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ABSTRACT

We report on the results of spectral fits made NMUSTAR observation of the black hole GRS 191%5in a
“plateau” state. This state is of special interest becatisesimilar to the “low/hard” state seen in other black
holes, especially in that compact, steady jets are launichiis phase. The 3—79 keV bandpasNofSTAR,
and its ability to obtain moderate—resolution spectrafiree distortions such as photon pile-up, are extremely
well suited to studies of disk reflection in X-ray binaries dnly 15 ks of net exposure, an extraordinarily
sensitive spectrum of GRS 194805 was measured across the full bandpass. lonized refifiatiom a disk
around a rapidly—spinning black hole is clearly requirefittthe spectra; even hybrid Comptonization models
including ionized reflection from a disk around a Schwar#ddiiack hole proved inadequate. A spin parame-
ter ofa=0.98+ 0.01 (1o statistical error) is measured via the best—fit model; loinspre ruled out at a high
level of confidence. This result suggests that jets can belad from a disk extending to the innermost stable
circular orbit. A very steep inner disk emissivity profilealso measured, consistent with models of compact
coronae above Kerr black holes. These results support arggmgassociation between the hard X-ray corona
and the base of the relativistic jet.

Subject headings: Black hole physics — relativity — stars: binaries — physitzth and processes: accretion disks

1. INTRODUCTION ferred, the geometry of the corona can also be discerned. The
Reflection of hard X-ray emission from a “corona” onto best spectra and variability studies appear to point toward

the accretion disk can measure black hole spin, and can als¥€y compact central corona £10-20 GM/c* e.g. Reis
serve as a powerful probe of the geometry of black hole accre-& Miller 2013), consistent with prior results suggestingtth
tion flows. Disk reflection spectra excited near to black fole hard X-ray emission may arise in the base of a relativistic je
will bear the imprints of gravitational red-shifts and stgp ~ (€:9. Fender et al. 1999; Markoff, Nowak, & Wilms 2005;
Doppler shifts (e.g. Fabian et al. 1989). As long as the accre Miller et al. 2012). However, this is not yet clear, and itcals
tion disk extends to the innermost stable circular orbic@s unclear that this geometry holds universally.
Bardeen, Press, & Teukolsky 1972), the degree of the distor- EXxtremely high sensitivity — especially over a broad spec-
tions imposed by these shifts can be used to infer the spintr@l band — provides a path forward in situations where the
of the black hole; efforts to exploit disk reflection as a spin continuum and reflection spectrum may be more difficult to
diagnostic in X-ray binaries began in earnest over a decadd?@rse. NUSTAR detectors have a triggered read-out; unlike
ago. Owing to the fact that the effects on Fe K emission lines CCD spectrometers, they are not subject to pile-up distosti
are especially pronounced features, and owing to the high flu (Harrison et al. 2013). In this respe®STAR is especially
levels observed in Galactic X-ray binaries, spin measurgsne well-suited to disk reflection studies of bright Galactioreo
have been made in a number of systems using this techniqu@act objects. MoreoveNUSTAR offers unprecedented sensi-
(e.g. Miller 2007; Miller et al. 2009). tivity out to almost 80 keV, giving an excellent view of the
In cases where the disk extends to the ISCO and the conCompton back-scattering hump (typically peaking in the 20—

tinuum is known to be fairly simple, not only can spin be in- 30 keV), and any additional curvature or breaks.
GRS 1915105 is a particularly important source for under-
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systems, and how accretion flows evolve with the mass accre-
tion rate. Prior efforts to measure the spin of GRS 1135
have not come to a clear consensus. Moreover, a multiplicity
of states are observed in GRS 19185 (Belloni et al. 2000).
The most intriguing of these may be the so-called “plateau”
state, because it bears the closest analogy with the “l@d’ha
state in other black hole transients. Notably, radio emis-
sion consistent with compact jet production and strong low—
frequency quasi-periodic oscillations (QPOs) are obgkive
this state (e.g. Muno et al. 2001); when combined with sen-
sitive spectroscopy, these features may offer unique fisig
into the inner accretion flow.

In Section 2, we describe tiduSTAR observation of GRS
1915+105 and our reduction of the data. Section 3 describes
our analysis of the FPMA and FPMB specta. In Section 4, we
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discuss the results of our spectral fits and their impacts. tained in these simple fits are broadly consistent with \&lue
2. OBSERVATIONS AND DATA REDUCTION measured in fits t®uzaku spectra of GRS 193405 in the
' “plateau” state (Blum et al. 2009).

NuUSTAR observed GRS 19#4.05 on 03 July 2012, over a The “comptt” model describes thermal Comptonization
span of 59.8 ks. The data were screened and processed ugfitarchuk 1994). It also leaves strong reflection-likeides
ing NuSTARDAS version 1.1.1. Spectra from the FPMA and uals, and does not provide an acceptable fit. The “nthcomp”
FPMB detectors were extracted from 90" regions centeredmodel is essentially a more physical means of obtaining-a cut
on the source position. Background spectra were extractedff power-law continuum by mixing thermal and non-thermal
from regions of equivalent size on each detector; however,electron distributions (Zycki, Done, & Smith 1999). Impor-
the background is negligible. Response files appropriate fo tantly, “nthcomp” is capable of accounting for curvaturatth
the pointing (on-axis), source type (point, not extendew) a might otherwise be mistaken for disk reflection. Howeves, th
region size were automatically created by the NuSTARDAS data/model ratio and fit statistic in Figure 2 show that even
software. After all efficiencies and screening, the net expo “nthcomp” is unable to account for the strong, broad Fe K
sure time for the resultant spectra was 14.7 ks for the FPMA, line and the Compton back-scattering hump.
and 15.2 ksec for the FPMB. The net observing time is small The “eqpair” model describes Compton scattering in a
compared to the total observing due to the source flux, and insophisticated way, allowing mixtures of thermal and non-
part because the observation occurred very early in the misthermal electron distributions (Coppi 1999). “Egpair’aéx-
sion, and in part owing to detector dead-time. plicitly includes blurred disk reflection. However, the e=fl

The spectra were analyzed using XSPEC version 12.6 (Ar-tion spectrum (described via the “pexriv’ model, Magdziarz
naud & Dorman 2000). The? statistic was used to assess the & Zdziarski 1995) is blurred with the “rdblur” function
relative quality of different spectral models. We used “Chu (Fabian et al. 1989), which only describes the Schwaraschil
razov” weighting for all fits to govern the influence of bins metric and does not permit spin measurements. The internal
with progressively less signal at high energy (Churazov.et a reflection was coupled to an external “diskline” model, whic
1996). All errors reported in this work reflect the tonfi- is the kernel of “rdblur”, in order to account for the emis-
dence interval on a given parameter. sion line. In our fits, we fixed the cosine of the inclination
angle to 0.3, the elemental abundances to solar values)the i

o 3. ANALYSIS A'\_'D RESU"TS_ ner disk radius to minimum possibig = 6 GM/c?, the outer

Examination of the Swift/BAT light curve of  radius tore, = 1000GM/c?, the emissivity to the Euclidian
GRS 1915105 shows that our observation was made at yajue ofq = 3 (recall that)  r™9) and the disk temperature
the start of an~100-day interval with sustained hard flux 5T = 1¢f K (the maximum allowed). The reflection fraction
and only moderate variability. Intervals before and after ang disk ionization were allowed to vary. Numerous param-
have much stronger day-to-day variability. The lightcuove  eters control the hybrid thermal and non-thermal continuum
our observation shows significant source variability onrsho  qr simplicity, we fixed the disk blackbody temperature from
time scales, typical of GRS 193505, as well as moderately yhjch photons are up-scatteredk® = 0.2 keV, and varied
strong QPOs between 0.5-3.0 Hz. A full timing analysis the soft photon compactness}, the ratio of the hard to soft
will be reported in a separate paper (Bachetti et al. 2013,compactnesdy(/|5), the fraction of the power supplied to en-
in preparation), but the fact of these variability propesti  ergetic particles that goes into accelerating non-thepaet-
helps us to make a secure identification of the source statec|gs (,, /I,), and the Thomson scattering dept. (The radius
These timing properties, as well as the source flux observecgf the scattering region could not be constrained and wad fixe
by the Swft/BAT, are typical of the “plateau” state of GRS 515, 106 cm. Default values were assumed for all other pa-

1915+105 (e.g., Muno et al. 2001, Trudolyubov 2001, Fender .o - iars. Fitting e~ ; ;
- , . . . g “egpair” in this way, a large improvemisnt
& Belloni 2004). Observations with the RATAN-600 radio achieved {2/v = 5529/3784 (see Figure 2).

;erizsgjg%erggug? Afh8aEBGH§?T}u;sHIhk:i?1 Varrii/eadteb((:act)vr;ﬁtr;n]ifa?ion) Given these results, models focused on ionized disk re-
; Y - : » PI - : flection were next pursued. Our best-fit spectral model is
during the NUSTAR observation, consistent with relatively constantx thabsx ((kerrconvx reflionx_hcy+ cutoffpl) (see

radio—faint “plateau” states. ; M A
- .. Table 1, and Figures 3 and 4). “Kerrconv” is a relativistic
Version 1.1.1 of the NuUSTARDAS software and calibration blurring function, based on ray-tracing simulations (Br

has verified the detector response over the 3-79 keV band : : : :

partly through careful comparisons to the Crab. In all cases ma{l & I?j_eynoI(;ISHZOO_G). {}\;.?ISIUszI':n%‘?r anz%guterfinslf edmls-

the FPMA and FPMB spectra of GRS 19%1H5 were jointly sivity indices (following Wilkins abian 2 floate

fit over the 3-79 keV band. An overall constant was allowed T€€ly butdz > 0 was required), an emissivity break radius, the

to float between the detectors to account for any mismatch inElaCk hole Spin parameter, the Inner dlsk.mcllnatlon (beterch
etween 65 < i < 80°, based on jet studies by Fender et al.

their absolute flux calibration; in all cases, the value af th . ; s .
y g . 1999), and inner and outer disk radii (in units of the ISCO
constant was found to be 1.02 or less. In all fits, absorptlonradius; values ofx = 1.0 andrey = 400 were frozen in all

gwgclriyZ%gg)fltu:isr:ggcct)?reesg)sr?dsing]ggﬁrl]é\gﬂgz’ (fwﬁai,) fits). :Refhonx_hc” is a new version of the well-known “re-
and cross sectioﬁs (vern”; Verner et al. 1996) flionx” model that describes reflection from an ionized ac-
Figure 1 shows the EPMA and EPMB sp'ectra of GRS °retion disk of constant density (Ross & Fabian 2005), as-
1915+105, fit with a basic power-law model. The sensitiy- >ond an incident power-law with a cut-off. These mod-
' " els capture important effects by solving the ionizatiorabak

ity of both spectra is excellent. Simple, broken, and c@it-of =% : : .
) - . _ within the disk, and scatter-broadening photoelectriogis
power-law models all fail to fit the data. However, they ap tion edges. That is, “reflionx_hc” includes broadening due t

proximate the continuum, and the prominence of the rema'n'scattering, and this effect is balanced against dynamiwal a

:Egtﬁésgsge&g?g |fr? aé?grﬁrselnzth%rizegg\?vésr-{g\zdil:]yd?clggdcr)b- gravitational broadening when the model is convolved with
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“kerrconv”. The power-law index of the hard emission in the first detected with BeppoSAX (Martocchia et al. 2002). Fits
“reflionx_hc” and “cutoffpl” models was linked in our fits, as  to the line detected in archival ASCA spectra recorded pstee
was the characteristic exponential cut-off energy. Thenabu emissivity and small inner radius € 1.8 ry) commensurate
dance of Fe within “reflionx_hc” was allowed to vary in the with a spin approaching ~ 0.9 (Miller et al. 2005; similar
1.0 < Ar. < 2.0 range, and the ionization parameter was al- values were subsequently found by McClintock et al. 2006
lowed to float freely § = L/nr?). Flux normalizations for the ~ and Middleton et al. 2006 using the disk continuum). Two
“reflionx_hc” and “cutoffpl” models were also measured. observations with XMM-Newton also detected broad lines
As shown in Table 1, the best blurred reflection model gives but were inconclusive with respect to spin (Martocchia et
a fit statistic ofy2/v = 40706/3785. This model returns a  al. 2006), as was a deep spectrum of GRS #305 in the
precise spin measuremers:= 0.98+0.01. The quoted er-  “plateau” obtained wittSuzaku (Blum et al. 2009).
ror is only the statistical error. Systematic errors areljik The measurement of a high spin parameter in a source
much larger, and related to the assumption that the opticall known for jet production is interesting in that it may indiea
thick disk truncates at the ISCO (see, e.g., Shafee et ag;200 that spin powers jet production, as predicted by e.g. Bland-
Reynolds & Fabian 2008; Noble, Krolik, & Hawley 2010), ford & Znajek (1977). It ispossible that the jet is powered
and different methods and physics captured in differentspe partly by tapping the spin (Miller et al. 2009; Fender, Gallo
tral models. & Russell 2010; Narayan & McClintock 2012, Steiner, Mc-
To obtain a broader view of the spin measurment and its Clintock, & Narayan 2013; Russell, Fender, & Gallo 2013).
uncertainty, we scanned the<0a < 0.998 range using the However, the broadest survey of available data suggedts tha
“steppar” command in XSPEC. We made an initial scan with the mass accretion rate and/or magnetic field may act as a kind
100 points across the full band, and a second scan with 500f “throttle” (King et al. 2013a, 2013b) and do more to affect
points in the 05 < a < 0.998 range. Figure 4 shows the re- Jet power. ] o
sults of this error scan. There is a clear minimura &t0.98; The spectral fits presented in this paper also offer some po-
a maximal spin ofa = 0.998 is rejected at very high confi- tential insights into the geometry of the inner accretiomwflo
dence, and so too are low spin values. Itis notable thatthe ~and into jet production. Compared to an Euclidean emigsivit
versusa contour shows local fluctuations, especially between f 4= 3, the inner emissivity index is extremely stegp(10,
0.8< a< 0.95, although all? values are significantly higher ~S€€ Table 1). This may ultimately be unphysical or incorrect
than achieved for the best-fit spin@t 0.98(1). The fluctua- ~ NOWever, the same spin is obtained wigerb is fixed (see Ta-
tions may indicate deficiencies in the spectral model, ofccou Pl€ 1). Our results appear to broadly confirm the predictions
be partly due to the limited energy resolution of the spectra  ©f independent ray-tracing studies that find steep and broke
We also explored a number of fits with key parameters fixed €Missivity profiles for compact, on-axis, hard X-ray sosrce
at particular values (see Table 1). The data clearly prefera  €Mitting close to rapidly—spinning black holes (Wilkins &
lar abundance of Fe, and the very steep inner emissivitxinde ~aPian 2011, 2012; Dauser et al. 2013). The emissivity is
for instance. The data strongly exclude a model with a much /SO predicted to flatten at moderate radii, again consisten
higher cut-off energy. As also indicated in Figure 4, theadat With our results. Given that GRS 194505 launches com-
rule out reflection from a black hole with zero spin at very P2act radio jets in the “plateau” state (e.g. Muno et al. 2001;
high confidence (the model considered in Table 1 fxesd ~ 1rudolyubov 2001; Fender & Belloni 2004), the hard X-ray
and the emissitivity indices at= 3, appropriate for a “lamp ~ "€9ion may plausibly associated with the base of the jet.
post” model in a Schwarzschild regime). Importantly, a plau . VEry steep inner emissivity profile was recently reported
sible model for the low/hard state is also ruled out. Therttru 1N fits to theSuzaku spectrum of Cygnus X-1 in the “low/hard
cated” model in Table 1 changed the best-fit model to requireState (Fabian et al. 2012). Joifiuzaku and radio monitoring
an inner disk radius fixed at 20 times the ISCO, gad3. We  Of Cygnus X-1 in the *low/hard” state also concluded that the
also fit the “egpair” model again, fixing= 10; this returned hard X-ray continuumi is likely produced in the base of the rel

2/ _ ; T ; ativistic jet (Miller et al. 2012). More broadly, similar ésa
;(pi/nl/e—ﬁggg9/3782, potentially indicating the importance of sivity profiles have been seen in massive black holes aggetin

" ; - at relatively high Eddington fractions, notably 1H 07dB5
lggleerbesct m_fét g‘_f d(gl irllgglek:vglvizg f:ﬁ]XB:;ez'%gigxan d (Fabian et al. 2009). Studies of time lags in Seyferts and mi-
distancg values favored by Steéghs pet gl. (200, = crolensing in quasars suggest that very compact coronae may

. ; ) P be common (Reis & Miller 2013).
101+0.6 Mg andd =11 kpc, this flux gives a luminosity "4 4yection-dominated accretion flow models predict that

of L=3.0(5)x 10® erg s* (where the error is based on an as- the inner disk should be truncated figqq ~ 0.08, or A ~
sumed distance uncertainty &l = +1 kpc), or an Eddington 9 008 (assuming an efficiency of 10%; Esin, McClintock, &
fraction of A = 0.23+0.04. Narayan 1997). This is broadly consistent with the luminos-
ity at which many sources transition into the “low/hard"teta
4. DISCUSSION wherein jet production is ubiquitous. Our results indidtt

We have fit numerous models to an early broad-d&ng a steady jet can potentially be launched from a disk that ex-
TAR spectrum of GRS 193305, obtained in a “plateau” tends to the ISCO. The disk, corona, and jet are undoubtedly
state. The sensitivity of the spectrum is extraordinary, in a complex, coupled system, but jet production in black holes
that the effects of continuum curvature and disk reflectemm ¢ = may be more closely tied to the nature of the corona than the
clealy be distinguished. Models that predict continuunvaur  inner disk radius. This may support a new model for jets and
ture but which do not include reflection are unable to provide QPOs in accreting black holes (McKinney, Tchekhovskoy, &
satisfactory fits. The data require a continuum with an expo- Blandford 2012).
nential cut-off, and reflection from an ionized accretioskdi This NUSTAR observation has offered new insights into na-
around a black hole with a spin af=0.98(1). ture of the accretion flow in the “plateau” state, owing to its

Evidence of a relativistic disk line in GRS 194805 was extraordinary sensitivity. Similarly, it has also provitithe
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first strong spin constraint based on disk reflection modelin

However, additional modeling using developing disk reflec- This work was supported under NASA Contract No.
tion codes, and a deeper observation in the “plateau” state NNGO8FD60C, and made use of data from MeSTAR mis-

are likely required in order to confirm these initial model- sion, a project led by the California Institute of Technglpg
dependent results. NuSTAR observation in a softer, more managed by the Jet Propulsion Laboratory, and funded by
luminous state is likely also required in order to rigidlgtte ~ NASA. JMM thanks Sergei Trushkin for communicating ra-
and verify the spin measurement. dio results.
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normalized counts s keV*

ratio

1

5 10 20 50
Energy (keV)

FiG. 1.— The 3-79 ke\WuSTAR FPMA (black) and FPMB (red) spectra of GRS 19185, fit with a simple power-law assumimgy = 6 x 10?2 cm™2. The
4.0-8.0 keV and 15.0-45.0 keV bands were ignored in ordeoitingy the curvature in the spectrum. A strong, skewed Faib visible in the 4-8 keV band.
The curvature in the 20-30 keV band is due to a combinationspeatral cut-off and disk reflection.
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FIG. 2.— The data/model ratios obtained when the 3-79 keV FPMack) and FPMB (red) spectra of GRS 19185 are jointly fit with common spectral
models. In each panel, the name of the spectral model is ginehe vertical axis. The key parameters derived from eaebtsy fit, including thex? statistic,
are given in each panel (in XSPEC parlance). In each caseis'Kie flux normalization of the model. Note that even “nthpdrand “egpair” (sophisticated
Comptonization models) fail to describe the spectra owintpé strong, blurred reflection features that are present.
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TABLE 1
RELATIVISTICALLY —-BLURRED DISK REFLECTIONMODELS
model Ny in Cout I break a 6 r Ecut Kpow £ Are Krefi XZ/V
(10722 cm?) (rg) (cJ/GM?) (deg.) (keV) (ergcm¥) (10)

best-fit 6.11(3) 9.97(3) .0P%r 6.5(1) 0.983(3) 72(1) 1.720(2) 35.6(3) 2.59(1) 1020(10) 00¢5) 1.25(7) 4070.6/3785
Are=2 6.09 10.0 0.00 648 00985 723 1.70 3438 1.66 890 2.0% 1.15 1094/3786
Gin=5 6.26 5.0* 0.55 11.1  0.998 65.5 1.72 35.5 2.57 1230 1.0 0.86 2164/3786
ek =3  6.35 6.84 1.09 3.0 0.977 719 174 35.6 2.59 1350 1.0 0.62 2604/3786
truncation  6.17 3.0* 3.0* 6.0+  0.98* 65.0 1.74 36.0 2.52 1520 1.0 0.58 4547.4/3789
a=0 6.44 3.0* 3.0* 6.0+  0.0* 650 177 40.0 2.10 5000 1.0 0.32 1%2/3789
higherEc:  6.83 9.76 0.003 655 0.988 744  1.83 55+ 2.81 1330 1.0 1.28 3.6%W86

NOTE. — The parameters obtained for the best-fit relativistjedilurred reflection modetpabs  kerrconv  (reflionx_hc +cutof f pl). The cut-off power-law normalizatiot pow, has units obhotonscm_2 s1kevL at 1 keV. Please see the text
for additional details. The table also lists the resultsabtd for various models wherein parameters were fixed ierdmdexplore the sensitivity of the fit statistic to plausibariations. Errors were only calculated for the best-fitleipthe reported errors

are 1o confidence limits. Parameters marked with an asterisk @ghose fixed at a particular trial value in the rejected mmdelthe “truncation” model, the inner radius of the disk viaed at 20X r | g0
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FIG. 3.— The FPMA (black) and FPMB (red) spectra of GRS 1, fit with a relativisitically—blurred disk reflection mdel. The continuum and reflection
model include an exponential cut-off, as indicated by tinepé fits, and consistent with prior results obtained in thlateau” state. Using this model, a black
hole spin parameter @ = 0.98(1) (statistical error only) is measured (see Table 1§ Jfectra were rebinned for visual clarity.
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FIG. 4.— TheAXB f|tt|n8 stafilstlc pﬁotted versus g# ent values of ?ded hg)e srslln paramefa— cJ/GN‘I:‘q he panel at left shows the full range, while
the panel at right shows the®< a < 1.0 range, for clarity. The spin measurement is based onviskidally—blurred disk reflection modeling of the NUSTAR
spectrum of GRS 194305 in the “plateau” state (see Table 1). The error range vaa®d using the XSPEC tool “steppar”, which allows all peeters to vary

during the scan. The horizontal confidence levels indidateGaussian equivaleatvalue for the indicated change j¥?, assuming one interesting parameter.




