between the

7 = 0.55, implying the null hypothesis (no correlation) can broad iron emission and the Compton hump is not itself an

be rejected at just ovepXonfidence. We stress again that we artificial result of any parameter degeneracies relatediito t

have endeavored to treat the iron emission and the Comptorsimple phenomenological analysis. Figke 4 shows the reflec

hump independently here, and for both features we considettion parametef? plotted against the column density, and the

guantities that assess their strenggiative to the continuum  equivalent widths of the Gaussian included to account fer th

ionised absorption obtained with this analysis, which rhigh
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FiG. 4.— The reflection strengttR) plotted against the neutral column densityi{) and the inferred strength of the ionised iron absorptiohi(,;,s) obtained
with our simple phenomenological analysis. The color-ngds as for Figurgl3. In contrast to the strength of the bromd émission, neither of these quantities
strongly correlate withk, implying the EW4,.,.q—R correlation shown in Figuilgl 3 is intrinsic, and not merelyeault of parameter degeneracies arising from
the nature of this analysis.

influence the strength inferred for the broad iron emission.  fects close to a black hole (Dauser et al. 2010). The key pa-
contrast to the broad Fe K equivalent widths, no visible cor- rameters foORELCONV are the spin of the black hole?, the
relations are readily apparent between eitReand Ny or inclination of the accretion disk, and the index of the radia
EW.aps. Applying the Kendall correlation test again, we find emissivity profile of the reflected emission, assumed here
the null hypothesis cannot be rejected at even the 95% leveto have a powerlaw form. In order to measure the spin, we
in either of these cases, confirming the intrinsic correfati  assume the accretion disk extends down to the ISCO; should

betweenR and EW40a4.- this not be the case, any spin measurement obtained instead
. ) becomes a lower limit.
3.3. Relativistic Disk Reflection In addition to the disk reflection, we include an intrinsic

Having demonstrated the link between the iron line and the powerlaw continuum. Both of these emission components
Compton hump using simple phenomenological models, weare modified with a partially covering neutral absorber, and
now undertake a detailed analysis of the disk reflectioizutii ~ four multiplicative Gaussian absorption lines (usi@gBs)
ing a detailed, physically self-consistent reflection mowée  in order to account for the known ionised absorption visi-
follow a similar approach to that undertakeri in Risalitileta ble in Figurell (with the higher S/N in the combined data
(2013), where we model each of the four periods identified considered during this analysis, all four lines can now be
from each observation simultaneously, in order to acccamtf independently constrained). We use simple Gaussian ab-
the spectral variability. However, our main aim in this work sorption lines in this work in order to also test whether the
is to test the consistency of the results obtained with the re Spin measurement depends strongly on our prior treatment of
ativistic disk reflection interpretation over the vastlffeiing ~ the ionised absorption with theSTAR photoionisation code
absorption states, so we model each of the four observationédKallman & Bautista 2001). Finally, we also include a dis-

independently. tant, neutral reflection component (again usigLVER) in
order to model the narrow component of the iron line, but this
3.3.1. Model Setup is not modified by either of the absorption components high-
In [Risaliti et al. (2018) we made use of tREFLIONX re- lighted above, as this may well be reprocessed emission from

flection code[(Ross & Fabian 2005), however in this work we the neutral absorber itself, which seems to be associatéd wi
make use of th&ILLVER reflection codel(Garcia & Kallman  the broad line region (Risaliti etlal. 2009), or could alsaupl
2010) in order to test whether the results obtained previ- Sibly arise from even more distant material, e.g. the narrow
ously depend on the exact reflection model used. Similar!in€ region and/or the dusty torus. For self-consisteritina

to REFLIONX, XILLVER self-consistently incorporates both Clination parameters, iron abundance parameters andphoto
the reflected continuum, including the high-energg0 keV) indices are linked between the various components included
Compton reflection hurﬁp and the accompanying line emis-in the model, and each of the four Gaussian absorption lines
sion. The version oKILLVER used here also includes the sub- &€ required to have the same relative line broadening and ou
tle effects of viewing angle on the intrinsic reflected erioiss ~ flow velocity. _

and includes additional atomic physics. Besides the inelin  AS stated previously, for each observation we analyze the
tion (i), the other key parameters are the iron abundasgg)( four periods identified in Figuid 2 simultaneously. All para

and the ionization state (quantified@s- 47 F/n, whereF is eters that are not expected to vary on observable timescales
the ionising flux at the surface of the disk, ani the density) ~ 1-€- the black hole spin, accretion disk inclination, theteyn

of the reflecting medium, and the photon index of the ionizing i"on abundance and the normalization of the distant neutral
continuum (assumed to be a powerlaw). To fully model the "eflection, are linked between the four periods, but alloweed
relativistic disk reflection, theILLVER model is convolved  vary overall. Following Risaliti et all (2013), we also asei
with the RELCONV kernel to account for the relativistic ef- ~that the photon index remains constant. However, the rieutra
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absorption column and the relative contribution of theimtr TABLE 2
sic continuum and the disk reflection are allowed to vary be- Key conTINUUM PARAMETERS OBTAINED FOR EACH OF THE FOUR
tween the periods. We also investigated allowing the cageri OBSERVATIONS OFNGC 1365.

fraction of the neutral absorber and the emissivity proffle o
the reflected emission to vary, but we found that doing so did

not result in a significant statistical improvement for arfy o Parameter Observation

/ . 1 2 3 4
the observations. These parameters are therefore alsallink
between the periods, but allowed to vary overall. We also ini r 1.8470-02 1.99709  2.0570-05  2.077551
tially allowed the ionised absorption lines to vary, buttiou Nu(P 252407 77103 125t12 77103
that this was only statistically required in the third olhser Nu(@?  21.8+0.6 7-4+8‘§ 6. 3+(1)§ 12,7408
tion (January 2013). In this case, we allow the line stresgth Nu@B? 264409 71405 29+04 14.0+0.5

to vary between the selected periods, but assume the eelativ Nu(d  225+09 63104 13103 193106
strengths of the associatechikand K3 lines, the line broad- CHEOZ) 9794 0.9 é81°1'8 8010;2 055103
ening and the outflow velocity do not vary with time, although f ’ ' —2 o Sa

they are allowed to vary overall. For the other observations ~ 18&ais”  1.6103 > 15 ”f(l)é L7

the line strengths, widths and the outflow velocities are as- q 72808 esigl 83707 5.0103

sumed constant with time, but are again free to vary overall. Ape/solar 5. Oiﬁ :’} 50008 5 Oié 8 3. 8i8 ‘j
Since the intrinsic flux changes are only moderate within 3837/3747 6801/6569 6067/5783 5645/5689

each individual observation (see the 5-10keV lightcurmes i X2DOF  “Z1 02y (=1.04)  (=1.05)  (=0.99)

Figure[2), we assume the disk ionization does not vary be-
tween the selected periods, and We also limit the ioniz-ation“ Column densities 1-4 refer to the 4 periods selected withah eespective
to the rangdog Saisk < 3. We do this to exclude unphyS|caI observation €.g. Ny (3) for observat|orr1] 4 refers to P15 in A 2)p and are
reflection-dominated solutions at low spin, which requine a quoted in units 0,022 atom cnr2.
extremely ionised accretion dislog aisk > 3.5) and avery  ® The ionization parameter is quoted in units of erg c s
hard intrinsic powerlaw continuuni’(~ 1.5), only contribut-
ing significantly at the highest energies prob&d¥ 50 keV).
Such scenarios can be rejected in the standard disk refiectioure[3, for illustration, and the key continuum parameters ob
paradigm, since the enhanced lightbending required to pro-tained are presented in Table 2 (with the exception of thekbla
duce reflection-dominated spectra in turn requires ther@ro hole spin and disk inclination which, as the main focus o thi
to be located within a few gravitational radiR(;) of the black work, are presented separately in Tdlle 3).
hole, which is only plausible when the spin of the black hsle i In Figure[® (eft pane) we show the spin and inclination
very high (Miniutti & Fabiaf 2004). However, this is not yet constraints obtained from each of the four observations. It
self-consistently incorporated into the disk reflectiondels is clear that in each case the spin is inferred to be very high
currently available, so such solutions must be excluded-man (¢* > 0.97), and the inclination is also inferred to be fairly
ually. For comparison, we note that such solutions had previ high (i ~ 60°). The quantitative constraints obtained are pre-
ously been allowed when computing the spin constraint pre-sented in Tablgl3. The quoted uncertainties represent baly t
sented in_Risaliti et all (201.3). In any case, the ionizatibn  statistical uncertainties obtained, and do not incorgoaaty
the disk is only expected to be moderate, based on results obsystematic uncertainties associated with the modelinggsro
tained for other AGN1pg £qisc < 3; Ballantyne et al. 2011;  dure itself, or the models used. For example, although we
Walton et al! 2013b). As a final technical detail, we also as- have not allowed such solutions in order to enforce some leve
sume that the cross-calibration constants between theusari  of physical self-consistency at low spin, some of the high-
detectors utilized in this work do not vary with time, apart ionisation, reflection-dominated solutions might be cdnsi
from during observation 3, owing to the unique data reduc- ered physically plausible at high spins, and permitting¢he
tion procedure for period 12 (see section] 3.2). In this case,solutions could broaden the statistically allowed paramet
only the first 3 periods (9, 10 and 11) are required to have therange to some extent. However, we stress that, based on
same cross-calibration constants. the physical considerations discussed above, this would no
3.3.2. Results change the ultimate requirement for high spin. Furthermore
e we note that when the spin constraints have been invedtigate
We systematically apply this modeling procedure to each of for a variety of input model assumptions for other accreting
the four coordinated observations independendyalthough black holes (both binaries and AGN) in which high spin has
we require many of the parameters to be the same for each obeen inferred, the overall requirement for high spin has gen
the periods identified within individual observations (& d erally been found to be robuse.f. AGN: I.
tailed above, see Figufé 2), no requirementiioy parameter ; Galactic binaries: Reis etlal. 2012b; Walton &t al2201
to be the same between observations is imposed. This allowSomsick et al. 2014).
us to test the consistency of the results obtained from each In addition, although both the reflection models utilized
of the observations for key physical parameters, spedifical here and IrLRJ_saIJll_e_t_al 1(2013) compute reflected spectra
the disk inclination and the black hole spin (which should no from simple, constant-density slabls (Ross & Fabian 2005;
change on the timescales probed), and therefore to testthe r |Garcia & Kallmaih 2010), models produced with more com-
bustness of the relativistic disk reflection interpretatiaith plex density profiles which might be expected for real accre-
a consistent modeling procedure. With this approach, we ob-tion disks —e.g.models computed from slabs of material in
tained good fits for each observatiort/DoF = 3837/3747 (= hydrostatic equilibrium[(Nayakshin et/al. 2000) — also pro-
1.02),6801/6569 (= 1.04),6067/5783 (= 1.05) and 5645/5689duce broadly similar results.e. strong iron emission that is
(= 0.99) respectively, and no obvious systematic residwals narrow in the restframe, and a prominent Compton hump.
main. We show the fits to two of the selected periods in Fig- Thus, there is no reason to expect that such models would
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Fic. 5.— The relativistic reflection model applied to two of treexted periods (see Figilrk 2). For illustration, we shawntiost (P3) and the least absorbed
(P12) periods.Top panels:the best fit models obtained for the two periods. In each d¢hseiotal model is shown in black, the powerlaw continuumlireb
inner disk reflection in red and distant reflection in greBattom panelsdata/model ratios for the best fit reflection models for theseperiods. Thé&PIC-pn,
EPIC-MOS FPMA and FPMB data are shown in black, red, green and béspectively.

produce noticeably different results to those obtained les TABLE 3

the line broadening will still naturally be dominated by the THE BLACK HOLE SPIN AND DISK INCLINATION CONSTRAINTS
ner extent of the disk. Indeed, Ballantyne €tlal. (2001, 2004  OBTAINED FOR EACH OF THE FOUR OBSERVATIONS ONGC 1365.
demonstrate the qualitative similarity of models assun@ng
constant density and those invoking more complex density

profiles across the bandpass incorporating the ironeni- Observation & i (deg)
sison and the Compton reflection hump, further supporting 1 <098 65+6
our assertion that the key results presented here regatuing 2 0.98 4 0.01 611{
black hole spin and disk inclination are robust to thesei@art ’ i I
ular details. Instead, we expect that the iron abundanchtmig 3 > 0.99 085

4 0.975 + 0.005 5713

be the parameter most sensitive to the assumptions regard-
ing the density profile as, for certain illumination scepari
models with different density treatments can make differen
predictions for the strength of the iron emission relativéie (right pane) in order to demonstrate the best fit solutions
continuum|(Nayakshin et al. 2000). obtained are always consistent with being the global mini-
The quoted uncertainties also do not incorporate system-mum when considering prograde shimlespite the moder-
atic uncertainties related to the key assumptions inhdécent ately complexy? landscape. Similar to recent analyses by
the measurement of black hole spin, most importantly thet th @ﬁl, 2) a dl. (2014), when computing
accretion disk truncates at the ISCO (or more precisely thatthese contours we restrict the emissivity indexgto< 3.5
there is negligible reflected emission from within the ISCO) for o* < 0.85, as solutions with steep emissivities are only
However, simulations suggest this is generally a fairlydjoo physically plausible for rapidly rotating black holes ineth
assumption, particularly at high spin_(Reynolds & Fabian disk reflection/lightbending paradigre..Wilkins & Fabia
2008). Nevertheless, even with these formal statisticaétin  [2012{Dauser et dl. 201.3). Although something of an arlyitrar
tainties, both the spin and the inclination obtained indepe value, we make this transition at ~ 0.85 for two reasons,

dently from each observation all agree at thel@el of con-  first because this is always a low enough spin that it doesn't
fidence or better, clearly demonstrating that the refledtien influence the statistical constraint obtained around trst-be
terpretation naturally gives consistent results for theeys- fit solution, and second to avoid large discontinuities ia th

ical quantities, despite the vast range of absorptionstatie plotted contours, since the best fit models for each of the fou
served. A full assessment of the model/systematic uncertai observations all givg < 3.5 ata* ~ 0.85. While each in-
ties when self-consistently treating all the data will be-pr  dividual case is slightly different, in general, tlé contours
sented in future work (Brenneman et &h. preparatior). In obtained from each observation with the above model setup
addition to the key geometric parameters, the iron aburglanc favor a high spin, with a rapid initial rise i? followed by a
should also remain constant on observable timescales, and

again the values obtained display a good level of consigtenc 2 We do not consider retrograde spin in this work, as to dateetie

agreeing at the@level or better no evidence for an active galaxy with such a spin orienta(i®alton et al.

2 - i~ [2013b); while[Cowperthwaite & Reynolds {2012) initially ggested thal

We also ShOW thedx* confidence contours f_OI‘ th.e SPIN - 3c120 might have a retrograde spin. Lohfink ét/al. (2013} deenonstrated
parameter obtained from each of the observations in Figurethis is unlikely to be the case.
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FIG. 6.— Left panel: The results obtained for the black hole spiopj and the disk inclinationkotton) with our time-resolved analysis of each of the
four coordinatedNuSTARXMM-Newtonobservations. The errors are the 90% confidence intervala $ingle parameter of interesRight panel: The Ax?
confidence contours for the black hole spin. As in Fiddre &,dbntours for observations 1, 2, 3 and 4 are shown in black,geen and blue respectively.
The horizontal dashed lines represent the 90, 95 and 99.8&9%«) confidence levels for a single parameter of interest. Smiittours are calculated limiting
q < 3.5fora* < 0.85, as expected for the standard disk reflection/lightbendaoglel, while the dotted segments are calculated relaxisg-tnstraint.

slow decline as lower spins are considered. explored in future work (Rivers et al. 201ih, preparation.
Finally, we also demonstrate the effect of relaxing the con- Despite this range of absorption, the observed spectrum fro
straint on the emissivity index for low spins (dotted comtou each observation displays the same hallmarks of reflection
segments). This generally results in slightly better fitthis from the innermost regions of the accretion flow, relativis-
regime, although the high spin solution is still statidtica  tically broadened iron emission and a strong Compton hump.
favoured for most of the observations. In the case of observa Furthermore, we also find that the breadth of the line is in-
tion 2, however, the decrease) towards low spin becomes dependent of the level of absorption observed. The simplest
such that the best fit at* = 0 is formally statistically compa- interpretation is that these features are not directly@atex
rable to the best-fit high spin solution, owing to strong dege with line-of-sight absorption, providing yet more comjrsdl
eracies among the various model parameters (when they arevidence for the contribution of relativistic disk reflexti
allowed sufficient freedom). Interestingly, this is the ebhs- Through time-resolved spectroscopy, similar to recentana
tion displaying the least spectral variability, which mayact yses of other bright AGNg.g.Reis et all. 2012a; Parker et al.
serve to exacerbate parameter degeneracies for the compleX014a| Marinucci et al. 2014b), we have demonstrated a clear
model considered here. Evidence for this can also be seetink between the broad iron emission and the Compton hump
in Table[2, where several key continuum parameters are no(Figure[3), as expected if these features are two aspects of
as well constrained as for the other observations. Howaver, the same underlying component, as in the relativistic reflec
addition to requiring a steep (> 4) emissivity index, thislow  tion model. We also examined the consistency of the results
spin solution is also reflection-dominated, despite out&es  obtained for key physical parameters through self-cogisist
forts to exclude such solutions in this regime. We therefore modeling of this reflection, allowing for variable, parhal
discard this low-spin solution on physical grounds. Models covering absorption. In spite of the complexity of the be-
that self-consistently incorporate spin-dependent &fféar haviour displayed by NGC 1365, consistent results are ob-
the emissivity and the reflected contributiang.Dovciak et tained for both the disk inclination and the black hole spin

al, in preparation will be utilized in the future. in each case, as shown in both Figure 6 and Table 3. The sta-
tistical agreement between the results obtained is good eve
4. DISCUSSION before considering the potential systematic uncertaatso-

ciated with these measurements. This is an important consis

We have presented a spectral analysis of the full set Oftency check for the disk reflection interpretation, sincesth

four coordinatedNuSTARand XMM-Newton observations . )
of the well known Seyfert galaxy NGC 1365, focusing pri- physical parameters should not vary on observable timescal

marily on the 2.5-79keV energy range in which the nu- The fact that similar results are naturally obtained from ou
clear emission dominates Although NGC 1365 has typ- reflection analysis provides further confidence in the tesul

ically been observed to be obscured by a fairly substan-OPtainéd, and thusin the overall reflection paradigm, oi+ ab

tial column .g. [Risaliti et al. [ 2005a] Walton et AL._2010; ity to view the innermost regions of the accretion flow and to
Brenneman et al. 201.3), as shown in Fiddre 1, these four highmeasure black hole spin for active galaxies.

S/N observations caught the source in an unprecedented rang . .
of absorption states, including states with little linesight 4.1. Distant Reprocessing

absorption to the central nucleudy{ < 10?2 cm=2). The In response to the results presented by Risalitilet al. (2013
full implications for the structure of the absorption wileb  [Miller & Turner (2013) performed a series of simulations ar-
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TABLE 4
RELATIVE AND ABSOLUTE LINE FLUXES FOR THE NARROW IRON
EMISSION FOR EACH OF THE FOUR OBSERVATIONS ONGC 1365.

Observation
1 2 3 4
EWnarrow (€V) 57712 31+7 31+8 3475
Nnarrow® 1179 12703 11703 1.0+0.2

@ Narrow line normalisations, quoted in units .~ ct cm2 s~ kevV—1!
(at 1 keV).

guing that a combination of partially covering absorptiod a
distant reprocessing could produce spectra similar teethbs
served without any contribution from relativistic disk esfl
tion. A similar model had been investigated|by Risaliti et al

D. J. Walton et al.

tor of ~4-6 for an almost totally covering absorbee(large
Cy, in good agreement with Miller & Turner 2013 despite the
modeling differences), te-20-30 for a geometrically thin gas
ring (smallCy). In all scenarios, the intrinsic luminosities are
either inconsistent with those estimated from other indica
(smallerCy; in the thin-ring case, the total X-ray luminosity
alone is close to the Eddington limit, and more than one or-
der of magnitude higher than the luminosity inferred from th
[Oll] emission) or the observed level of reprocessed radia
tion (e.g.the narrow iron kv flux, total radiation reprocessed
in the infrared; large€.,).

(2013) argue in the highe?,, case the in-
trinsic X-ray flux in the absorption scenario may be roughly
similar to that inferred in the disk reflection scenario,egiv
that the lightbending required to explain the enhancedaefle
tion and steep emissivity profiles likely mean that the frac-
tion of the intrinsic X-ray flux lost over the event horizon
is enhanced. However, the key point is that in the absorp-

(2013), and was found to require three independent absorption scenario this flux does escape from the black hole, and

tion components, one of which was Compton-thick, in ad-
dition to Compton reflection from distant material in order
to reproduce both the/4-8keV spectral complexity (other-
wise interpreted as relativistically broadened iron erigs
and the strong hard-excess-a20 keV. This model was able
to adequately reproduce the data from the first observation i
a statistical sense, and we confirm that this formally remain
the case for the additional observations by repeating he-ti
resolved analysis undertaker in Risaliti et lal. (2013) tute
constructing models in which the relativistic disk refledati
contribution is replaced by additional partially coverialy-
sorption components.

Consistent with_Risaliti et all (2013), we find that two ad-
ditional absorption components (making three in total) are
generally required to fit the datay{/DoF = 3853/3721,

must be reprocessed. Furthermore, th rner
(2013) suggest almosill AGN (including type-1 sources)
are affected by Compton-thick line-of-sight obscuratioXi

rays, with covering factors close to unity (see also Tatuallet
2013) and highlight that NGC 1365 does not display extreme
levels of reprocessing relative to other AGN, such compar-
ison does not address the original point from Risaliti ét al.
(2013) that the observed level of reprocessing does not ap-
pear to match that expected from the absorption scenario in
an absolutesense, not a relative sense. Therefore, the basic
conclusion presented in Risaliti et al. (2013) remainsdvali

4.2. Viewing the Inner Disk

In addition to these considerations, the observed spectral
variability from the full dataset also allows us to confirm

6940/6544, 6093/5763 and 5664/5664 for the four observa-the contribution of relativistic reflection from the inneisk

tions, respectively), in addition to a distant Compton iefle
tion component to account for the narrow iron line (modeled
again withXILLVER). These fits are still poorer than for the
relativistic reflection model (see Talble 2). Removal of ohe o
these absorption components degrades the fit 3= 30-70
(for eight fewer free parameters) in each of the observation
with the third absorber being least statistically significen

through other physical arguments. Were the feature inter-
preted as the iron line to be produced primarily by partially
covering line-of-sight absorption, rather than by diskeefl
tion, there is no reason to expegbriori that such consistency

in the inner disk parameters would be observed. Indeedngive
the strong evolution clearly observed in the line-of-sight
sorption, this would certainly not be expected, partidylr

the least absorbed observation (Obs. 3, although an F-testhe black hole spin which is primarily constrained by the-red

still suggests it is significant at greater than the 99.9%ssita
cal level). The column densities and covering fractionstier

wing of the line, where the observed absorption variabliag
the largest effect (See Figurk 1).

two additional absorbing components are found to range from  Furthermore, as is also visually apparent from Fiddre 1,

Nu i1 =3.5-5x102*cm~2andC; ; = 0.5—0.7 (Compton-
thick), andNy > = 1 — 5 x 10%> cm=2 andCy » = 0.4 — 0.8
respectively, while the third component displays very &mi

the strength of the narrow iron emission, which likely does
arise through distant reprocessing, varies relative to dha
the broad iron emission. To quantify this, we construct a

values to those obtained with the relativistic reflectiordelo  simple phenomenological model, replacing the distant and
(Tablel2), again displaying more than an order of magnitudedisk reflection components included in the self-consistent
of variation in column density. Regardless of whether two model used above (sectibnBB.3) with a Gaussian emission line
or three absorption components are used, one is strongly refwith an intrinsic width of 10 eV) and a combination of a re-
quired to be Compton-thick and relatively constant, andisne flected continuumREXRAV) and a relativistic emission line
strongly required to be highly variable. However, this mlode (RELLINE), and apply this model to the time-averaged broad-
was ultimately rejected on physical grounds in Risalitilet a band spectrum from each of the observations. The equivalent
(2013). We summarize the main points below, and refer thewidths of the narrow emission line are presented in Table 4,
reader to that work for a more detailed discussion. confirming the variation in its strength relative to the litoa

In the absorption dominated scenario, the intrinsic lumi- line. This strongly suggests that these features are ret-dif
nosities inferred are significantly higher than the obsgrve ent aspects of the same underlying emission component, par-
ones, due to the effects of Compton scattering. The exact corticularly given that thebsoluteflux of the narrow line is con-
rection factor depends primarily on the geometry and global sistent with remaining constant over the observed timescal
covering fraction (as seen from the X-ray sour€g) of the (Table[4), as expected for distant emission.
dominant Compton thick absorber, and may vary from a fac- Finally, we note that the detection of a short-timescale re-
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verberation lag associated with the broad emission line fur the broad reliability of single-epoch spin measuremermfr
ther confirms this as emission from the inner regions of the reflection for active galaxies.

accretion flow (Kara et al. 2014n preparatior). Ob- This is an important point, as it is difficult to collect the
servation of similar short-timescale reverberation fraa-f  wealth of high-quality data across various epochs that ean b
tures potentially associated with reflection from the intisk ~ available for Galactic binarie®(g/Miller et all[2012) for ac-

has recently been found to be fairly common, both from tive galaxies, owing to both their longer variability tinvages

the soft excess (Fabian ef al. 2009; Emmanoulopoulos et aland their typically lower fluxes. In many cases, studies of
[2011;De Marco et al. 2018; Fabian etlal. 2013; Cackettlet al. AGN spin are therefore limited to single-epoch reflection
ma and the broad iron line_(Zoghbi et al. 2012, 2013; measurementse(g. Walton et al. 2013b). Indeed, in order
Kara et all 2013), also strongly supporting an originin the i~ for AGN spin measurements to progress towards ultimately
ner disk. Although reverberation from distant reprocegsin providing strong tests of models for galaxy formation and/o
material was again initially proposed as an alternativerint SMBH growth €.g. 2008:; [ Dubois et al.
pretation for the early AGN lag results.¢:Miller et all[2010; [2013), substantially larger and better statistically d=fisam-
ILegg et al[ 2012), this no longer seems able to explain theples of AGN spin measurements than are currently available
complex lag phenomenology observed. In particular, high- (Walton et all 2013b; Reynolds 2013) will be required, cever
frequency reverberation lags have now been detected frem th ing a broader range of redshift space, and hence pragntatical
broad iron Ko emission €.g.Zoghbi et al! 2012; Kara etial. the reliance on such single-epoch reflection measurements
2013), while similar iron K features are not seen in the will inevitably increas@. The results presented here should
low-frequency lags relevant to the distant reverberation i be cause for optimism that such progress can indeed be made
terpretation (e.g.l_Kara etldl. 2013), and the association ofwith continued advances in X-ray instrumentatierm. Astro—
these low-frequency ‘hard’ lags with the powerlaw contin- H (Takahashi et al. 2012) atdrHENA+(Nandra et a[. 2013;
uum, rather than distant reverberation, has now been demorbovciak et al[ 2013), and large observing programs, particu
strated|(Walton et al. 2013c), a conclusion supported by-com larly if complemented by sensitive hard X-ray coverage simi

parison with Galactic binaries (Kotov et/al. 2001). lar to that provided bjNUSTAR
Indeed, the similarity of the broad iron features observed
from both AGN and Galactic BHBs, which are generally not 5. CONCLUSIONS

heavily absorbed, in itself provides a compelling case for a e present the first results from the full joint observing
disk reflection origin/(Walton et al. 2012), and features-con campaign undertaken ByuSTARand XMM-Newtonon the

sistent with relativistic disk reflection are also observed el known Seyfert galaxy NGC 1365. The four coordi-
AGN with no evidence for obscuratiore.g.Nardini et al. nated observations reveal an extreme level of spectral vari

2011] Lohfink et al. 2012; Walton etlal. 2013b). Furthermore, gpjlity, which primarily appears to be due to variable liofe-
we have now detected relativistically broadened iron eimmss  sight absorption. However, while changes in absorptiorehav
'r?“ (?r (ﬂg%g}gg%ng?’else{;lsdeedpg#gesgwém@%g15‘3’&‘;??6been observed in NGC 1365 befoeeqRisaliti et al/2005b;

11 . : [Connolly et al[ 2014), our observations display relativey
X-ray emitting region to beRx < 10 Rc (Daietal[2010),  opscured states with high S/N for the first time. Despite the
firmly ruling out the possibility of the broadened iron emis- gjyerse range of absorption states displayed, each of terob
sion being produced by large, distant reprocessing stretu  yations displays the same hallmarks of relativistic reftect
There is, therefore, now a substantial body of independentf,om the inner accretion disk: a relativistically broadeiren
evidence suggesting that we are indeed viewing the innefjine and a strong Compton reflection hump. These features
disk in a significant population of AGN. Our results firmly  therefore cannot be associated with line-of-sight abampt
place NGC 1365 among this number (with the obvious ex- |ngeed, with a simple phenomenological analysis, we fint tha
ception of the Compton-thick phases occasionally dismlaye  the strength of the relativistic iron line and the Comptomipu
Risaliti et al. 2005b). relative to the intrinsic continuum are well correlatedsioiée

4.3. Black Hole Spin treating each of these features independently, as expécted

i ) they are two manifestations of the same broadband reflection
These results present a consistent picture, that even "‘hOUQSpectrum.

NGC 1365 does clearly exhibit variable line-of-sight atpsor Following this simple analysis, we perform time-resolved
tion, it also hosts a rapidly rotating black hole, viewed athh  gpectroscopy with physically self-consistent disk reftect
erately high inclination. Our analysis constrains _thga gfin models, allowing for variable, partially covering absdopt
NGC 1365 to be:” > 0.97 (based on the 90% statistical un- iy order to constrain the inner disk parameters. We tredt eac
certainties). The quantitative results obtained fortheBpre  f the four observations independently in order to test tire ¢
(Table[3) are consistent with the initial constraint préedn  sjstency of the results obtained for the key physical parame
in Risaliti et al. (2013) based on the first observation alone ters i.e.the black hole spin and disk inclination, which should
despite subtle differences in our analysigy.using a differ- ot vary on observable timescales. Excellent consisteaey b
ent reflection model and a different treatment for the icthise yeen these results obtained for these parameters fromoéach

iron absorption, suggesting that the overall conclusiamis  the four observations is found. Despite the recent controve
sensitive to these details. The spin constraints obtaieeel h

are also similar to the constraint Obtaine eta  3\ye note that in rare cases in the local universe it may stipbesible
(2013), and that implied from the inner radius obtained by to directly observe the thermal emission from the inner dikm which it

Walton et al.[(2010) through study of a sin@lazakwbserva- may be possible to constrain the spin through estimatioheoémitting area,
provided the black hole mass, disk inclination and the egleatmospheric

tion, although in the former the inclination was not allowed corrections are knowi (Zhang &1/aL 1987 Dorié &t al.12018vever, given
vary (we note that the assumed value was similar to those 0b+he disk temperatures involved for even the lowest mass A&#h the small

tained here), and the latter simply assumed fully covergugn likelihood of being able to utilize this method decreaseisidy with increas-
tral absorption. Nevertheless, our results attest pesjtito ing redshift.
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