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We present highlights from a series of four simultaneousauiRossi X-ray Timing Explorer
(RXTE) observations of the black hole candidate Cyg X-1. W& firiefly summarize several
key results from our decade long RXTE monitoring campaighi¢tvto date contains over 250
observations). We then comment on challenges of analyhm&uzaku data, i.e., improving the
aspect correction beyond that of the existing tools, andifaéively assessing pileup. All of our
Suzaku observations (one, by design) occurred at or venyarb#dal phase 0 (superior conjunc-
tion), and hence show evolution in color-color diagramstdué-ray absorption by material from
the wind of the secondary. We present simple partial absorphodels for this evolution. We
then compare the Suzaku and RXTE data, and explicitly dithdeFe line region into narrow
and broad components. Both are required for the Suzakuatadaare seen to be consistent with
the RXTE data. These Suzaku observations occurred nearibily hard, low flux states. We
present fits of the broad band spectra with a simple phendginal broken powerlaw model, as
well as a more physically motivated Comptonization model.evéas the former class of models
described nearly all of the RXTE campaign better than angighymodel, here the latter model
is slightly more successful. The Comptonization model, évav, exhibits little evidence for a
soft disk component, which formally corresponds to a sniatier disk radius. Whether this is
physical, due to unmodeled absorption, or is a calibrasne, remains an open question.
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1. Summary of RXTE Campaign

Cyg X-1 is one of the best studied of the galactic black hole candidates \Btitas been a
persistent X-ray source, exhibiting, very broadly, spectrally hareioesvhat softer X-ray states.
(Whereas the hard X-ray tail softens, it never completely vanishesyigpiXcl.) In Cyg X-1 these
spectral states occur over a factor of only a few in X-ray flux. A sumroétiie system properties
can be found in[[13], while a summary of the broad band spectral baheaobe found in[[32],
and references therein. Whereas Cyg X-1 exhibits an interesting vafiedyiability behavior (see
[[5,[16,[1]]F[20], etc.) and radio behavior (sSéd]%, B[ 14, 22], eterelated with the X-ray spectra
and flux, here we concentrate on the X-ray spectral properties.

In Fig.[1, we present some of the spectral highlights from our RXTE mangazampaign
([B2)). First, we see that the broad band spectra are extremely wellides by a very sim-
ple model: an absorbed, exponentially cutoff broken powerlaw, with acdbgaussian line. The
spectral break always occurs near 10 keV, with the degree of tla& brereasing for softer (typi-
cally brighter) spectra. More physically motivated Comptonization modgI€gP,and X-ray jet
models ([IL]) fit the data nearly as well. The former fit the soft X-ray @olaw with a combi-
nation of disk photons and Comptonization, and the (exponentially cutaff) Xaay powerlaw
with Comptonization and reflection. The jet models also utilize tlsaseephysical components,
but also allow for jet synchrotron radiation (usually in the soft X-rayld et synchrotron self-
Compton (usually in the hard X-ray). For neither the Comptonization nor jetetadd there a
single continuum component underlying the Fe kne region.

Prior studies have ascribed the-T"» correlation predominantly to a hardness-reflection anti-
correlation ([2B[P]). Although this effect is seen somewhat by our @égmp([22], Fig.[LL), it is
greatly reduced from prior claims (e.gf] [9]). A major difference betwibese studies is that we
have allowed the fitted seed photon temperature to be a free parameterasvbtirer studies have
not (i.e., [91). Fig.[IL shows that to some extent, a hardness-disk fluxcantHation subsumes a
substantial fraction of any hardness-reflection anti-correlation. bHigyaof Suzaku to measure
the soft X-ray spectral regime is therefore seen to be crucial in fucthrestraining such models.

For all of our RXTE spectral fits, whether broken power law, Comptditnaor jet, a broad
gaussian is found near the expected position of the 6.4 keVFiné€. However, the width of this
line, and its correlations with spectral hardness, do depend upon tbefitead model. (Broken
power laws tend to produce the narrowest lines; different Comptonizataatels, e.g.conpt t
vs. eqpai r yield differing line widths [2R].) Furthermore, RXTE lacks the spectrabheton to
decompose the residuals in the line region into broad and narrow compoBenéku, on the other
hand, does have sufficient resolution to decompose the line into compoameditagain is seen to
be crucial for further constraining spectral models.

2. Attitude Correction and Pileup Estimation for the Suzaku Observations

Before we can describe and fit the Suzaku spectra, we must first medkdahat we have
minimized instrumental effects. Most important among these is the reductionotdrppileup,
i.e., when more than one photon lands in the same or adjacent pixels in onega@dut frame
(see [}] for a technical description). These “piled” events are eittstr(ttue to exceeding the
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Figure 1: A brief summary of results from our monitoring campaign ofgCx¢-1 ([@]). The upper left
shows unfolded RXTE-PCA/HEXTE spectra (see aE{) [14]), itia simple absorbed, exponentially cutoff
broken powerlaw plus broad gaussian line. (This spectrueimigng the softest seen in the campaign.) The
amplitude of the powerlaw break is correlated with the softgrlaw slope (softer corresponds to a greater
break), as shown in the upper right. Solid points are the Cylghérd state (as defined dz[l8]), and hollow
points are the Cyg X-1 soft state. The lower left shows redutim fitting theeqpai r Comptonization
model of ﬁ;], which parameterizes spectral hardness withtia of coronal compactness to seed photon
compactness= ¢, /¢s). Here the break between the soft and hard X-ray powerlae/s aombination of
anti-correlations between the spectral hardness andtiefidtaction (left) and amplitude of any additional,
soft X-ray disk component (right).
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Figure 2: Left: An example of Suzaku attitude correction. The leftflwdlthe image shows a Suzaku PSF
for Cyg X-1 using the standard attitude correction. Thetrlgdif of the image shows the improvement with
aeattcorr. sl. Right: Improving the attitude correction allows for a leetestimate of pileup in the
image. Here we show an image where discrete colors corrdsjpotihe minimum level of pileup in that
region. The outer white circle is the extraction region, l&tihe inner white circle is the excluded region
(with pileup fractions as high as 30%). The average effeatdsidual pileup level is less than 4%.

event energy threshold, or migrating to bad “event grades”), oreae ais a higher energy photon,
therefore distorting the spectrum. (This distortion can be especially protiteatdigh energies,
as the intrinsic photon count rate spectra tend tdlte—1’.) In order to assess the degree of
pileup, we must first have the most accurate measure of the X-ray image.inTirn requires
an accurate spacecraft attitude. For Suzaku, the latter is affected dnyndahwobbling” of the
spacecraft, induced during day/night passages during the spcebit([fL9]).

Whereas a statistical correction has been developed to correct teesgfaattitude ([19]), for
bright sources (e.g., many AGN, and our Cyg X-1 data), the correctinbe improved further by
measuring the mean position of the point spread function (PSF) on shortdites sthen refining
the empirical correction of the spacecraft attitude. Such an algordleat t cor . sl , has been
developed by John Davis, and as shown in fig. 2 it further improves thex€yimage.

With this improved image, one can then calculate the mean countsxp8raxel region per
CCD readout frame, and thereby arrive at a quantitative assessiréstfoactional pileup level
in a given image. We have developed a tqull(eup_est i mat e. sl ) to automate this process.
It further allows one to create a region filter that excludes the central glgidns, and returns an
estimate of the average pileup fraction in the remainder of the image.

These tools have been made available publiclifor each of our observations we exclude
approximately 1/3 of the total counts from the center of the (attitude corddotede. We estimate
that any residual pileup fractions afe4%.

lhttp://space. mi t. edu/ CXC sof t war e/ suzaku/
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Figure 3: As discussed by@Z], RXTE observations of Cyg X-1 are welbfi an exponentially cutoff,
broken powerlaw. The low energy power laW,J is strongly correlated with the high energy powerlaw
(T2). The triangles correspond to the Cyg X-1 hard state, whitecircles correspond to the Cyg X-1 soft
state. The filled diamonds correspond to the RXTE obsemssgonultaneous with our Suzaku observations.
(Note that points are shown for eight individual color-aalegions from the four separate observations.)

3. The Suzaku Observations

Over the course of a year and a half, we have obtained four simultaSe@asku/RXTE ob-
servations. (The most recent observation in April 2008 was also npeefib simultaneously with
Chandra, XMM-Newton, INTEGRAL, and Swift.) In Fi@ 3 we show the lbea in thel 1—T»
diagram of broken powerlaw fits to the simultaneous RXTE data. We immediateithatthese
spectra were among the spectrally hardest observations of the padedec

Note that Fig[[3 shows eight, rather than just four points, as we havévalgsieach observa-
tion by its location on a color-color diagram defined by the Suzaku basdpdsee Fid] 4). All of
our observations show evolution towards the lower left corner of thieggainms, with three of the
four observations rounding the corner and evolving to the right alonpattem of the diagram.
These three observations (with durations of 0.2 in phase) overlappedshitial phase 0 (i.e.,
superior conjunction; the April 2008 observation was specifically sdieeldfor that phase). The
fourth observation covered orbital phase 0.2—0.3. Thus all obsengatiere subject to a series of
dipping events due to absorption by the stellar wind of the secondanf@Bee |

We can model the color-color diagrams by fitting a spectrum to the locus ofspigirthe
upper right hand of the plot, and then multiplying this spectrum by a rangddifienal column
densities (above and beyond the Galactic column). This yields the dowtefawdrd evolution on
the diagram. In order to obtain the evolution to the right along the bottom of tiyeatiia we need
to presume a partial covering fraction of 80% (i.e., 20% uncovered} feaat the soft X-rays. Our
best fit to the diagram, however, is for the middle X-rays to be 100% cdv@ige uncovered soft
X-rays, rather than being wholly local to the source, is likely dominated byisescattering halo
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Figure 4: Color-color diagram for a Suzaku Cyg X-1 observation. Thel@ion to the lower left corner

of the diagram is consistent with increased absorptionleathe rightward extending tail indicatgsrtial
absorption. The lines show partial covering models whelg tre absorption is changed. From left to
right, respectively, they represent: all channels hauvirgsame 82% covering fraction, the two high energy
channels having the same (100%) covering fraction (thecbafinel is 82% covered), and the highest energy
channel being completely uncovered (the soft channel is@&éred, the middle channel is 100% covered).
Three of our Cyg X-1 observations occurred near orbital eitlasind show similar color-color diagrams.

(see [1]]), a substantial fraction of which is contained within the 2 arcmButaku PSF. We note
that Chandra observations of such dipping are more consistent with &®#8ing fraction (see
[B], and the contribution by M. Hanke in this volume).

We have divided each observation into as many as three pieces - the fqooisits in the
upper right, the downward slope to the left, and the evolution to the right dlenbottom of the
diagram. These time intervals were defined by the Suzaku observatiaht)eanRXTE spectra
were extracted from the intersections with those time intervals. Througheuéesh of this work,
we only consider spectra from the locus of points in the upper right.

4. TheFeKa Line Region

We next turn to the line region of the data. RXTE data have suggested @ Bedae ([2D]),
but questions have remained as to contributions from narrow compoespegially given the very
modest resolution of RXT% First, we wish to address the consistency between the two detectors.
We do this by fitting a simple phenomenological model (e.g., a powerlaw) simultalyeio the
3.5-4.5keV and 7.5-8.5keV data, and then noticing the ratio residuals inltl3e-9keV range.
This procedure does not necessarily produce an accurate profdayfdoroad line in the 4-8 keV
region (it produces perhaps the “most optimistic” estimate of such a line)it bah show the
consistency of the Suzaku and RXTE residuals. We show such ratioasid Fig[p.

2Chandra resolves the narrow components of the line e [12]). HamdEa, however, the broad components are
difficult to assess with great accuracy (sﬁe [8], and the contributidv.tiyanke in this volume).



Suzaku Observations of Cyg X-1 Michael Nowak

T T T
n
— -
—i
—
o i
*
2 8L
= U
r i
'ﬂ‘ i
] 1Tl -V - — — — — —|— =
f W %
o
o -
o
| | |
4 6 8
Energy (keV)

Figure5: Fit residuals for RXTE (filled diamonds) and Suzaku (histog), designed to emphasize features
in the Fe Ko region. A simple power law spectrum was fit to the 3.5-4.5 aBd&.5 keV spectra, and then
the full 3.5-9 keV spectra were noticed without refitting thedel. The Suzaku data have been binned to
half width half maximum (HWHM) of the spectral resolution.

There is indeed very good agreement between the Suzaku and RXd&aissand both show
broad deviations from a simple continuum, consistent with a relativisticallydered line. (We
have not, however, included all the potential continuum complexity disdusieve, i.e., disk,
Comptonization, synchrotron, synchrotron self-Compton, and reflgctibhe Suzaku data also
strongly suggest narrow components. A narrow emission feature isas@ehkeV, and a possible
absorption feature is seen at 6.7 keV. Based upon prior Chandravatises at orbital phase 0
([f]), both features are expected. The emission and absorptiondedtave comparable equivalent
widths (absolute value: 10-30eV), and hence do not form the main contribution to the broad
residuals seen in the RXTE data (equivalent widthO0-150 eV, if fitting just a single component).

We see thatit leastthree components are required to fit the broad line region residual in the
RXTE data. In Fig[J6 we present such continuum plus multi-component lineSiitscifically, we
include a relativistidi skl i ne model, a narrow gaussian emission line, and a narrow gaussian
absorption line. We show fits with and without an additional smeared edgéh d&ds of fits
require a broadened line component, with an inner radius ranging fra&@ML@? to 60GM/c?.

The equivalent width of the broad line component is in the 40-130eV réagkis 10%—-30%
lower if including a smeared edge). Itis interesting to note that the peak ilutdeving of the line
is obscured by the absorption line at 6.7 keV. We have found, howtinarit is difficult to fit the
width andlocation of the RXTE residuals without such a blue peak in the broad line coempo

5. Broad Band Fits

We now turn to the broad band spectra by considering models fit to the ¥-8IS data,
the 3—22 keV RXTE-PCA data, and the 18-200 keV RXTE-HEXTE datafoAsur RXTE cam-

3For plotting purposes, all XIS spectra are summed, however, wecfit 65 data set individually. The HXD-PIN
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Figure 6: A simultaneous fit to the RXTE/Suzaku data in the 3.5-9 ke\gearonsisting of an absorbed
disk plus powerlaw, a relativistically broadened and amaffe Ka line, and a 6.7 keV absorption line (left),

plus an additional smeared edge (right). (Each model coemda shown individually.) Such complexity

is required for the Suzaku data, and is seen to give very goonsistency with the RXTE data. Note that the
data here are unfolded without reference to any model andrehl on the detector responses.

paign, we first consider simple phenomenological fits consisting of anladxbcexponentially cut-
off broken powerlaw. Instead of adding a single broad gaussianlseéelude a narrow gaussian.
Additionally, we include a soft disk component. An example fit is shown inJFig 7.

Although this fit is relatively successful, several points are worth notifay.this, and all of
our fits, there are sharpy 5% residuals in the 0.7-1.2keV region, i.e., near absorption edge fea-
tures. We fit absorption withbnew, a modification of the model of [21], which includes detailed
structure at these edges. Altering absorption abundances, hodieMeot remove these residuals.
We are unsure currently whether these residuals are instrumental ¢a@gminant unmodeled in
the Suzaku spectral response) or physical features (e.g., unmdideletbsorption or emission).
The additional disk component is both of high temperature and low amplitudmaly, low am-
plitude corresponds to a small inner disk radi@ven the high fitted disk temperature, here the
disk amplitude implies an inner disk radius of omy0.1GM/c?. A different (more heavily piled
up, even with removal of data from the center of the image) Suzaku @tssmnof Cyg X-1 re-
cently has been described with a more complex Comptonization model consistifpentlow
andhigh energy Comptonized componenfs}[10]). Perhaps the low normalifsbriemperature
disk component is indicating the need for continuum models with such addeglexty.

In Fig. [T we also show the same spectra fit withdlgpai r Comptonization model, allowing
for reflection, an unComptonized disk component tied to the temperature sééoephotons, and
a second disk component with temperature left free (rerE)0 eV). Overall, this fit is somewhat

data are in good agreement with the 20—70 keV RXTE-HEXTE data, ambtalter the fits. Consideration of the
HXD-GSO background is a complex issue, and we defer discussioesé thata to a forthcoming work.

4Discussions of the inner disk radimet receding as a BHC enters the low/hard state often have shown ratio
residuals of the model- excluding the disk component- in order to illustratepthiats. It is the relativaveaknessf
this ratio, however, that formally indicates a small inner disk radius a.egn-recessed disk.
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Figure 7: Broad-band Cyg X-1 spectra that have been unfolded soléhg tise detector response matrices
(i.e., without regard to the fit model). The Suzaku data frdrawailable XIS have been summed and binned
to HWHM of the detector, and we show the simultaneous RXTE-REARXTE-HEXTE data. (Model data
have been “unfolded” identically to the source data.) Lafisorbed, exponentially cutoff broken powerlaw,
plus additional disk, and broad and narrow line componeAik(absorbed) model components are also
shown individually, and we also show the broken powerlavihwaind without the hardening above 10 keV.
Right: Theegpai r Comptonization model fits, including additional unCompiewn disk components (one
tied to the seed photon temperature, and one free), broadaaralv lines, and reflection. We also show the
additional (absorbed) disk and line components indiviguthe (absorbed) seed photon spectrum (highest
amplitude thermal bump in the figure), and the Compton spectithout reflection.

better than the broken powerlaw model. However, as for the brokenrfzowtt, any soft excess
(here dominated by the seed photons for Comptonization) is both of high tetaperand low
amplitude. (To date, for these historically hard “low state” observationdiave been unable to
find a satisfactory fit with low seed photon temperatures.) Note also that thieréftection fraction
is =~ 0.3, i.e., counter to any expectations from a hardness-reflection fracttenarelation. We
have simultaneous Chandra-HETG and XMM-RGS data for one of owredtsons, thus, we are
exploring whether the inclusion of narrow absorption and emission comgo(eg., from a highly
ionized wind) can fundamentally alter the broad-band properties sugdastbe above models.
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