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The analysis of the broad iron line profile in the X-ray spadf active galactic nuclei and black
hole X-ray binaries allows us to constrain the spin parameft¢he black hole. We compare
the constraints on the spin value for two X-ray sources, M&8&3-15 and GX 339-4, with a
broad iron line using present relativistic line models iNPEC — LAOR andKYRLINE. The
LAOR model has the spin value set to the extremal valee0.9982, while the< YRLINE model
enables direct fitting of the spin parameter. The spin vadusonstrained mainly by the lower
boundary of the broad line, which depends on the inner bayrafahe disk emission where the
gravitational redshiftis maximal. The position of the indisk boundary is usually identified with
the marginally stable orbit which is related to the spin ealln this way the AOR model can be
used to estimate the spin value. We investigate the consist# theL AOR andk YRLINE models.
We find that theL,AOR model tends to overestimate the spin value. However, theapiancies
between results of both models are within the general uaicgids when applied on the current
data.
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1. Introduction

The broad emission iron lines are well-known features foimnabout two dozens of spectra
of active galactic nuclei and black hole binaries. They agpssed to originate close to the black
hole by the reflection of the primary radiation on the acoretilisk. The spin of the black hole
plays an important role in the forming of the line shape. E&ll, it determines the position of
the marginally stable orbit which is supposed to confine tinei edge of the accretion disk.

fms= 3+ 22— [(3— Z1)(3+ 21+ 222)] . (1.1)

whereZ; = 1+ (1—a2)3[(1+a)3 + (1—a)3] andZ, = (3a2 + Z2)2. The innermost stable orbit
occurs closer to a black hole with a higher spin value. Howehe spin affects also the overall
shape of the line.

Over almost two decades the most widely used model of thévistac disk spectral line has
been the one by Laor (1991), which includes the effects ofxémrelly rotating Kerr black hole. In
other words, the AOR model sets the dimensionless angular momerdumthe canonical value
of a=0.9982 — so that it cannot be subject of the data fitting proedDp\Ciak et al. (2004) have
relaxed this limitation and allowedto be fitted in the suite ofy models. Other numerical codes
have been developed independently by several groups (BikecgMDone, 2004, Cade? & Calvani,
2005; Brenneman & Reynolds, 2006) and equipped with sirfillactionality.

However, theLAOR model can still be used for evaluation of the spin if one idiers the
inner edge of the disk with the marginally stable orbit. Iistbase the spin is actually estimated
from the lower boundary of the broad line. The other paramseiéthe relativistic line models are
inclination angle, rest energy of the ling, inner radius of the diski,,, outer radius of the disR,,
emissivity parameteng, gp with the break radius,. The emissivity of the line is given Hy~ r—%
forr <rpandl ~r=% forr > rp,. The angular dependence of the emissivity is charactebged
limb darkening profilel () 0 1+ 2.06p in the LAOR model. ThekYRLINE model enables to
switch between different emission laws. We used further éxtoeme cases, theyRLINE with
the same limb-darkening law as in theorR model andkYRLINE* with the limb-brightening law
I(pe) OIn(1+ 2s).

The aim of this paper is to compare the two models appliedd@tinrent data provided by the
XMM-Newton satellite. For this purpose we have chosen twoess, MCG-6-30-15 and GX 339-
4, which exhibit an extremely skewed iron line accordingetoantly published papers (Vaughan &
Fabian, 2004; Miller et al., 2004).

2. Observations and data reduction

We used the SAS software version 7.1.2 (http://xmm.esaingsas) to reduce the XMM-
Newton data of the sources. Further, we used standard toolsréparing and fitting the data
available at http://heasarc.gsfc.nasa.gov (FTOOLS, X§PE

The galaxy MCG-6-30-15 is a nearby Seyfert 1 galaxy:-(0.008). The skewed iron line has
been revealed in the X-ray spectra by all recent satellithe. XMM-Newton observed MCG-6-30-
15 for a long 350 ks exposure time during summer 2001 (refenisit301, 302, 303). The spectral
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results are described in Fabian et al. (2002). We joinedhieetspectra into one using the ftool
MATHPHA.

The black hole binary GX 339-4 exhibited a strong broademedih the 76 ks observation in
2002 (Miller et al., 2004) when the source was in the very Hggtte. The observation was made
in the burst mode due to a very high source flux. The 97% of photons are lost dufia reading
cycle in this mode, which results into 2.25 ks total exposime. *

We rebinned all the data channels in order to oversampleniteumental energy resolution
maximally by a factor of 3 and to have at least 20 counts per Bine first condition is much
stronger with respect to the total flux of the sourcesxMtergcni?stin 2-10keV (11 x
10° cts) for MCG-6-30-15 and 9 10 2 ergcnt?s 1 in 2-10 keV (10 x 10’ cts) for GX 339-4.

3. Iron line study of the M CG-6-30-15 spectrum
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Figure 1: The X-ray spectrum of MCG-6-30-15 observed by XMM-Newtoreftt The overall view on
the spectrum as a power law with= 1.9 absorbed by a neutral hydrogen along the line of sight with
column densityy = 0.41x 10?*cm~2. The residuals from the model are plotted in the bottom peleatly
revealing features of a local absorption and soft excesseatdft X-ray band, and a feature at around 6 keV
which can be explained by the presence of a broad iron linghtRMore detailed view of the iron line band.

We used the same continuum model for the MCG-6-30-15 spachsi presented in Fabian
et al. (2002): the simple power law component absorbed byraielnydrogen with the column
densityny = 0.41 x 10?1 cm~2. The overall spectrum with a detailed view of the iron lin@eyy
band is shown in Figure 1. The employed model is sufficientttthg data above= 2.5 keV,
which is satisfactory for our goal of the comparison of thiatieistic line models: The value

1The broad iron line was also revealed in the analysis of tlelt88 ks observations in spring 2004 by Miller et al.
(2006), when the source was in the low-hard state. The EPEaprera was operating in thiening mode, MOS cameras
in thefull-frame mode. Usingepatplot tool we found that it is not possible to avoid the pile-up bglering the central
part of the image of the source as described in the foremeadipaper. Therefore we use only the very high state
observation from 2002 in our analysis.

2Another components are needed to be added into the modetién tw fully understand the spectrum. Several
works have been done in this way, in the most recent one byeMll al. (2008) the spectrum is characterized by an
absorption in four different zones, which affects also tighér energy band where no broad line is needed any more.
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of the photon index i$ = 1.90(1). The residuals are formed by a complex of a broad iron line
and two narrow iron lines — one emission linekat 6.4 keV likely originating in a distant matter
(torus) and one absorption line&t= 6.77 keV which can be explained by a blueshifted absorption
originating in an outflow. The rest energy of the broad lin&is 6.7 keV, which corresponds to
the helium-like ionized iron atoms.

A good fit of the broad line was found with a broken power lave lamissivity with a steeper
dependence on the radius in the innermost region, whichestigig centrally localized corona.
The goodness of the fit is constrained by the least squaredonheT he fit results in 2.5-9.5 keV
are presented in Table 1. The values give comparable results for all employed models. The
szed = x?/v =~ 1.2, wherev is the number of degrees of freedom which is related to tha tot
number of energy bins and model parameters. The six indepémérameters of theaor and
KYRLINE models make the global minimum gf rather wide with several local minima. Each
model has a different tendency to converge to a differenimrmum. Hence, we did not compare
only best fits of both models, but also the evaluated spinegly thex YRLINE andLAOR models
when the other model parameters correspond to each other.ediivalent width of the line is
EW = 750 eV. The errors in brackets presented in the table camesim 90% confidence and are
evaluated when the other parameters of the model are fixedteHtistic errors are higher because
the model parameters further depend on the other paranudtidys line and continuum models.

To catch up these relations we produce various contour griausing on the determination
of the spin value, taking into account the other parametetheoused model. The relations of
the x? values on value of the spirk{RLINE) or the inner disk radiusLAOR) are shown in the
left column of Figure 2. The x-axis is oppositely directedthie case of the inner disk radius as
x-variable for an easier comparison with tkerRLINE results. The contour graphs for the spin and
the inclination angle are shown in the middle column of Feg2ir The underlying model was fixed
in both cases. The plots in the right column of Figure 2 shosvdbntours for the spin and the
power law index. Taking all of these into account, we obtaintfie spin value:

acy =0.942% and g, = 0.9610%

4. Iron line study of the GX 339-4 spectrum

The continuum of the X-ray spectrum of the black hole birargecharacterized by a power
law and a multicolor disk black-body componeRDWERLAW+ DISKBB in the XSPEC notation).
The power law index suggested from the simultaneous RXTEsorements i = 2.5 (Miller
et al., 2004). However, we get an unacceptable fit Wi#hy,..q> 6.7 using the same model as
in the analysis by Miller et al. (2004) or the re-analysis IgidRet al. (2008). The difference of
the results is likely due to a different grouping of the instiental energy channels applied to the
data. While we did not allow to oversample the instrumemalrgy resolution more than by factor
of 3, in the previous works only the condition to have at |&&counts per bin was used. This

3The spectral complexity in the line band allows an altexeagixplanation — the model with two narrow emission
lines at energieE = 6.4 keV andE = 6.97 keV. This alternative model leads to the presence of thacline component
atE =6.4keV.
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parametern KYRLINE | KYRLINE* | LAOR pest | LAOR |oc.min.
a/M | 0947202 1 0957002 | 0.987552 | 0.9679%%
i[deg] | 26.7(7) | 315(7) | 35.7(5) 26.8(5)
ElkeV] | 6.67(1) | 6.60(1) | 6.48(1) 6.66(1)

N 4.9(1) 3.7(1) 4.8(1) 47(1)
%@ 2.84(4) | 211(4) | 2503) | 287(3)
o 55(2) | 183(5) | 6.6(2) 5.1(2)
X2/v | 175/148 | 174/148 | 170/148 | 174/148
EW [eV] 761 757 764 754

Table 1: Results for the iron line parameters for MCG-6-30-15 in 8.5keV.
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Figure 2: The contour graphs show the dependence of the value gfthehe inclination angle and the
power law index on the value of the spikvRLINE) or the inner disk radius.poR) for the MCG-6-30-15
spectrum in 2.5-9.5keV. The black, red and green contourssimond to &, 20 and 37, respectively. Top:
The results of the AOR model. Middle: The results of theyRLINE model withlimb darkening. Bottom:
The results of th&YRLINE model withlimb brightening.

condition is very weak with respect to the total number ofrtotcounts~ 1.0 x 10” and the total
number of energy channelnan= 1.5 x 10° in 2-10keV and as a result, it practically does not
force the data to be grouped. This leads to an excessiveamuplieig of the energy resolution, to
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Figure 3: The X-ray spectrum of GX 339-4. Left: The overall view on thpestrum as a power law with

' = 3 and thermal multi temperature black body witBDkeV absorbed by a neutral hydrogen with column
densityny = 0.6 x 10?2cm~2. The residuals from the model are plotted in the bottom pamedaling
wiggles at the soft X-ray band which are likely due to insteumal response. The broad excess at around
6 keV can be explained by the presence of a broad iron linehtRidore detailed view of the iron line band.

large error bars in the flux and finally to an artificial decaaal’sthexrzed value. In the energy range
0.8-9keV we ge)?/v = 2835/1640 for the grouping with the only condition 20 counts per, bi
and x2/v = 1368/202 for the grouping taking the energy resolution into acn:otrhexrzed value
increased fronx2,= 1.73 tox2,= 6.77.

The significant effect on the goodness of the fit is due to tlaufes attE ~ 1.8 keV and
E =~ 2.3 keV, which can be linked with the Si and Au edges suggestrzgtinstrumental imprints.
Hence we added two gaussian lines into the model to imprawdittix?/v — 667/202). As a
next step, we allowed the continuum parameters to float (&swramoved thesMEDGE model
used in the previous works). The new model §&gv = 350/202 in 0.8-9 keV and its parameter
values arey = 0.6 x 10?2cm=2, ' = 3.08(5) andkT;, = 0.87(1) keV. We tried to add a reflection
component into the model, @EXRAV (PEXRIV) or REFSCHmModel, but without any improvements
of the fit. The spectrum of GX 339-4 is shown in Figure 3 with #aded view of the iron line
band in the right panel. A broadened iron line feature i$ gtésent. However, due to different
adopted value for the photon index of the power law the limaugsh weaker than the one presented
in Miller et al. (2004).

The fitting results of the line models in 3-9 keV are summakireTable 2 and Figure 4. There
are two minima found during the fitting procedure. We prefdrthe one which better corresponds
to the results obtained by the independent radio and idrareasurements which constrained the
inclination angle to bé < 26° (Gallo et al., 2004). The dependence of the goodness of tba fit
the spin value is shown in the left column of Figure 4. The ocantgraphs for the spin and the
inclination angle are depicted in the middle column, andtier spin and the power law photon
index in the right column of Figure 4. The derived spin vaksi¢hien:

aky = 0.6@8:%2 and  quor = 0-771—8&2'
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parameter] KYRLINE | KYRLINE* LAOR
a/M | 0697013 | 0627917 | 0777998
i [deg] 19(3) 19(4) 17(4)
Elkev] | 697(1) | 697(1) | 6.97(1)
q 345@8) | 3.358) | 3.3(1)
x?/v | 147/125 | 148/125 | 148/125
EW [eV] 175 164 164

Table 2: Results for the iron line parameters for GX 339-4 in 3—-9keV
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Figure 4. The contour graphs show the dependence of the value gfthehe inclination angle and the
power law index on the value of the spiRYRLINE) or the inner disk radiusL@oR) for the GX 339-4
spectrum in 3-9keV. The black, red and green contours quonesto 1o, 20 and 37, respectively. Top:
The results of the AOR model. Middle: The results of theyRLINE model withlimb darkening. Bottom:
The results of th&YRLINE model withlimb brightening.

5. Conclusions

We investigated the iron line band for two representativercses — MCG-6-30-15 (active
galaxy) and GX 339-4 (X-ray binary). The iron line is statiatly better constrained for the active
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MCG-6-30-15| GX 339-4

net cts/s 3.59 5921
model cts/s 3.59 5925
line cts/s 0.20 51

line cts 437x10* | 1.15x 10*

Table 3: Count rates of the observations.

galaxy MCG-6-30-15 due to a significantly longer exposuneetiof the available observations —
for comparison of count rates of the sources see Table 3. péetra of both sources are well
described by a continuum model plus a broad iron line modelcvhpared modeling of the broad
iron line by the two relativistic models,AOR andKYRLINE. The main difference between both
models is in the determination of the spin value. The spinevé not fitted directly by theAor
model. However, it can be estimated from the value of theriredius of the disk, if we identify the
inner disk boundary with the marginally stable orbit. For ®®-30-15 we getaxy = 0.947395
andayaor = 0.96" 333, for GX 339-4:acy = 0.697 515 andayar = 0.777319. Apparently, the.AOR
model tends to overestimate the spin value. The discregmmatween th& YRLINE and LAOR
results are however within the general uncertainties o determination using the skewed line
profile when applied to the current data.

The KYRLINE model leads to a better defined minimum f for the best fit value. The
confidence contour plots f@/M versus other model parameters are more regularly shapésl. Th
indicates that th&YRLINE model has a smoother adjustment between the differentimirthe
parameter space allowing for more reliable constrainta/d, while theLAOR model has a less
accurate grid.

As a side-product, we find that the correct re-binning of ta@advith respects to the instru-
mental energy resolution is crucial to obtain the moststiatilly relevant results. The re-binning
is done insufficiently in several recent papers, however.
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