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Measuring the Inner Disk Radius 
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Continuum Fitting

(Zhang, Cui, & Chen 1997)



� Measure the flux F received from the star

� Measure the temperature T* (from spectrum)

� Independent knowledge of distance (i.e., from parallax)
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Measuring RISCO
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Requirements for the 
X-ray Continuum Fitting Method

Zhang, Cui & Chen 1997

§ Spectrum dominated by 

§ Theoretical profile of  disk flux 
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How Well Does it Work in Practice?

� Extremely well 

� Multiple independent observations of  the 
same BH
� at different luminosities (up to 30% LEddington)

� with different instruments

� separated by many years



LMC X-3: 1983-2009
L 

/ L
E

dd
in

gt
on

Steiner et al. 2010



LMC X-3: 1983-2009
L 

/ L
E

dd
in

gt
on

Steiner et al. 2010



LMC X-3: 1983-2009
L 

/ L
E

dd
in

gt
on

R
in

/ M

Steiner et al. 2010



Using many spectra like this:
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A STROBE-X Perspective



STROBE-X’s view of  the thermal state
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STROBE-X 
spectra on a dynamical timescale!
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Reaching Fundamental 
Timescales

� NICER gets a ~10% disk radius each second (the viscous 
timescale)

� STROBE-X obtains a ~10% disk radius each 10-2s for a 
bright BH (orbital timescale at 10 Rg).

� Enables phase-resolved spectroscopy of  a HFQPO

� Can map disk structure at the viscous timescale



Viscous timescale (peeking 
under the hood of CF)
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Continuum Fitting in Practice
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Continuum Fitting++ with STROBE-X
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How to get there? 
(in outline)

� Empirical tests of disk spectrum

� Establishing disk evolution beyond ”thin” limit

� Bright-hard state: Truncation? Variability confounding? 
Extending self-consistent modeling?  



Testing Disk Structure
� NonLTE effects (atomic edges, electron scattering, etc.)
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Testing Disk Structure
� Can directly test for slim disk departure from thin-disk 

models with growing luminosity
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Examining Accretion 
Instabilities

2 Neilsen et al.

over many variability classes and there are indications
that it may hold for other black holes as well (XTE
J1650-500 & GX 339-4, Miller et al. 2004; GRO J1655-
40, Miller et al. 2008; H1743-322, Miller et al. 2006b;
Blum et al. 2010).
If outflows from stellar-mass black holes depend on the

accretion state, then any rapid variability should have
observable consequences for those outflows. This is par-
ticularly true for GRS 1915+105, where the X-ray spec-
trum and the accretion flow can change drastically in sec-
onds. For example, it has been shown conclusively that
30-minute radio oscillations are ‘baby jets’ produced by
ejection events in cycles like the β state (Fender et al.
1997; Pooley & Fender 1997; Eikenberry et al. 1998;
Mirabel et al. 1998; Mirabel & Rodŕıguez 1999). Accre-
tion disk winds have been directly observed to vary on
similar (2–10 ks) timescales (GRS 1915+105: Lee et al.
2002; Ueda, Yamaoka, & Remillard 2009; Ueda et al.
2010; Cir X-1: Schulz & Brandt 2002) or longer (1A
0535+262: Reynolds & Miller 2010). Flux-dependent
studies have implied faster variations in both emission
(1 s; Miller & Homan 2005) and absorption lines (300 s;
Miller et al. 2006b). However, the physical consequences
of rapid variability on these winds have yet to be tracked
in detail. A potential link between X-ray variability
and disk winds would be especially interesting given our
recent demonstration of a wind-jet interaction in GRS
1915+105 (Paper I).
In order to explore the relationship between jets,

winds, and fast variations in the accretion disk, we have
undertaken a detailed investigation of the ρ variability
class in GRS 1915+105. Known affectionately as the
‘heartbeat’ state because of the resemblance of its X-ray
lightcurve to an electrocardiogram, the ρ state (see Fig.
1) is a ∼ 50-s oscillation consisting of a slow rise followed
by a series of short bright bursts with amplitudes of
order 5 × 1038 ergs s−1 and strong changes in the
X-ray spectral hardness (Taam, Chen, & Swank 1997,
hereafter TCS97; Vilhu & Nevalainen 1998; Paul et al.
1998). Theoretical models suggest that this state is
a manifestation of the Lightman-Eardley instability, a
limit cycle in the radiation-pressure dominated inner
accretion disk (Lightman & Eardley 1974; Belloni et al.
1997a; Janiuk, Czerny, & Siemiginowska 2000;
Nayakshin, Rappaport, & Melia 2000; Janiuk & Czerny
2005).
Previously, we analyzed the average spectrum of a joint

RXTE/Chandra observation of GRS 1915+105 in the ρ
state (Paper I). We found the average RXTE contin-
uum during this observation to be relatively soft, with
∼ 79% of the 3–18 keV X-ray luminosity (LX ∼ 4.9×1038

ergs s−1) emitted below 8.6 keV. In the time-averaged
high-resolution X-ray spectrum from the Chandra High-
Energy Transmission Grating Spectrometer (HETGS;
Canizares et al. 2005), we detected an Fexxvi Lyα ab-
sorption line from the accretion disk wind with an equiv-
alent width of −7.2 ± 1.7 eV and a blueshift of ∼ 1400
km s−1.
We follow up in this paper by tracking the ρ-phase-

resolve timing and spectral variability of this same joint
RXTE/Chandra HETGS observation of GRS 1915+105.
For the very first time, we detect significant variations in
absorption lines in phase-binned spectra, allowing us to

Fig. 1.— The 1-second PCA heartbeat lightcurve (top panel),
HR1 (middle panel), and HR2 (bottom panel). HR1≡ B/A and
HR2≡ C/B, where A, B, and C are the PCA count rates in the
2.0–4.5 keV, 4.5–9.0 keV, and 9.0–30 keV bands. The heartbeat is
composed of a slow rise or a shoulder followed by a double-peaked
pulse. In HR1 the behavior is similar, although the shoulder follows
the maximum rather than preceding it.

assess real physical changes on timescales of seconds, well
below the dynamical time in the wind. We explain the
origin and evolution of the accretion disk wind via analy-
sis of the X-ray spectral variability. Our results indicate
that each bright burst has a significant impact on the
accretion dynamics from the innermost to the outermost
regions of the accretion disk.
In Section 2 we describe our observations and data re-

duction. In Section 3, we define the phase of the ρ cycle,
explore variations in the recurrence time, and analyze
phase-resolved power spectra. We perform joint spectral
analysis with RXTE and the Chandra HETGS in Section
4. We discuss our results on outflow formation and disk
instabilities in Section 5, summarize our understanding
of the oscillation in Section 6, and conclude in Section 7.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Chandra Data

GRS 1915+105 was observed with the Chan-
dra HETGS on 2001 May 23 (08:25:38 UT), for 30.16 ks.
In order to mitigate pileup, the data were taken in Con-
tinuous Clocking Mode; events were recorded in Graded
format to reduce the risk of telemetry saturation.
We reduced and barycenter-corrected the Chan-

dra data using standard tools from the ciao analysis
suite, version 4.0. After reprocessing and filtering, we ex-
tracted High-Energy Grating (HEG) spectra and created
grating responses. We used the order-sorting routine to
remove the ACIS S4 readout streak, since the destreak
tool can introduce spectral artifacts for bright contin-
uum sources like GRS 1915+105. We extracted 1-second
lightcurves with dmextract.
Due to incomplete calibration of Charge-Transfer

Inefficiency (CTI) in CC/Graded mode, there is some
wavelength-dependent disagreement in the continuum
flux between spectral orders of the HEG (and the
MEG, which we do not consider here because of its
lower spectral resolution). For this reason, it is not
currently possible to fit a physical continuum model to
the HETGS data. Instead, we fit the individual spectra

GRS 1915+105 Heartbeats (Neilsen+2011)
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Fig. 7.— Model 1 fit parameters and 1σ error bars as a function of phase for the PCA spectra (averaged over different PCU combinations).
Two cycles are shown for clarity; since the average period is 50.33 seconds, each phase bin corresponds to roughly 1 second of real-time
variability. The temperature and radius of the accretion disk vary significantly throughout the cycle, reminiscent of changes in the κ/λ
states analyzed by Belloni et al. (1997b,a). Because simpl counts disk photons to create the power law (fSC), Model 1 uniquely tracks the
disk parameters prior to Comptonization, i.e. scaling up the disk normalization by a factor 1− fSC. See 4.1.1 for details of the model fits.

Meanwhile, the scattering fraction fSC decreases slowly
during the slow rise and reaches a minimum ∼ 0.13 near
φ = 0.95. Then, during the hard pulse at φ ∼ 0.06,
fSC spikes sharply to 1; there is a second, broader peak
with fSC ∼ 0.6 during the hard X-ray tail (Fig. 7). We
interpret this behavior as an indication that during the
hard pulse, the X-ray spectrum is completely dominated
by scattering and there is essentially no direct disk com-
ponent. Still, the disk dominates the light during the
soft pulse, contributing as much as 70% of the observed
flux just before φ = 0, and roughly 25% during the hard
X-ray tail.
The high-energy cutoff exhibits similarly strong varia-

tions around the phase of the hard pulse. During most
of the cycle, Efold is steady around 30 keV, although the
spectrum of the hard X-ray tail is effectively consistent
with no cutoff, or with Efold ! 1 MeV. But during the
hard pulse, Efold drops sharply to 6 keV. Thus Model 1
leads to the interpretation of the hard pulse as a period of
very strong (i.e. Compton thick) scattering by relatively
cool electrons.
The flux (F6.4 keV) in the Gaussian emission line (see

Section 5.2) declines very slowly for most of the cycle,

but peaks during the soft pulse. With the exception of
this short pulse, the line flux is very strongly correlated
with the line width σ6.4 keV, which varies between about
0.5 keV and 1.5 keV. The correlation coefficient for these
two parameters is r = 0.88. At the RXTE spectral res-
olution, it is difficult to reliably decouple the variations
in the line width and the line flux, so the true variabil-
ity of the feature is unclear. The line is too broad to be
observable in the Chandra HETGS spectrum. However,
if we include only the phases of the cycle away from the
pulses, φ = 0.15 − 0.8, we find a moderate correlation
between the line flux and the simpl scattering fraction
(r ∼ 0.63). We will return to this in Section 5.2.

4.1.2. Model 2: nthcomp

In the interest of quantifying the robustness of
our results to the choice of hard X-ray component,
we also explore the evolution of the disk with sev-
eral prescriptions for Comptonization, including compTT
and nthcomp (Zdziarski, Johnson, & Magdziarz 1996;
Życki, Done, & Smith 1999). Here we discuss the results
from our modeling with nthcomp. To use this model, we
set the seed photon distribution to be a disk blackbody



GRS 1915+105 variable modes
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in Fig. 2v) like those of classes ρ and ν, and the flare as a
curved trail of soft (low HR2) points (Fig. 2u).

• class β This class shows complex behavior in the light curves,
some of which can be seen within other classes. What iden-
tifies class β however, is the presence in the CD of a char-
acteristic straight elongated branch stretching diagonally.

The number of the classes presented above could be reduced,
given the strong similarities between them, but our goal is not
to have as few classes as possible, but to give as comprehensive
a description of the source behavior as possible, in order to look
for basic ‘states’ of the source. For this purpose, defining a rela-
tively large number of classes means we are being conservative
in order not to overlook important details in source behavior.
All observation intervals in the sample considered for this work
are covered by this classification, but it is quite possible that
future observations would require yet other classes. Some of
our observation intervals can be seen as boundary cases be-
tween two classes. Therefore, our classification is not intended
to exhaustively list mutually exclusive modes of behavior for

GRS 1915+105 as: (i) transitions between some classes exist,
(ii) a smaller number of classes would probably be sufficient to
describe our observations, and (iii) more classes probably exist.
The point of our work will instead be to demonstrate that this
very complex behavior in fact follows a few very simple “uni-
versal laws”. Summarizing, in Fig. 3 we show a histogram with
the “occupation times” of the different classes in our sample.
Noice that class χ is by far the most common.

3.2. Classes λ, κ and θ: the basic states

Twoobservations representing classesλ andκ, I-38-00 (Interval
#3) andK-33-00 (Interval #2) respectively (notice the shortened
naming convention, explained in the caption to Table 1), have
already been presented by Belloni et al. (1997a,b). For a better
understanding of what follows, we will briefly summarize their
main result, restated using the terminology that we will use
throughout the rest of thiswork.Let us startwith examining class
λ. The total light curve, the CD and the HID are shown in Fig. 4.
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Fig. 2a – l.One example light curve and CD
from each of the 12 classes described in the
text. The light curves have a 1s bin size, and
the CDs correspond to the same points. The
class name and the observation number are
indicated on each panel.

quiet, high-variable and oscillating parts described in Bel-
loni et al. (1997a). In the CD, a C-shaped distribution is
evident, with the lower-right branch slightly detached from
the rest, and corresponding to the low count rate intervals
(typically a few hundred seconds long).

• class κ Very similar to the previous class are observations in
class λ. The timing structure, as shown by Belloni et al.
(1997b), is the same, only with shorter typical time scales
(Fig. 2o,p). In the CD, an additional cloud between the two
branches is visible (see Belloni et al. 1997b).

• class ρ Taam et al. (1997) and Vilhu & Nevalainen
(1998) presented extremely regular RXTE light curves of
GRS 1915+105, consisting of quasi-periodic ‘flares’ recur-
ring on a time scale of 1 to 2 minutes. There are differences
in the observations presented by these authors, and for this
reason we separate them in two classes. The first, class ρ
(Fig. 2q,r), is extremely regular in the light curve, and in the
CD it presents a loop-like behavior (described as ring-like

in Vilhu & Nevalainen 1998, where data with lower time
resolution were considered).

• class ν There are two main differences between observations
in this class and those of class ρ. The first is that they are
considerably more irregular in the light curve, and at times
they show a long quiet interval, where the source moves to
the right part of the CD (see Fig. 2s,t). The second is that, at
1s time resolution, they show more structure in the profile
of the ‘flares’, notably a secondary peak after the main one
(see Fig. 17b).

• class α Light curves of observation intervals of class α show
long (∼1000 s) quiet periods, where the count rate is below
10000 cts/s, followed by a strong (>20000 cts/s) flare and
a few 100s of seconds of oscillations(see Fig. 2u,v). The
oscillations start at a time scale of a few dozen seconds and
become progressively longer. This pattern repeats in a very
regular way. In the CD, the quiet periods result in elongated
clouds, the oscillations in small rings (not clearly visible
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A Local Group View?



Extragalactic Stellar BHs

� Competing with Athena in Athena’s wheelhouse

� LAD is not helpful here

� Puts demands on XRCA FoV
� (push to 1.5’ radius?)

� Need an X-ray imager to inform our program

NGC 1313, 4 Mpc
3’ vs 1.5’



Cause for Excitement

� Have access to the outskirts of all Local Group members
� Low NH, less crowded
� Many low-mass LG members
� Can sweep up radius estimates for a dozen proximate sources in 10 ks. (~100s-1ks 

apiece for ~5000 ct benchmark)
� Distance known precisely

� Establish as THE black hole monitor? ~Weekly measurements of target LG 
members 

� Establish a critical-mass population of 50-100 stellar BH spins (and masses)

� Age of big glass on the ground: can get masses for stellar BHs in the Local 
Group (R~26+) with AO.



Operational and 
Instrumentation Tradeoffs

� Extragalactic a priority?  :   Pushing the optics – benefits from 
ground-based and space X–ray imaging partnerships

� Energy Resolution:  Not critical for continuum fitting.

� Effective Area:  Area and brightness trade off  against the crucial 
timescales we can probe; bigger is better, but cuts will not hamstring 
science.

� Throughput:  Up to million(s) of events per second, please!

� Energy range: Most important for the science grasp is to anchor the 
high-energy tail; best achieved by extending the reach on the LAD: 
*Can we push to 50+ keV?* This affects downscattering as well as 
upscattering.  (Also important for AGN and ULX science.)



Continuum-Fitting 
Discussion Prompts

� “Hotspot” / waterfall-analog for Galactic systems –
mass and spin from joint spectral/timing continuum 
data.

� Dust-scattering halos – probe dust structures near and 
far (different scales accessed with LAD and XRCA)

� Extragalactic merits?

� Truncation in continuum 





STROBE-X and BH Spin

� Spins can be measured with three techniques: 
continuum-spectroscopy, reflection spectroscopy, and 
QPO timing

� STROBE-X offers groundbreaking capabilities for each 
method 

� A simultaneous constraint with all three would (in 
principle) be possible


