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ABSTRACT

In Gou et al. (2011), we reported that the black hole primatié X-ray binary Cygnus X-1 is a near-extreme
Kerr black hole with a spin parameter > 0.95 (3¢). We confirm this result while setting a new and more
stringent limit: a,. > 0.983 at the3o (99.7%) level of confidence. The earlier work, which was bHase an
analysis of all three useful spectra that were then avai)atds possibly biased by the presence in these spectra
of a relatively strong Compton power-law component: Thetfom of the thermal seed photons scattered into
the power law wasfy = 23 — 31%, while the upper limit for reliable application of the contum-fitting
method isfs < 25%. We have subsequently obtained six additional spectraygh@s X-1 suitable for the
measurement of spin. Five of these spectra are of high guwdti f; in the range 10% to 19%, a regime where
the continuum-fitting method has been shown to deliver veligible results. Individually, the six spectra give
lower limits on the spin parameter that range fram> 0.95 to a. > 0.98, allowing us to conservatively
conclude that the spin of the black holesis> 0.983 (30).

Subject headingsX-rays:binaries — black hole physics — binaries:individ@ygnus X-1)

1. INTRODUCTION ation of many sources of systematic errors (€.9., Steinal et

The X-ray binary Cygnus X-1 was discovered in the early 2011iKulkarnietal. 2011 Zhu etial. 2012).
days of X-ray astronomy (Bowyer et/al. 1965), and its com- , He€rein, __using _ the continuum-fitting  method
pact primary was the first black hole candidate to be estab-(McClintocketal.| 2013) and precisely the same method-
lished via dynamical observatioris (Webster & Murdin 1972; °logies that are described in Gou et al. (2011; hereafter
Boltori[1975). Recently, in three sequential papers on Cygnu GOU11) — but using data of much higher quality — we
X-1, we reported accurate values of the source distance CcOnfirm our conclusion that Cygnus X-1's black hole is a
(Reid et al[ 2011), black hole mas# and orbital inclination ~ N€ar-extreme Kerr hole, a result that has received support
i (Orosz et al. 2011), and an extreme value for the black hole’'sV1@ the independent Fe-line method of measuring spin (see
spin parameter,, > 0.95 (3 o [Gou et all 2018 Section 7.1). Importantly, these new data allow us to okdain

We measured the spin of the black hole by fitting the ther- MOTe stringent limit on the spin parameter, namely> 0.98

mal X-ray continuum spectrum of the accretion disk to the \°??/: L . - .
thin-disk model of Novikov & Thorrie (1973). The key fit pa- For reliable application of the continuum-fitting methad, i

rameter is the radius of the inner edge of the accretion disk,ii eésential that thelthermal disk C(()I\r;pglrjent Eomirllear'fglogver
which is equivalent to the radius of the innermost stableeir '€ Compton power-law component(McClintock €t al. 2013),
lar orbit Risco (Zhang et all_1997; McClintock et/al, 2013). Which is always present in the spectra of X-ray binaries. It
Inturn, Risco /M is directly related to the dimensionless spin 'S b?f th'ﬁ C”tﬁ”on thatlthedp(esgg data are of much h|g|;h_er
parameters, (Bardeen etal. 1972). The continuum-fitting q‘ﬁa ity t anht ?Sﬁ anayzlt_e in GOU11, as we now explain.
method of measuring spin is simple: It is strictly analogous 1N€ strength of the complicating Compton component is pa-

to measuring the radius of a star whose flux, temperature anqametferri]ze% by thle scgtter:ing fractign nggh is ;he frac- |
distance are known. By this analogy, it is clear that one mustton of the t (esrm_a see ||O g(g(())gsbscaltéerel into tfe power-ia
have accurate estimates Bf M andi in order to obtain an ~ componenti(Steiner etil. ). Idealfy is a few per-
accurate estimate af, by fitting the X-ray spectrum. The ro- cent, while the limit for reliable application of the cortimm-

bustness of the continuum-fitting method is demonstrated by/iting method, based on a thorough investigation of twollac

the dozens or hundreds of independent and consistent med12l€ binaries, has been shown to hes, 25% (Steiner et al.
surement of spin that have been obtained for several blackt094). The extreme spin reported in GOU11 is based on

holes (e.gl, Steiner et/al. 2010), and through careful demsi 1 @nalysis of the only three spectra of Cygnus X-1 that
' were then available and suitable for measurement of spin via

the continuum-fitting method. One spectrum was marginally
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McClintock & Remillard| 2006), but also for two additional This key observation (ObsID=12472) was obtained in the
reasons: (1) It is essential to have spectral data that spaACIS CC mode. As indicated in Figure 2 and discussed
a broad energy rangey 0.5 — 40 keV, in order to simul-  above, the observation, which has a total duration of 24 ks,
taneously constrain the unusually soft thermal componentwas parceled up into five data segments. The start and stop
(kT ~ 0.5 keV) and the Compton power-law and reflected times for each data segment, which are given in Table 1, are
components (see Section 2 and Figure 3 in GOU11), and suchihe same as those for the correspond@rEPCA observa-
broadband data are rare; and (2) the source usually dwellgion (Figure 2). The individual PCA observation times range
in its soft state only about 10% of the time (see Figure 1 in from 1.5 ks to 3.4 ks, while the correspondi@andranet
GOU11). In mid-2010, Cygnus X-1 again entered the soft exposure times are 4 times shorter (Table 1).
state. Seizing this opportunity, we observed the source wit  For this Chandraobservation, as well as for Observation
Chandra Swift SuzakyandRXTEand obtained the spectra No. 2 (Section 2.2), we (i) used the High-Energy Trans-
with moderate values of; that are mentioned above. The mission Grating (HETG) and the Advanced Camera for
times of these various observations are indicated by arrows Imaging and Spectroscopy (ACIS-S; Canizares et al. |2005;
the X-ray light curve shown in Figure 1. Garmire et al. 2003); (ii) binned the data to achieve a mini-
The paper is organized as follows: In Section 2, we describemum number of counts per channel of @0énd (i) made no
the observations and data reduction, and in Section 3 tlze datallowance for systematic error because the statistical ésr
analysis and our spectral model. Presented in Sections 4, %arge.
and 6 respectively are our results, a discussion of theirsibb The data-rate limitation of the CCD detectors makes it chal-
ness, and a comprehensive analysis of the errors. We discudenging to observe a bright and variable source like Cygnus X
two topics in Section 7 and offer our conclusions in the final 1. The principal problem is “pile-up,” i.e., the registagiof
section. two or more photons in the same or adjacent pixels within
a single frame time. In the CC mode, the frame time is re-
2. OBSERVATIONS AND DATA REDUCTION duced to 2.85 ms by continuously transferring the data from

In late 2010 and during 2011, we made the five soft-state the image array to the frame-store array. While this esaiénti
observations listed in Table 1 usit@handra Swift, Suzaku eliminates pile-up, the details of the spatial distribotio the
andRXTE For the fourChandraand Swiftobservations, the ~ columns are then lost due to the collapse of the 2D image into
essential high-energy coverage was provided via simuitane @ 1D image. In order to avoid saturating the telemetry, only
ous observations made using the Proportional Counter Arrayth€ data for the High Energy Grating (HEG; -1 order) and
(PCA) aboardRXTE BecauseRXTE observations are seg- Medium Energy Grating (MEG; +1 order) components of the
mented by Earth occultations and because we require thaf'ETG were transmitted. The spectra were extracted follow-
the RXTE observations be strictly simultaneous (with those ing the standard procedufie®Ve fitted these data over the full
of Chandraor Swiff), we chopped the five observations into €nergy range 0.5-10.0 keV (except for the 1.3-2.0 keV chip
ten observation intervals, each providing one of the spectr 9ap in the MEG spectrum).

S1-S10thatare listed in Table 1. Here and throughout, “spec )

trum” refers to a segment of an observation, as schematicall 2.2. Obs. No. 2: Chandra — Timed Exposure (TE)
defined in Table 1. V\_/hile two spectra may_be part of a sin_gle In reducing these TE-mode (ObsID=13219) data, we fol-
contiguous observation, any two observations were otdaine lowed the method described by Smith €t &l. (2002). Again,
at disjoint time intervals and correspond to distinct poigs.  only the orders of the HEG and MEG spectra mentioned
We adhere to this language throughout. above were used. In addition, for the TE mode the data for the

Observation No. 1, which corresponds to spectra S1-SSreadout streak on the same side of the HEG and MEG spec-
(Table 1), is by far the most important observation becausetra were also used. We extracted the “streak” and background
the Compton component is relatively faint, much faintentha spectra following the recommended procedfirealthough
during Observations 2-5, and also much fainter than duringthe net exposure times for the two TE-mode spectra S6 and
observation, we show in Figure 2 the count rates measured bimes for the streak spectra are only about 19.2 s and 5.0 s,
RXTEandChandra _ respectively. For these streak spectra, we estimate tast le
_We now discuss in turn the observations and data reducthan 5% of the events are affected by pileup, and we therefore
tion procedures foChandraand Swift and then foRXTE yse the full 0.5-10 keV bandwidth.” For the dispersed grat-
which provides the complementary high-energy coverage. Ining spectrum, we only included data for whieh5% of the
performed solely bysuzakywith the high-energy coverage data are in the energy ranges 0.7-0.9 keV and 7.0-10.0 keV.
provided bySuzakis Hard X-ray Detector (HXD). Table 1

gives for each odbjservatlion_ ba;i}c ir(;fotrn}ation i_nclu?jintgai:s " 2.3. Obs. Nos. 3—4: Swift — Windowed Timing (WT)

ergy range used in analyzing the data for a given detector, . .

grg}s/s obgservation times% thg effective expogure timesnthe | hreeSwiftRXTEobservations were performed on UT Oc-
tensity of the source in Crab units, the spectral hardnegs (F  °Per 8, 24 and 26. We disregard the observation of Octo-
ure 1) and the orbital phase of the binary system. The orbital?€" 24 because thRXTE data were not simultaneous and
phase is useful for assessing the likelihood that an observa , _ .~ . approximately 2-4 times larger than the d
tion is affected by absorption dips, which are observed th bo fault grating resolution, as recommended for modeling tatiouum
the hard and soft states of Cygnus X-1 near phase zero (e.ghttp://cxc.harvard.edu/ciao/threads/spegrauping/. The fit results are un-

Hanke et al. 2009; Yamada et lal. 2013). changed if the data are binned more finely, although redugestuared will
be slightly lower.

8 http://cxc.harvard.edu/ciao/threads/spedtedgacis/
9 http://cxc.harvard.edu/ciao/threads/streakextract/

2.1. Obs. No. 1: Chandra — Continuous Clocking (CC)
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the source was highly variable during this period. The WT XIS. (No systematic error was included for the HXD.) Given
mode was used to minimize the effects of pile-up. The data(1) that the fit we were able to achieve is relatively poor with
were extracted using the procedures outlined in Romanad et aly? = 1.69, (2) the lack of any constraint on the reflection
(2006)9. We used an extraction aperturesofx 20 pixels for component in the 10-20 keV band, and (3) the significant ef-
the background region and typicall) x 20 pixels for the fects of pile-up we do not use ti1zakispectrum to estimate
source region (40 pixels long along the image strip and 20spin, although for completeness we list the observatiorain T
pixels wide; 1 pixel=2.36 arcsec). Despite our use of the WT ble 1.
mode, the data are strongly affected by pile-up. According 3
to the observation manifa) pile-up is negligible below 300 - DATAANALYSIS

counts s'; however, the count rate exceeded 800 countss A soft-state spectrum of Cygnus X-1 is comprised of ther-

for all of our observations. We therefore excludetbax 20 mal, power-law and reflected components, which are illus-
pixel region in the center of the source extraction region to trated in Figure 3. The latter component includes the ke K
ensure that pileup effects remain under 5%. emission line. A schematic sketch of the physical strusture

We netted three simultaneous observations, eadhks in that give rise to the three spectral components, namelycthe a
duration (Table 1), that we use to measure spin. Althoughcretion disk and the corona, are shown in Figure 2 in GOU11.

the gap between the two observations is osl\30 min, we The data analysis and model fitting throughout this pa-
chose not to combine them because our model fits show stronger were performed using XSPEQversion 12.6.0 (Arnalid
source variability, with the source intensity increasingnf 1996) and, unless otherwise indicated, errors are evemgvhe

0.59 Crab to 0.90 Crab (Table 1) and the scattering fractioni reported at théo level of confidence. In this section and the
creasing from 31% to 50% (Section 3). All tBeviftdata were  following one, we fix the input parametel’ i andM at their
binned to achieve a minimum number of counts per channel offiducial values (see Section 4).

200, and we included a systematic error of 0.5% in the count In GOU 11, we analyzed three spectra of Cygnus X-1 by

rates in each PHA channel. working in detail through a progression of seven prelimi-
nary models. The first three models, NR1-NR3, were non-
2.4. Obs. Nos. 1-4: RXTE relativistic, with the accretion disk component modeled us

As in GOU11, forRXTEwe elected to use only the data ing DISKBB. The results for the _ph_ysi(.:ally most realistic
from what historically has been the best-calibrated detec-Of these models, NR3, were gratifying: We obtained very
tor, PCU2. Meanwhile, it is unimportant whether one uses consistent values of inner-disk temperature and radius for
PCU2 alone or all the PCUs (GOU11). All tiRXTEspec-  he three spectralll, = 0.542.0.539 and 0.543 kel and
tra have been reprocessed using the latest PCA calibrationdtin = 2-06,2.30 and2. /¢*; see Table 7 in 11).
available in NASA software release HEAsoft 6.13. In par- __\ext, we analyzed the spectra using four preliminary

ticular, we generated new response files and used the lat/€lafivistic models, R1-R4, which are built around the

est assignments for converting pulse-height channel to enJully_relativistic_accretion-disk _model componerker-

ergy. In addition, we used a revised PCA background rRBB2 (McClintock et al! 2013). This component is a direct
model “pcabkchcr'nvIeeMv20111129.mdl” which we ob- replacement fobiSkBB, returning two fit parameters, namely
tained from the PCA instrument team. Furthermore, we cor- @~ and the mass accretion rafé (instead of temperature
rected the effective area of the PCA using[the Toor & Sewardand inner-disk radius). These four models progress toward
(1974) spectrum of the Crab Nebula precisely as described®Ur adopted model in the sense that R1 is the most primitive
in Section 2 in GOU11, thereby obtaining for Observa- and our adopted model the most physically realistic. Alirfou
tion Nos. 1/2/3/4 normalization Correction factofés Of models and our adopted model gave very similar results for
1.128/1.133/1.123/1.123 and a correction to the slopeef th the parameter of interest, namedy. We chose to present in
power law of AT'rg 0.022/0.024/0.023/0.023; the respective detail our results for models R1-R4 in order to demonstrate
dead time correction factors are 1.029/1.039/1.048/1.64g  that our modeling of the critical thermal component —and the
nally, as customary for PCA observations of bright sources, xtreme spin it delivers for Cygnus X-1 — are insensitive to
we included an allowance of 0.5% for systematic error. We the details of the analysis, as expected given the dominance
fitted the RXTE spectra over the energy range 2.9-50 kev Of the thermal component.

(pulse-height channels 4 to 83). In this paper, we employ a single model, namely the one
adopted in GOU11, which is the most accurate of the eight
25 Obs. No. 5 Suzaku models considered by GOU11. Its structure, naming all the

. ts that iseit, i d as follows:
Both the X-ray Imaging Spectrometer (XIS) and the Hard components that comprise I, 1S expressed as 1ofows

X-ray Detector (HXD) were used for this observation with a CRABCOR * CONST * TBABS [SIMPLR ® KERRBB2

gross observing time of 5 ks (Table 1). We reduced the
data using the standard procedures described in Yamada et aﬂ—KERRDISK + KERRCONV ® (IREFLECT © SIMPLC)]

(2012). There is no fast readout mode for the XIS detector, As described in more detail belo®)MPLR generates the
and the effects of pile-up are large, even though we excludedpower-law component using the seed photons supplied by the
the counts in the central source region within a radius of 60 thermal componenkerRRBB2, while the reflection compo-
pixels. To achieve an acceptable fif(<2.0), forthe XISwe  nent is likewise generated in turn bByEFLECT acting solely
ignored the energy ranges: 1.7-1.9 keV and 2.1-2.3 keV, andn the power-law component (i.eREFLECT does not act on
for the HXD we ignored the energy range below 20 keV. We the thermal component). The fit returns a single value.of
furthermore added the 2% customary systematic error for thewhich is a key fit parameter in three of the model compo-
nents:KERRBB2, KERRDISK andKERRCONV. We now dis-
10 see also http:/iwww.swift.ac.uk/analysis/xrt/pileupp
11 |http:/iwww.swift.ac.uk/pileupthread.shtml 12 X SPEC is available at http://heasarc.gsfc.nasa.govikarapec/
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cuss in turn the model’s three principal components — therma ing factors in IREFLECT to negative unifid (see GOU11 for
power-law and reflected — and their interrelationships. details). The modelREFLECT®SIMPLC returns a reflected
Thermal componenthe centerpiece of our adopted model spectrum that contains sharp absorption features and re emi
is the accretion-disk model componekERRBB2, which sion lines. To complete the model of the reflected component,
includes all relativistic effects, self-irradiation ofehdisk we follow [Brenneman & Reynolds (2006) and employ the
(“returning radiation”) and limb darkening _(Lietlal. 2005; line modelKERRDISK and the convolution smearing model
McClintock et al.. 2013). The effects of spectral hardening kERrRCONYV, both of which treat, as a free fit paramef&r
are incorporated into the basic modalRRBB via a pair of  These latter two models allow the emissivity indices to dif-
look-up tables for the hardening factgrcorresponding to  fer in the inner and outer regions of the disk. For simplicity
two representative values of the viscosity parameter= and because this parameter is unknown with values that vary
0.01 and 0.1. Throughout this work we use = 0.1 un- widely from application to application, we use an unbroken
less stated otherwise (King et al. 2007). The entries in theemissivity profile with a single indey. We tie together alll
look-up tables forf were computed using bo#kERRBB and the common parameters &ERRDISK and KERRCONYV, in-
a second relativistic disk modeHsPeEC (Davis et all 2005;  cluding the two principal parameters, namelyandg.
Davis & Hubeny| 2006). We refer to the modeERRBB The three multiplicative model components are ¢RAB-
plus this table, and the subroutine that reads it,Kag- COR, which corrects for calibration deviations relative to
rRBB2 (McClintock et al. 2013). As noted above, the model Toor & Seward (see Section 2 in GOU11 and Steiner et al.
KERRBB2 has just two fit parameters, namely, the black hole [2011); (2) consT, which reconciles the calibration differ-
spin parameteti, and the mass accretion raté¢ (or equiva- ences between the detectors (throughout the paper, we fix
lently, a.. and the Eddington-scaled bolometric luminosity of the normalization of the(RXTEPCU2 detector to unity and

the diSk,L(a*,M)/LEdd). In computing the results reported fit for the normalization of theChandraand Swift detec-
in this paper (and in GOU11), we included the effects of limb tors); and (3)TBaBg™, a standard low-energy absorption
darkening and returning radiation. We set the torque at themodel (Wilms et al. 2000). _ _ _
inner boundary of the accretion disk to zero, fixed the nor- _ Comparing Figure 3 with the corresponding Figure 3 in
malization to 1, (as appropriate whéd, M andi are held ~ GOU11, one sees at a glance that spectra S1-S5 (with
fixed), allowed the mass accretion rate to vary freely, and fit 10— 19%) are much more strongly disk-dominated than spec-
ted direcﬂy for the Spin paramet&}r_ tra SP1-SP3 in GOU11 (Wltyl; = 23 — 31%) For SpeC'
Power-law componentThe first term in square brackets, tra S1-S5, the peak flux in the thermal component is 5-10
SIMPLR®KERRBB2, models the power-law component and times the peak flux in the power-law component, and it is
the observed thermal component in combination. This domi-~ 25 times the peak flux in the reflected component. As
nant part of the spectrum (see Figure 3) is computed by con-We discuss in the conclusion section of the paper (Sectipn 8)
volving KERRBB2, which describes the seed photon distri- SPectra S1-S5 (Figure 3) are of the same quality as spectra
bution (i.e., the thermal component prior to being scattere that delivered reliable values of spin for the black hole pri
with SIMPLR. The convolution mode$iMPLR (Steiner etal. ~ maries in XTE J1550-564 (Steiner etlal. 2011) and H1743—
2011) is a slightly modified version afimpL (Steiner etdl. 322 (Steiner et al. 2012).
2009b) that is appropriate for use in conjunction with an ad-

ditive reflection component (Steiner et al. 2009b). The two _ _ 4. RESULTS _ _
key parameters o§IMPLR (and SIMPL) are the power-law In this section, we present results with the key input pa-
photon indexI" and the scattered fractiofi (Steineretal.  rameters fixed at their fiducial value$) = 1.86 kpc, M =

2009b). sIMPLR has one additional parameter that spec- 14.8 My, andi = 27.1 deg (Reid etal. 2011; Orosz et al.
ifies the fraction of the power-law photons that strike the 2011). The fit results for all ten spectra, S1-S10, are summa-
disk (Steiner etal. 2011). As used hesewmPLR describes  fizedin Tables2and 3.
a corona that sends half the scattered seed photons outward Before broadly discussing the results, we focus on the value
toward the observer and the remainder downward toward theof the scattering fractionf; (Tables 2 and 3), and we strictly
disk, thereby generating the reflected component. Thatds, w follow the data selection criteriof, < 25% (Steiner et al.
assume that the power-law componentilluminating the disk i '2009a). Therefore, we henceforth consider only the six-spec
the same as the component we observe. .tra S1-S6 for whicly, < 24%, and we disregard the remain-
Reflected componenithe second and third additive terms  ing spectra (S7-S10). Before doing so, we note that thetsesul
in square brackets model the reprocessed emission from théor spectra S7—-S10 are, in detail, reasonably consisteht wi
disk. The reflected component results from the disk’s re- those of the six selected spectra. We furthermore notettbat t
sponse to the illuminating power-law component described values off; for three of the rejected spectra (S7, S8 and S10)
by simpLC, the isolated Compton component as seen by are very nearly the same as for the two inferior spectra used
the disk [(Steiner et al._2011). simpLC is equivalent to ~ in GOU11 (SP2 and SP3), namely~ 30%. .
SIMPLR®KERRBB2 minus the unscattered portion of the ther- ~ We now direct our attention solely to spectra S1-S6 with
mal component.SIMPLC is in turn acted on byREFLECT, values of f; = 10 — 24%. The fits are all good, with?
which is a convolution reflection model with the same prop- ranging from 0.95 to 1.40. The spin parameter is very high
erties as its widely-used parent, the additive reflectionl@ho s _ o o
PEXRIV (Magdziarz & Zdziarski 1995). We everywhere adopt only t%gr::ﬁggtg‘ésctc‘)’n%‘g;%ﬂfig?;fg&?;éghere the negative reigans that
solar abundances_; link the_ phOton index to the Value6 retirne ™13 Our results are essentially unchanged if we insteadrise INE and
by sIMPLR; and fix the disk temperature &t0 x 10° K, RELCONV (Dauser et al. 2010).

the temperaturd}, returned byDiskBB; and set the scal- 15 The updated modetrBnew, which improves the resolution of the
absorption cross sections of the elements at low energygicdtly less
than 0.9 keV), will not affect the results. The details canfbend at
http://pulsar.sternwarte.uni-erlangen.de/wilms/agse/tbabs/
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and is pinned at the, = 0.9999 limit of the KERRBB2 of spin. Specifically, we refitted the three spectra consider
model (McClintock et al. 2013), which is the principal resul in GOU11 excluding the 5.0-10.0 keV band and the Fe-line
of this section. componenkKERRDISK. This excised the energy range con-

The luminosity of the disk component is low and uniform, taining the relativistically broadened FexKine and edge, as
L/Lgaa = 1.9 — 2.2%, and it easily meets a key data se- well as a significant residual feature near 9 K§vWe found

lection criterion for successful application of the contim- that our spin results were essentially unchanged, as eegbect
fitting method, namelyL/Lgqq < 30% (McClintocketal.  given the modest equivalent widths of these features.

2006, 2013). Correspondingly, the disk is expected to be geo

metrically very thin at all radii (with aspect ratig/r < 0.05; 5.3. Effect of Extending the Bandwidth to 150 keV

see_Penna etal. 2010; Kulkarni etlal. 2011; Zhu stal. 2012). | section 5.2 of GOU11, it is argued that the coverage of
At the same time, the luminosity is sufficiently high that the e pca to 45 keV is sufficient to constrain the power-law and
spectral hardening factgtis well-determined( ~ 1.6). ~  reflection components; we demonstrated that this is true by
The qolgmn density is sta‘ustl.callly wgll determined with refitting one of the spectra including tRXTEHEXTE data,
uncertainties of only 1-29, while it varies by 3.3% (std.  which span the energy range 20 keV to 150 keV. This result is
deviation; N=6). This is as expected sin6&; is known  ynsurprising given that the PCA coverage to 45 keV is more
to vary by several percent for all three well-studied super- than adequate to determine the power-law component, while

giant black-hole binaries, namely, Cygnus X-1 (Hanke =t al. the reflection componentis dying rapidly at 45 keV (Figure 3)
2009), M33 X-7|(Liu et al. 2008) and LMC X-1 (Hanke et al.

2010). The power-law slope is well determined and quite sta- 5.4. Effect of using a Different Reflection Model
ble, I' = 2.52 £ 0.12 (std. deviation; N=6), and its value As in Section 5.3 in GOU11, we replaced our reflection

is the expected one for the steep power-law stBte-(2.4;
- . e ' . component KERRCONV®IREFLECT®SIMPLC+KERRDISK
Remillard & McClintock 2006). The ionization parameter is with KERRCONV®REFLIONX, which is widely used in mea-

modest and in the range~ 70 — 170. suring spin via the Fe & line. As in GOU11, we again find

5. ROBUSTNESS OF SPIN ESTIMATES that the effects on the spin parameter are essentially miteM
recently, a new and improved reflection modalLvER has
become available (Garcia el al. 2013). This versioxiof
LVER (like REFLIONX) is intended for use when the thermal
disk flux is faint compared to the incident power-law flux,
and it is therefore not well-suited to our case. Nevertl®les
as with REFLIONX, we performed a test by replacing our
reflection component witlkERRCONV®RXILLVER. The fits
are poorer with reduced chi-square ranging from 1.8 to 2.2,
but the effects on the spin parameter were again found to be
quite negligible.

In GOU11, we discuss many factors that might affect our
key result, namely the extreme spin of Cygnus X-1; we find
that none of them are significant. Here, we review these
matters briefly. For further details, see Sections 5 and 7 in
GOU11, and also see Section 5.in McClintock etlal. (2013).
Sections 5.4 and 5.5 below are wholly new and discuss our
adopted reflection model in relation to the recently-redelas
reflection modelxiLLVER (Garcia et al. 2013). Section 5.8
on the effect of dust scattering is likewise new.

5.1. Errors from the Novikov-Thome Model 5.5. On the Accuracy of our Adopted Reflection Model

oI accuracy of seniuum.fiing resue limately 4 in compuing the refected componert, we rely e
p Y : FLECT, a convolution model with the same properties as its

key assumption of this model is that the torque, and hence th%videly used parent, the additive moaelxRrIv, which returns

flux, vanishes at the ISCQ_(Shafee €t al. 2008a; Penna et al ; A .
¢ A " ! ~a spectrum that contains sharp absorption lines and no emis-
2010). The effects of this approximation on spin measure sion lines. Figure 20 in_Garcia et al. (2013) shows that (ig-

ments have been quantitatively investigated via genelal re noring line emission)REFLECT/PEXRIV is a good approxi-

tivistic magnetohydrodynamic (GRMHD) simulations of thin - h histi d modal low ionizati

disks by several authors (Noble etal. 2011; Kulkarni et al mation to the sophisticated MOdaLLVER at low lonization,
I RPN oL = 1 (left panel), while it is a very poor approximation at

2011;/Zzhu etall 2012). The general consensus is that th%. b 3 7 .
S PP igh ionization,£ = 10° (right panel). In Figure 4, we show
zero-torque approximation introduces uncertaintiesin ep- thgt for an intefmediate(cgs@,g 102), whichgcorresponds to

grr?(?tr?wi &f] 2?2;”3?%*”;5 .;sfogloi/v ?ﬁggglgﬁifgsiir?gt)es the moderately ionized disk of Cygnus X-1 (see Tables 2 and
) '’ 3), IREFLECT/PEXRIV is in reasonable agreement with_ -

which are for geometrically thin disksH(/R ~ 0.05, or P .
: : Lo LVER. Considering further that the peak reflected fluxig5
L/Lgaa ~ 0.35) are in practice less than the observational ;¢ tainter than the peak thermal flux (Figure 3), it is not

errors in the parameterd, M andi. For more details con- . : N = .
cerning the Novikov-Thorne model and a discussion of other zﬂgﬁgg%tnhﬁéﬁglesnmate of spin is insensitive to theioh

sources of model errors, see Section 5 in McClintocketal. =, " "o o it \we have fixed the disk temperature in the re-
(2013). flection model a6.0 x 105 K, which correspondsto 0.52 keV.
5.2 Effect of Iron Line and Edges The disk temperature is quite constant for all the spectna co
) g . sidered here and in GOU11 near this valk& (=~ 0.54 keV,

In GOU11, we showed that the Fe-line and other reflection gection 3). Meanwhile, increasing the disk temperature by
features in soft-state spectra of Cygnus X-1 are cosmetic an 5005 t09.0 x 105 K or halving it has a negligible effect on
have a negligible effect on the continuum-fitting measungme

17 This feature results from the imperfect performance ief-

16 The average value ¥, (0.754 +0.016) x 10?2 cm 2, agrees very  FLECT/PEXRIV (Section 3), the reflection model we employ. The limitations

well with the values derived from the 21-cm line in the diiestof Cygnus of this model, which are well known (Ross et[al._1999; Gastial.[201B),

X-1, which is Ng = 0.721 x 10?2 cm—2, a weighted average from both  are discussed in Section 5.5, while the model's margingbpmance near
LAB and DL mapsl(Kalberla et &l. 2005: Dickey & Locknian 1990). the Fe edge is illustrated in Figure 4.
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the spin and other key parameters (apart from the ionizationsystems. (For full discussions on the topic of spin-orhbiral

parameter).

5.6. Effect of Varying the Viscosity Parameter and Metallicity

Refitting the spectra using = 0.01 in place of our fiducial
value @ = 0.1) has a very slight effect, and doing so only in-
creases the already extreme value of spin. The effects pf var
ing metallicity are likewise very small, whether one grgssl
decreases its value to a tenth solar or considers the sigraso
values implied by therRerLECT fits (Tables 1 and 2). In the
former/latter case, the spin is depressed/increased,yt o
very slightly (see Section 5.4 in GOU11). An analysis of high
resolution optical spectra of the donor star indicates Heat
is somewhat overabundant relative to solar (Karitskaydl et a
2007).

5.7. Effect of a Warm Absorber

Although careful modeling of warm absorbers is usually
crucial in determining the spins of supermassive black$ole
via the Fe kv method (e.g., Brenneman & Reynolds 2006),
we showed via an analysis @handraHETG spectra that
their effects are unimportant in estimating the spin of Qygin
X-1 via the continuum-fitting method (see Section 7.6 in
GOU11l).

5.8. Effect of Dust Scattering

The dust scattering halo of Cygnus X-1 (elg., Xiang et al.

2011) has an effect on the source spectrum that is equivalen

to direct absorption. In order to assess the effects of dast s

tering on our results, we used the only relevant model that

is presently available in XSPEC, nameaiysT. The model
assumes that the source flux is scattered into a uniform dis
whose size and total flux vary respectivelyladss and1/E?.
The simple modebusTis a good approximation to more ac-

ment, see Section 1 in_Steiner etlal. 2012, and Section 5.4
in McClintock et al.l 20113). In any case, as we demonstrate
for Cygnus X-1 in Figure 5 in GOU11, even if there exists a
misalignment angle as large as, e.g., 16 deg, the spin \&lue i
still >0.95 (ignoring the uncertainties in, M ands).

6. COMPREHENSIVE ERROR ANALYSIS

The dominant error in all continuum-fitting measurements
of spin is attributable to the observational uncertairitiethe
source distance, black hole mass and disk inclination. For
Cygnus X-1, we have determined accurate values for these

quantities: D = 1.86%91% kpc (Reidetal [ 2011)M =
14.8+ 1.0 Mg, andi = 27.1 + 0.8 deg (Orosz et al. 2011).
Quite generally, even the uncertainties in the analytic
Novikov-Thorne model are significantly less important than
the uncertainties inD, M andi, as has been shown via
GRMHD simulations of thin accretion disks (Section 5.1).
In the case of Cygnus X-1, the model errors are especially
small because of the extreme spin of the black hole and be-
cause of the low luminosity of the disk.{Lgqq ~ 2%).
Spin estimates obtained by fitting mock spectra of simulated
GRMHD disks indicate that for an inclination = 30 deg
(which closely approximates the 27 deg inclination of Cygnu
X-1), the Novikov-Thorne thin-disk model overestimates th
spin parameter by onlAa, = 0.007 and 0.005 for spins
of 0.90 and 0.98, respectively (see Table 1 in Kulkarni et al.
2011). Furthermore, these errors are likely significantigre
stimated because (1) they were computed for disks that are
ar more luminous/Lraq ~ 0.35), and hence thicker, than
that of Cygnus X-11/Lgaa = 0.02), and (2) the deviations
from the Novikov-Thorne model seem to increase as the lumi-

ghosity, and hence disk thickness increB®¢Kulkarni et al.

2011), as anticipated in previous work (Paczyiski 2000;
Shafee et al. 2008b). Thinner disks have not yet been sim-

curate models (e.g., Weingartner & Draine 2001) at energiesulated because to do so is computationally very challenging

in the bandpass of interest, namély> 0.8 keV (Table 1).

We reanalyzed spectra S1-S5 as before, but this time we in

cluded the multiplicative model componantsT. The model
has two parameters that specify at 1 keV (1) the fraction of

For the spin of Cygnus X-1, the effect of the uncertainty

in the absolute flux calibration is very comparable to the 6%

uncertainty inD, which is equivalent to a 12% uncertainty in
the measurement of flux. We have therefore included in our

photons scattered by dust grains, and (2) the size of the hal&'Tor budgeta 10% uncertainty in flux (Toor & Seward 1974),
in units of the detector beam size. If both parameters are al-Which we approximate as an uncertainty in the distance of 0.1

lowed to vary, neither can be constrained. We therefore ini-
tially fixed the scattering parameter to 0.17, which was ob-
tained by extrapolating the value 0.12 at 1.2 keV given by
Predehl & Schmitt| (1995, see their Figure 10). The results
obtained for the key parameters and f; for each of the five
spectra are essentially identical to those that appeatile Pa
although the column densityy is reduced byx 13%. Even

if one increases the dust scattering parameter from 0.13f0 0
the values ofi, andf; are essentially unchanged, while in this
caseNy is reduced byx 25%. We conclude that the effects
of dust scattering are unimportant.

5.9. Effect of a Possible Spin-Orbit Misalignment

In Section 7.4 in GOU11, we considered a principal source
of uncertainty in the continuum-fitting method, namely,
whether the inner X-ray emitting portion of the disk (which
for a thin disk will align with the black hole’s spin axis) is

kpc, by simply combining the distance and flux-calibration
errors in quadrature, thereby inflating the actual 0.120 kpc
distance uncertainty to 0.156 kpc. Thus, the final error we
report fora, includes the uncertainties i, M, i and the
uncertainty in the absolute flux calibration. Taken togethe
these four sources of uncertainty totally dominate thererro
budget. (For a discussion of other lesser sources of eger, s
Section 5 and Appendix A in_Steiner eflal. 2011, and Section
5 inIMcClintock et all 2013).

As in GOUL11, in order to determine the errordn due
to the combined uncertainties i, M andi, we performed
Monte Carlo simulations using the Odyssey computing clus-
ter at Harvard University. The latter two parameters are not
independent. They are related through the expression for
the mass functionf (M) = M3sin’i/(M + M)?=0.263 +
0.004 Mg, whereMs = 19.16 &+ 1.90 M, is the mass of the
secondary star and the value of the mass function was evalu-
ated using a K-velocity f6.79+0.41 km s—* and an orbital

aligned with the binary orbital plane. If, as some evidence period of P = 5.599829 days (Orosz et al. 2011.1).

suggests, the persistent supergiant systems are formeid by d

rect, kickless collapse (Mirabel & Rodrigtles 2003; Reidlet a
2011), then spin-orbit alignment would be expected for¢hes

18 In contrast]_Noble ef al. (2010) find that the stress profit#risost com-
pletely independent of disk thickness.
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In the analysis, we assumed that the value of the mass funcwe give to assessing the effects of a wide range of systematic
tion, the inclination, and the mass of the secondary are nor-errors, a topic that is not addressed in Fabian et al. (2012).
mally and independently distributed, and we computed the Earlier,|Miller et al. (2009) reported a near-zero spin for
mass of the black hole using the values of these quantitiesCygnus X-1,a, = 0.05 £ 0.01, based on an analysis of
which are given above. We conservatively fixed the viscos- two XMM-Newtonspectra. Neither Fabian et al. (2012) nor
ity parameter at its baseline value,= 0.1 (usinga. = 0.01 Duro et al. (2011) offer an explanation for this glaring dis-
increases,; see Section 5.6). Specifically, we (i) generated crepancy. However, recently an explanation was suggested
9000 parameter sets fa@v, i, M», and f(M); (ii) solved for for the near-zero spin reported by Miller et al. in terms of

M for a given triplet of values of, M5 and f(M); (iii) com- pile-up effects (see Section 4.3lin_ Reynolds 2013). This ex-
puted for each set the look-up table for the spectral handeni ample shows that measurements of spin in the literatureean b
factor f using the modesHSPEG and (iv) obtained:. by fit- grossly affected by systematic effects, which should be-car

ting our adopted model to the spectra. The final histogram dis fully considered in assessing the reliability of spin résul
tributions for our six spectra and the correspondiagower

limits on . are shown in Figure 5. o . 7.2. Cygnus X-1 and the Other Persistent Black Hole Systems
Were we to use these six limits to derive a joint constraint

on spin, it would be more stringent than any one of the indi-  There are five dynamically established black-hole binaries
vidual limits. We choose instead the conservative approfich ~ containing wind-fed black holes and O-supergiant or Wolf-

adopting the most constrainis@glelimit for our final result, Rayet companion&Jzel et all 2010; McClintock et al. 2013);
namely, the limit for spectrum S3Ve therefore conclude that  these systems are persistently X-ray bright. In the folimyi
a, > 0.983 at the3o limit of confidend&!. we do not consider the two systems with Wolf-Rayet com-

We note the following two caveats: First, we assume that Panions, IC 10 X-1 and NGC 300 X-1, because the masses of
the spin vector of the black hole is reasonably aligned with their black holes are very uncertain and their spins have not
the orbital angular momentum vector (Section 5.8). Second,peen estimated. By contrast, the three remaining systems —
we assume that the asynchronous dynamical model is correcEygnus X-1, LMC X-1 and M33 X-7 — have well-determined

(see Section 7.3 in GOU11). values of both mass and spin. These fundamental data, which
provide acompletedescription of these three black holes, ap-
7. DISCUSSION pear in the two leftmost columns of Table 4.

We first discuss two spin estimates for Cygnus X-1 made While acknowledging that the sample is small, it appears
using the Fe-line method, which provide support for an ex- that wind-fed black holes with supergiant companions are re
treme value of spin. We then relate Cygnus X-1 to the otherstricted to high spina, > 0.8, in contrast with the broad
members of its distinctive class of black-hole X-ray soarce distribution of spins observed for Roche-lobe-fed blaclebo
that are persistently bright. with low or intermediate mass companions: four of them have

low spins,a, =~ 0, two have high spinsg, ~ 0.7 — 0.8,

7.1. Measurement of Spin via the Fe-K/Reflection Method and one has an extreme spim, > 0.95 (see Table 1 in

Two recent measurements of the spin of Cygnus X-1 ob-McClintock et al! 2013). _ o
tained using X-ray reflection spectroscopy, aka the Fe line Notonly are the persistent black holes all rapidly spinping
method [(Reynolds 201.3), support a high or extreme value ofthey are also relatively massivé] = 11 — 16 M, (Table 4).

spin. By comparison, the masses of the transient black holes are
Duro et al. (2011) report, = 0-88+8'%- Their provisional significantly lower, and their mass distribution is remdulya

result is based on an analysis of a single simultaneous-obsefarrow:7.8 & 1.2 M, (Ozel et all 2010; Farr et al. 2011).

vation made usingMM-Newtonand RXTE A limitation of The data in Table 4 highlight a sharp and well-known

their result is that it depends on assuming a single, fixeaeval distinction between the persistent systems and the tran-
of 3 for the emissivity index, which is a canonical value. Sient systems, namely that the secondary stars in the for-
That is, they assume that the intensity of the flux irradgtin Mer are far more massive)/, = 20 — 70 My (Ta-
the disk varies with radius as 3. When they allow; to vary ~ ble 4); they likewise have much higher temperatuse800 —
freely, both the spin parameter and emissivity index arelgoo 36000 K (Orosz et al. 2007, 2009, 2011). The masses and
constrained (see their Table 1). In short, their data arblena temperatures of the secondaries in the transient systems ar
to determine both the profile of the illuminating radiatiorda ~ typically < 1 Mg and4000 — 5000 K; even in exceptional
the spin. cases, their masses and temperatures are/dplyS 5 M

The result of Duro etal.[(2011) is superseded by that @Nd7Zer 2 S 15000 K (Charles & Coe 2006). Finally, we note
of [Fabian et a1.[(2012) who report, = 0.97+%91%  This that for the persistent systems the radii of the secondaniés
result is based on an analysis of a single hard-Saeaku  Orbital periods fallin quite narrow ranges (Table 4), whiie
spectrum. Fabian et al. describe this spectrum as “an averag'2dil and periods for the transient systems are very broadly

distributed, a distinction that is elegantly illustratedlerome

data set” (from a collection of 20 similar spectra) and répor ) . SO .
that consistent results were obtained for other data saesfif ~ Or0SZ's schematic sketch of 21 black hole binaries (see Fig-
jure 1in McClintock et al. 201.3).

over a 1-500 keV band gives precise results for a 3-paramete ; . . .
broken power-law model of the radial profile of the irradiati _The persistent black holes were very likely born with their
flux: Inside the break radiuSreax = 4.0 = 1.1 GM/c2) high spins because their host systems are too young for the

: black holes to have had time to spin up via accretion torques
g > 6.8, and outsidg = 2.75 4+ 0.15. A strength of our work ( . ; .
: : : : see Section 7.7 in GOU11 for details). The ages of Cygnus
compared to that of Fabian et al., is the considerable aitent X-1, LMC X-1 and M33 X-7 are< 10 million years, whereas
19 In GOU11, we conservatively adopted the spin limit for SR1 the spin-up times arg 17 million years if one assumes the
0.95) as our final result because it was the only one of the threetrspehose maximum, Eddington-limited accretion rate. Meanwhile th
scattering fraction was: 25%. spin-up times are likely much longer than 17 million years
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given that the systems are presently radiating at enly0% from the High Energy Astrophysics Science Archive Re-
of Eddington luminosity (Table 4). search Center (HEASARC) at NASA/Goddard Space Flight

The rotational energy of the persistent black holes is enor-Center. LJG thanks the Harvard FAS Sciences Division Re-
mous, ~ 2 Mgc? for LMC X-1 and M33 X-7 and> search Computing Group for their technical support on the
2.8 M, c? for Cygnus X-1[(Christodoulou & Ruffini 1974). Odyssey cluster. LJG acknowledges the support of NSFC
Correspondingly, a substantial fraction of the gravitagio  grant (Y211541001) and NAOC grant (Y234031001), JEM
mass of these black holes is attributable to their rotatiena ~ acknowledges support from NASA grant NNX11ADO08G,
ergy: ~ 15% for LMC X-1 and M33 X-7 and> 19% for and MH acknowledges funding from the Bundesministerium
Cygnus X-1. fur Wirtschaft und Technologie under grant number DLR

500R0701.
8. CONCLUSION

In GOU11, while considering a wide range of systematic REFERENCES
effects, including uncertainties in the Novikov-Thornsldi
model, we concluded that the spin of the black hole in CygnusA 4 KA. 1996, in Astron. Soc. of the Pac. Con. Ser.. il
X-1 is extreme: a, > 0.95 (30). Unfortunately, the re- rnaud, =. A. ; [N AStron. Soc. ot the Fac. L.ont. ser., Y.,
sult was potentially biased by the relatively strong Compto ﬁsggrnnoe?"Cf;?fgé”g'f;;gmaﬁ and Systems V, ed. Gladoby &
component of emission, the strength of which can be char- ip:heasarc.gsfc.nasa.govixanadu/xepec/
acterized by the fractiotf, of thermal seed photons that are Bardeen, J. M., Press, W. H., & Teukolsky, S. A. 1972, ApJ, BAF
scattered into the power-law tail. The three spectra aedlyz Bolton, C. T. 1972, Nature, 240, 124 , _
in GOU11 havef, > 23%, while f, ~ 25% is the upper Bos\,/\giler, S., Byram, E. T., Chubb, T. A., & Friedman, H. 1965ieBce, 147,
limit for reliable application of the continuum-fitting nteid Brenneman, L. W. & Reynolds, C. S. 2006, ApJ, 652, 1028
(Steiner et al. 2009a). Subsequently, Fabianlet al. (2002) € canizares, C. R. et al. 2005, PASP, 117, 1144

ployed the independent Fe-line method and confirmed that theCharles, P. A. & Coe, M. J. 2006, Optical, ultraviolet andanéd

spin of Cygnus X-1 i, > 0.95 (15); however, this result is g?gerz\/ggons of X-ray binaries, ed. W. H. G. Lewin & M. van #éis,
It()ess certain b%cause systematic effects in the model have N pristodoulou, D. & Ruffini, R. 1971, Phys. Rev. D, 4, 3552
een a_ssesse ' . . . . . Dauser, T., Wilms, J., Reynolds, C. S., & Brenneman, L. WR0AINRAS,
Herein, we present a continuum-fitting analysis of six addi- 409, 1534
tional spectra, each of which confirms that > 0.95 (30). Davis, S. W., Blaes, O. M., Hubeny, I., & Turner, N. J. 20054821, 372

This confirmation is compelling first because sources of Davis, S. W. & Hubeny, 1. 2006, ApJS, 164, 530

systematic error have been thoroughly addressed (see Selg{j’r';eyéjéyél&z'éﬁerm ':5333 133?0' ARAZA, 28,215
tion 5 herein; Sections 5-7 in GOULL; McClintock etal. papian, A. C. et al. 2012, MNRAS, 424, 217

2013). Secondly, and crucially, five of the spectra, S1-S5, Farr, W. M., Sravan, N., Cantrell, A., Kreidberg, L., Baily@. D., Mandel,
are only moderately Comptonized with scattering fractions |, & Kalogera, V. 2011, ApJ, 741, 103

fs = 10— 19%, a regime where it has been firmly established Garcia, J., Dauser, T, Reynolds, C. S., Kallman, T. R., hegzk, J. E.,
that continuum-fitting results are reliable. This conaiumsis Wilms, J., & Eikmann, W. 2013, ApJ, 768, 146

. e Garmire, G. P., Bautz, M. W., Ford, P. G., Nousek, J. A., & Rickr., G. R.
based on studies of two black holes: (i) 33 spectra of H1743—" 5003, in Presented at the Society of Photo-Optical Instniatien

322 with f, = 13.5% (in the SPL state) each gave spins con-  Engineers (SPIE) Conference, Vol. 4851, Society of Phqttieal

sistent with those obtained for dozens of thermal-state-spe Instrumentation Engineers (SPIE) Conference Series, &d.Truemper
— o : 5 hay. " & H. D. Tananbaum, 28-44
tra (f, = 1% — 7%;|Steiner et al. 2009a); and (i) 25 Spec- oy, L. et al. 2009, ApJ, 701, 1076

tra of XTE J1550-564 witlf, = 14.4% each likewise gave = — 2011, ApJ, 742, 85

spins consistent with those obtained for dozens of thermal-Hanke. . Wilms, J., Nowak, M. A., Barragan, L., & Schulz, 81 2010,

state spgctraﬂ = 2.3%;|Steiner et al. 20:L1)._ In short, these_ Hanke, M., Wilms, J., Nowak, M. A., Pottschmidt, K., Schult,S., & Lee,
two studies show that moderately Comptonized spectra with  J. c. 2009, ApJ, 690, 330

fs ~ 15%, like S1-S5, give the same values of spin as spectraKalberla, P. M. W,, Burton, W. B., Hartmann, D., Arnal, E. Bajaja, E.,
that are strongly disk-dominated wifh ~ 1% — 2%. Morras, R., & Poppel, W. G. L. 2005, A&A, 440, 775

Our bottom line is that new and more reliable continuum Kantsliegéa, E. A. et al. 2007, Astronomical and AstrophgkiEransactions,

spectra confirm the findings of GOU11 while establishing an King,'A_ R., Pringle, J. E., & Livio, M. 2007, MNRAS, 376, 1740
even more stringent limit on the extreme spin of the black Kulkami, A. K. et al. 2011, MNRAS, 414, 1183
hole in Cygnus X-1a, > 0.983 at the3o (99.7%) level of Li, L., Zimmerman, E. R., Narayan, R., & McClintock, J. E. Z0@®\pJS,

confidence. 157,335 _
Liu, J., McClintock, J. E., Narayan, R., Davis, S. W., & Orp3zA. 2008,

ApJ, 679, L37, Erratum: 2010, ApJ, 719, L109
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Figurel. Four-year record for Cygnus X-1 of the 2-10 keV X-ray intgnselative to the Crab Nebula (top) and spectral hardnestdin) based on data
obtained using the MAXI Gas Slit Camera (GSC: Mihara €t al 190 The hardness is defined as the ratio of counts detectediand X-ray band (4-10 keV)
to those detected in a soft band (2—4 keV). We consider débifor the measurement of spin only when the spectralrtess is below the dashed line (SH
< 0.45), which is an empirical choice. Shown plotted as retssige the intensity and hardness of the source as observiethKy on the days of the five
observations listed in Table 1. While a useful diagnostidfie purposes of data selection, these survey data aretallisuior the measurement of spin.
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Figure2. RXTEandChandracount rates in the energy bands indicated for ObservatianLN®he strictly simultaneous segments of data used to pmthe
five spectra of highest quality, namely S1-S5, correspotitkifigure to the five time intervals defined by the five clustéiRXTEdata points (red filled circles).
The UT start and stop times of each of these five time intear@given in Table 1. Note the strong variability in RETEband, where the Compton component
dominates, relative to th@handrabands, where the thermal component dominates.
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Figure 3. (Top) The upper envelope in each of these spectra shows theRI¥EE{n blue, andASCAor Chandrain black) and the best-fit model. Each total
model spectrum is shown decomposed into thermal and p@awecbmponents, and a reflection component, which is contho$e continuum component
plus the F Kx line feature. (The color assignments correspond to those imsFigure 2 in GOU11.) The low-energy X-ray absorption poment is evident
at energies<1 keV. Note in all three spectra the dominance at low enerdig¢seokey thermal componentBéttom) Ratio of the data to the model showing
deviations between the two.
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Figure4. Comparison of reflected spectra computed using the advanodélxiLLVER (black curve with emission lines) and usirgxRr1v (red curve) for a
power-law spectrum with photon indéx= 2 incident on an optically-thick slab of gas; the ionizaticargmeter in this examplé€, = 100, is a good match to
the values observed for Cygnus X-1. This figure was compuyet! barcia in precisely the same way as the pair of figures shiowigure 20 i Garcia etlal.
(2013). The disk temperature in th&xrIv model is set to its maximum possible val@e = 10°K; the high-energy cutoff is 300 keV; and the abundances are
assumed to be solar. The large discrepancies between thmddels atZ < 0.4 keV have no bearing on our results because the detectorstdespmond at
these low energies (Table 1). The obvious discrepancy leettee models in the vicinity of the Fe K complex is the origfrttee residual feature near 9 keV
(Section 5.2; Figure 3).
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fs < 25%. The lower limits given are at thr (99.7%) level of confidence.
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Table1
Journal of the observatiohs

Obs. Spec. Mission Detector E1-E2 uT Texp 1 SH 10}

No. No. (keV) (sec (Crab)
1 S1 Chandra & RXTE HETG(CC)& PCA 0.8-8.0&2.9-50 2011-01-06 14:06:40-14436: 455 & 1744 0.52 024 0.32
1 S2 Chandra & RXTE HETG(CC)& PCA 0.8-8.0&2.9-50 2011-01-06 15:44:16—-1651: 398 & 1536 0.61 0.44 0.33
1 S3 Chandra & RXTE HETG(CC)&PCA 0.8-8.0&2.9-50 2011-01-06 17:15:28-1748: 462 & 1696 0.57 0.33 0.35
1 S4  Chandra & RXTE HETG(CC) & PCA 0.8-8.0&2.9-50 2011-01-06 18:19:44-195P7: 997 & 3488 0.38 0.26 0.36
1 S5 Chandra & RXTE HETG(CC)& PCA 0.8-8.0&2.9-50 2011-01-06 19:53:36—2008): 847 & 3392 0.38 0.22 0.37
2 S6 Chandra & RXTE HETG(TE) & PCA 0.5-10.0 & 2.9-50 2011-02-05 07:02:00-0987 3593 & 3600 0.58 0.25 0.64
2 S7 Chandra & RXTE HETG(TE) & PCA 0.5-10.0 & 2.9-50 2011-02-05 10:10:00-108R1L 929 & 1232 0.74 0.31 0.65
3 S8 Swift & RXTE XRT(WT) & PCA  0.5-10.0 & 2.9-50 2011-10-08 20:03:28-202®: 1355& 1344 059 0.32 0.48
3 S9 Swift & RXTE XRT(WT) & PCA  0.5-10.0 & 2.9-50 2011-10-08 21:40:00-2202: 1326 & 1328 0.90 0.28 0.49
4 S10 Swift & RXTE XRT(WT) & PCA  0.5-10.0&2.9-50 2011-10-26 03:28:00-0400@: 1454 & 2464 0.47 0.35 0.57
5 S11 Suzaku XIS & HXD 0.5-10.0 & 2.5-45 2010-12-17 14:31:07-18:49:22 886 - 0.19 0.77

2 For five observations, yielding 11 data segments and 11suoreling spectra (S1-S11), in columns 3—-10 we give thewailp information: names of the observatories; names
of the detectors employed with the data mode indicated iariheses; bandwidths used in the analysis; UT start andgtidies of the observations; effective exposure times for
the corresponding detectors; the source intensity; sddwrdness (SH); and orbital phase during the observalioa orbital phase of the binary system is defined (at the nmdpo
of the observation) relative to the time of supergiant sigp@onjunction (black hole beyond O-star), which occumecheliocentric Julian Day 2441163.529 (Orosz &t al. 2011).

Table 2

Fit Results for Observation No. 1: Spectra SE-S5

Number Model Parameter S1 S2 S3 S4 S5
1 KERRBB2 ax 0.9999073-95290b  0.9999073-050995  0.9999015-53999b  .9999017-00090b  0.9995070-06918b
2 KERRBB2 M 0.119 + 0.013 0.121 £ 0.013 0.116 £ 0.012 0.108 + 0.007 0.113 £ 0.005
3 const - 0.7819 +0.0074  0.6257 & 0.0075  0.7534 & 0.0073  0.7566 £ 0.0055  0.7518 =+ 0.0065
4 TBABS Ny 0.7777 £0.0141  0.7806 £ 0.0141  0.7597 & 0.0136  0.7357 & 0.0088  0.7564 + 0.0072
5 SIMPLR r 2.4438 +0.0094  2.4906 &+ 0.0098  2.5753 & 0.0094  2.4662 & 0.0081  2.5751 = 0.0081
6 SIMPLR fsc 0.1347 £0.0027  0.1783+£0.0034  0.1924 £ 0.0033  0.1022 4+ 0.0015  0.1195 + 0.0016
7 KERRDISK Ey, 6.571 + 0.036 6.482 & 0.059 6.446 + 0.048 6.560 = 0.032 6.466 + 0.036
8 KERRDISK q 2.559 + 0.051 2.456 + 0.082 2.384 + 0.062 2.595 + 0.042 2.398 + 0.045
9 KERRDISK Ny, 0.020 + 0.001 0.023 =+ 0.002 0.018 + 0.001 0.014 =+ 0.001 0.012 =+ 0.000
10 KERRDISK EW 0.283 0.238 0.211 0.292 0.228
11 IREFLECT® [Fe] 5.4269 + 0.4637  3.9534 4 0.2995  4.3540 & 0.3139  4.7320 £ 0.3721  3.7402 + 0.2688
12 IREFLECT 3 140.0 + 13.2 94.3+11.6 87.9+8.7 166.0 £+ 13.2 121.6 £ 8.7
13 X2 0.95(595/628) 0.95(545/573) 0.97(605/625) 1.20(890y745 1.12(1119/998)
14 f 1.60 1.62 1.62 1.61 1.61
15 L/Lgda 0.022 0.022 0.022 0.020 0.019
16 ADOPTED a9 0.99990 7055090 0.99990T 550900 0.9999070-05090 0.99990F 550090 0.99950T5-00073

a For the model components given, the parameters from topttorhaare: (1) spin parameter; (2) mass accretion rate iswfit0'® g s=!; (3) detector normalization
constant relative tRXTEPCUZ; (4) hydrogen column density in units bd>2 cm™2; (5) photon power-law indeX"; (6) scattering fractionfs; (7) central line energy
in keV: (8) emissivity indexg; (9) line flux in units of photons cm? s™1; (10) equivalent width of line in keV; (11) iron abundancéatie to solar; (12) ionization
paramete; (13) Reduced chi-square, total chi-square and degreeseddm, respectively; (14) spectral hardening fagtoand (15) Eddington-scaled disk luminosity,
whereL gqq ~ 1.9 x 103° erg s~ for Cygnus X-1. Unless otherwise indicated, the uncerigsmjuoted here and throughout the paper are atdhlevel of confidence.
b Although the physical maximum value of the spin parametedisk accretion ist,. = 0.998 (Thorné 1974), the formal maximum value for the XSPEC med®irBB2

is 0.9999. The errors quoted here, which were computed tisengommanerror in XSPEG are the uncertainties due to counting statistics only.

€ The scaling factos in the modelREFLECT was set to unity for all fits (see text).

d Final adopted values for the spin parameter and their umioéigs. The & uncertainties are calculated based on thd@ver limits ona.. shown in Figure 5. These results
fold in the uncertainties i, M, i, and the absolute flux calibration via our Monte Carlo arial{see Sectiofl6).
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Table 3
Fit Results for Observations 2—4: Spectra S6-S10
Number Model Parameter S6 S7 S8 S9 S10
+0.00000 +0.00938 +0.00000 +0.00001 +0.00000
1 KERRBB2 O 0.99990 5 gog22  0-97177 ¢ goa50 09999075 o520  0-999887( gg546  0-999907 5 0842
2 KERRBB2 M 0.115 +0.013 0.194 4+ 0.008 0.113 £+ 0.007 0.128 £ 0.008 0.108 £0.011
3 const - 0.8989 +0.0379  0.7259 +0.0797 1.2432+0.0116  1.3873 £0.0085 1.8046 £ 0.0191
4 TBABS Ny 0.7148 +0.0103  0.7241 +0.0182 0.7875 + 0.0062  0.7527 +0.0054 0.7911 £ 0.0098
5 SIMPLR T 2.6976 +0.0062 2.7430 + 0.0079  2.6248 +0.0088  2.6649 £+ 0.0071  3.0264 £ 0.0162
6 SIMPLR fs 0.2359 +0.0041 0.2942 +0.0058 0.2927 +0.0038  0.4800 £ 0.0111 0.3118 £ 0.0077
7 KERRDISK Ey, 6.514 £+ 0.026 6.531 £+ 0.036 6.545 £+ 0.072 6.516 + 0.046 6.539 + 0.049
8 KERRDISK q 2.293 + 0.049 2.152 + 0.081 2.923 + 0.061 2.467 + 0.058 2.233 +£0.107
9 KERRDISK Ny, 0.017 4+ 0.001 0.017 4+ 0.001 0.016 £ 0.002 0.023 £+ 0.001 0.011 £ 0.001
10 KERRDISK EW 0.190 0.141 0.176 0.146 0.187
11 IREFLECT [Fe] 4.0832 +0.1660 3.4452 +£0.1602 4.2666 £+ 0.4452 3.2580 £ 0.1721  1.3208 4 0.1606
12 IREFLECT £ 74.3+5.2 42.8+5.0 220.4 +24.9 66.5 + 6.2 82.3 +14.6
13 2 1.40(491/352) 1.61(323/201) 1.37(484/353) 1.54(612/399 1.24(416/337)
14 I 1.60 1.59 1.59 1.60 1.59
15 L/Lgaq 0.021 0.021 0.021 0.024 0.020
0.00000
16 ADOPTED e 0.999907 050050 - - - -
2 | ayout and parameter definitions are exactly the same asafieD.
Table4
Data for Three Persistent Black Hole Binaries
Sourcé ax M(Mg)  Ma2(Mg) P(days) L/Lgaq References
Cygnus X-1 > 0.95 14.8+1.0 192+£1.9 5.60 0.02 Gou et al. 2011; Orosz et al. 2011
LMC X-1 0927055  109+14 31.8+£35 391 0.16  Gou et al. 2009; Orosz et al. 2009
M33 X-7 0.84 £0.05 15.7£1.5 70.0%+6.0 3.45 0.09 Liu et al. 2008; Orosz et al. 2007

2 From the left to the right, the parameters are, respectispiy parameter, black hole mass, mass of the secondaitgl grériod, and
the Eddington-scaled disk luminosity.
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