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Abstract

The iron Ka fluorescent line detected in many Seyfert 1 galaxies by ASCA and BeppoSAX is usually considered to arise
in the innermost region of an accretion disk around a supermassive black hole. The line profile is usually modelled by

2qassuming that the disk emissivity follows a power law, e(R)~R . We present a new technique to invert the line profile and
infer: (a) the free-format e(R), (b) the disk inclination to the line of sight and (c) the black hole angular momentum. The
application of this technique to published Ka data shows that the line shapes are consistent with the accretion disk model
and that the major contribution to the emissivity comes from the innermost disk regions. We also show that a sharp
distinction between different black hole angular momenta can usually not be made on the basis of present data.  2000
Elsevier Science B.V. All rights reserved.
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1. Introduction Nandra et al. (1997) studied the FeKa line profile
in a sample of 18 Seyfert 1 galaxies observed by

The discovery of broad Fe Ka emission lines in ASCA in the 3–10 keV band. The extremely broad
several active galaxies is certainly one of the succes- profiles show a mean energy near ¯ 6.4 keV with
ses of ASCA. The idea that the Fe emission could ¯ 2 keV full width at zero intensity which corre-
arise from the putative accretion disk gave rise to a sponds to velocities of the order of 0.3c. The
wealth of papers interpreting data or deriving theo- broadening appears as a strong red asymmetry in the
retical line profiles. One of the usual assumptions in line with relatively little flux above 6.4 keV. The
modeling these data in terms of an accretion disk transverse Doppler effect and the gravitational red-
origin involves the assumption that the radial depen- shift in the inner part of a disk around a central black
dence of emissivity is described by a power law. hole (Fabian et al., 1995; Tanaka et al., 1995) were

proposed as the simplest interpretation for the line
E-mail address: calvani@pd.astro.it (M. Calvani) shape. A similar interpretation was also proposed for
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the broad double peaked optical emission lines (Ha) by Nandra et al. (1997) to our broader class of
observed in some radio galaxies and radio-loud theoretical profiles and chose the best fitting parame-
quasars (Chen et al., 1989; Eracleous & Halpern, ters as the ones belonging to the model with the

21994; Sulentic et al., 1998a) and for Hb (Rokaki & smallest x . The results essentially confirm the
Boisson, 1999). conclusions of Nandra et al. (we disagree on the

Nandra et al. (1997) conclude that all the detected inclination angle for 3C120: we find u ¯ 208 instead
Ka line profiles are consistent with the origin in an of u ¯ 608), however we would like to add the
accretion disk. They assumed an accretion disk following observations:
around a non-rotating (Schwarzschild) black hole
extending from an inner radius R 5 6R to an outer 1. The analysis leaves little doubt about the besti g

radius R 5 1000R , between which the emissivity value for the inclination angle u. This can beo g
2q 2follows a power law e(R)~R (where R 5 GM /c understood on the basis of previous works (Ko-g

is the gravitational radius of a black hole with mass jima (1991), Fig. 3 in Fanton et al. (1997), Figs.
M; hereafter we use units G 5 c 5 1, so that R 5 1, 2 and 3 in Dabrowski et al. (1997)) whichg

M). In this framework they find a mean inclination indicated that the blue wing of the line presents a
of ku l ¯ 308 and a mean emissivity index kql ¯ 2.5 sharp cut-off at an energy depending mainly on
for their sample. They conclude that the data are not the inclination angle u, and only marginally on all
consistent with a single emissivity law and that a other parameters of the higly relativistic model.
rotating (Kerr) black hole is not required by the data. Fabian et al. (1995) have shown that the maxi-
Indeed only the 4.5 day observation of MCG-6-30- mum upper cut-off energy is well approximated

215 in a deep minimum (Iwasawa et al., 1996) by E 5 E [1 1 sin (i /6)] for u , 508.max 0

appears to require the assumption of a rapidly 2. The angular momentum a of the black hole is not
rotating black hole (Bromley et al., 1997, 1998; well constrained by the present ASCA Fe Ka

Dabrowski, 1998; Dabrowski et al., 1997; Guainazzi data. The strength of the line flux at low energy is
et al., 1999; Iwasawa et al., 1996; Young et al., crucial for the constraints that can be put on a, so
1998). For alternative interpretations see Reynolds & that a better S /N will give better limits. On the
Begelman (1997), Weaver & Yaqoob (1998), McK- high energy side of the line, we find emission in
ernan & Yaqoob (1998), Sulentic et al. (1998b), excess of what expected from standard accretion
Misra & Sutaria (1999). disk models (Sulentic et al. (1998a).

The disk models considered by Nandra et al. 3. The above results depend of course on the
(1997) are restricted to the inverse power emissivity assumption that all emission comes from a
law in two cases: (i) a Schwarzschild (with R 5 geometrically thin, optically thick accretion disk.o

1000R ) and (ii) a maximally rotating Kerr black Other models have been investigated and atg

hole (a 5 0.998M – Thorne (1974) – with R 5 present appear to be as viable in describing theo

400R ). We have extended this investigation by data (Blackman, 1999; Dabrowski, 1998; Martoc-g

constructing theoretical emission line profiles in the chia & Matt, 1996; Matt et al., 1992; Pariev &
general Kerr metric following the procedures de- Bromley, 1998; Reynolds & Begelman, 1997).

ˇ ˇscribed in Fanton et al. (1997) and Cadez et al.
(1998) and used a variety of forms for the emissivity Nandra et al. (1997) conclude that the measured
law including: (a) a power law with q 5 1,2,3 and (b) line profiles are not compatible with a universal
the emissivity profile assumed by Dabrowski et al. emissivity law. In the next Section we present the
(1997) (the emissivity is proportional to the flux of study of line residuals published by Nandra et al.
the disk radiant energy). These were considered for (1997) using a different technique: rather than
different values of: (i) the outer disk radius (R 5 assuming an emissivity law, we ‘‘invert’’ the lineo

15,30,50,100,1000R ), (ii) the line of sight disk profiles and infer the free-format emissivity e(R), theg

inclination 0 #u # 908 (in steps of 58) and (iii) the disk inclination u, and the black hole angular
black hole angular momentum (a # 0 # 0.998M in momentum a. Conclusions and perspectives follow
steps of 0.2M). We fitted the line residuals presented in the last Section.
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2. From the observational data to the emissivity F(E) 1 Noise, the right hand side of the above
profile equation is in practice not zero, but a random

function of E for which we only have an estimate of
The first approach of this kind was done by its variance. Therefore, it may be more appropriate to

Mannucci et al. (1992) who inverted the profiles of consider the action principle leading to Eq. (1) as the
optical Balmer lines. This procedure was then ap- governing principle of our problem. The appropriate
plied in the context of Fe Ka lines by Dabrowski et action is:
al. (1997) who derive a free-form fit to the emissivi-
ty profile of the disk in MCG-6-30-15 and find some A[e] 5EdREdR9 G(R,R9uu,a)e(R)e(R9)
evidence for a power law with q ¯ 3.5 (fixing u 5 R R9

308, a 5 0.998M and R 5 15M with 20 radial bins).o

2 2EdR S(R)e(R) (3)Mannucci et al. (1992), following Chen et al.
(1989), use the weak-field approximation to the R

Schwarschild metric (to first order in R ) andg where
generalize Lucy’s recursive procedure (Lucy, 1974).
Dabrowski et al. (1997) approach is similar to the

G(R,R9uu,a) 5EK(E,Ruu,a)K(E,R9uu,a) dE (4)Lucy algorithm of Mannucci et al. implemented to
Ethe Kerr metric (what requires the integral kernel to

be evaluated numerically) and incorporates also and
maximum entropy regularization. Our approach also
makes use of the full Kerr metric and is based on a S(Ruu,a) 5EK(E,Ruu,a)F (E) dE (5)obs

variational principle, which makes it easier to imple- E

ment the condition for positivity of the calculated
The first variation of the action A[e] is:emissivity.

The profile of an X-ray line emanating from a (1)
d A 5Ed EK(E,R9uu,a) F (E)obsthin, opticaly thick disk with radial emissivity e(R) is F

Egiven by the equation:

2EdR e(R)K(E,Ruu,a) (6)GF(E) 2Ee(R)K(E,Ruu,a) dR 5 0 (1)
R

R

Note that G(R,R9uu,a) is manifestly positive and
where F(E) is the flux as a function of energy E. The symmetric with respect to exchange of R and R9,
kernel K, which depends also on the inclination u of which assures that the action is indeed minimal if its
the disk to the line of sight and on the angular first variation vanishes. Thus, the minimum action

(1)momentum a of the black hole, can be written as principle d A 5 0 is equivalent to Eq. (1), if F is
2p not in the null subspace of K. In fact, if F (E)obs

4 would correspond to the given kernel K(E,Ruu,a),K(E,Ruu,a) 5Eg (R,w)d(E 2 g(R,w)E )g(R,w) dw0
then it would not contain components belonging to

0
its null space. Only the measuring error or inappro-(2)
priate values for u and a can lead to the conclusion

where g is the redshift factor, E the energy of the that F (E) contains a part belonging to the null0 obs

emitted photons in the comoving frame and g is the subspace of K. Therefore, we consider the function
Jacobian in the projection of the disk surface element e(R) that minimizes the action A[e] (Eq. (3)) as the
dJ 5 gdRdw on the image plane (see Fanton et al. best solution to our problem. However, every solu-
(1997) for details). As F(E) is measured (the line tion minimizing the action may not be viable, since
profile), Eq. (1) is an integral equation for the for obvious physical reasons we must require that
emissivity profile e(R). e(R) $ 0,;R. In the framework of the variational

However, since the observed flux F (E) 5 formulation this requirement is easily implementedobs
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by limiting the search for solutions minimizing the just as a smoother version of what has already been
action to the subspace of positive functions. There- observed. Vice versa, we believe it is economical to
fore a positive solution e (R) is considered to be assume that, if the solution to our problem is0

viable if the corresponding null subspace component indetermined up to the addition of a linear combina-
of F is sufficiently small to be compatible with tion of null vectors of G, then among all the
measurement errors. otherwise equivalent possibilities it is reasonable to

In order to apply the above ideas to numerical single out the smoothest positive (e $ 0, ;i) solu-i
data, one must calculate G(R,R9uu,a) and S(Ruu,a). tion. As the criterion of smoothness we define the
Since K(E,Ruu,a) must be calculated numerically, it is function:
natural to divide both R and E axes into discrete

2B 5 O (e 2 e ) (7)intervals between points R (i 5 1 . . . N) and E ( j 5 i11 ii j
i51,N211 . . . M). The choice of points along the energy axis

is naturally suggested by the distribution and number and minimize the action equivalent to Eq. (3)
of energy bins (M) into which the observed spectra

12are binned, while the number and distribution of ]]x (u,a) 5 OM 2 1 i51,M ; j51,N ;k51,Nradial points N is left open. A reasonable first guess
obs obsmight be to distribute approximately M radial points [F 2 K (u,a)e ][F 2 K (u,a)e ]i ij j i ik k

]]]]]]]]]]3 (8)on the radial interval contributing most to the energy. 2
s iHowever, such an advice is difficult to implement

before one actually has a clue about the emissivity with the additional condition that B be as small as
2profile. Therefore, we usually choose more radial the minimum of x allows. Here s is the estimatedi

obsthen energy points and argue as follows. uncertainty of the measurement of F . This par-i
In the discrete version of the problem the kernel ticular gauge for the action Eq. (8) has obviously

2K(E,Ruu,a) becomes an M 3 N matrix K (u,a) and been chosen so that the value of x immediatelyi, j

G(R,R9uu,a) becomes a positive N 3 N matrix G 5 indicates whether the solution is consistent with data.i, j
2o K K , whose rank is the same as that of K, i.e. We find the minimum x numerically in such a wayk k,i k, j

# M. The function F (E) becomes an M dimen- that the positive vector e is successively improvedobs i
sional vector F and e(R) an N dimensional vector e . by moving in the direction of a shift vector, which isi j

2If the rank of K is M, then the matrix equation a linear combination of the negative gradient of x
equivalent to Eq. (1) is an underdetermined system and the negative gradient of B projected on the null
of linear equations for the vector e , so that the subspace of G. The positivity of e is preservedi i
solution certainly exists if the rank of K is M, but is throughout the iteration by projecting to zero each
undetermined up to any linear combination of G null component of the shift vector that points toward

(k)vectors j (k 5 1 . . . (N 2 M)) such that negative e, once the particular component hasj
(k)o K j 5 0. On the other hand, one may invert reached the zero value.j51,N i, j j

the problem and take e as known and calculate E . We tested the code by verifying that it reproducesk i

With the original energy bins the vector e is in- theoretical power law emisivity profiles and the
]

variant with respect to the addition of any linear chosen parameters u and a used to construct them.
(k)combination of G null vectors (j ). However, if one The stability of the solution was also checked by

]refines the energy bins, the G null space shrinks and varying the number N and distribution of radial
the values of F corresponding to the added E ’s points. Both tests confirmed that the behaviour of thei

generally depend on the coefficients of the added numerical solution is rugged and consistent with the
linear combination, although the values at the old precision of numerical integration, at least if the
energy points are still invariant. On the refined number of radial points is not too large i.e. less then
energy scale the line profile may become smoother 3 or 4 times M.
or more jagged. It is probably economical to assume We also checked the behaviour of the solution
that the observed spectrum reveals all the key under conditions that are typical for real data. We
features, so that on the refined scale it would be seen thus inverted theoretical line profiles that were given
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on a restricted energy range between 4 and 8 keV and as noise only introduces ripples in the inferred
added random Gaussian noise to the input profiles. emissivity profile and readjusts positive values of e

We found that, restricting the energy range to the to smaller or larger still positive values. However, as
above interval, causes little uncertainty in the ob- the noise amplitude is increased and the amplitude of
tained a and u ; however the original e(R) is not ripples grows, the number of points where e isi

perfectly reproduced, especially if the original model forced to zero starts to grow. At this level the
contained a large contribution from the inner part of relation between the input and the output noise
the disk. Adding growing noise to the input line becomes nonlinear and also the output a value
profile causes both the inferred e and a to deviate becomes less and less correlated with the input
from the input values. This happens linearly at first value. On the other hand, u remains reasonably well

2 2Fig. 1. Left columns: 3D-plots of the minimum x as function of a and u. Right columns: corresponding x iso-contours in the (a,u ) plane.
2Top row: our results for the source NGC 3516 (Nandra et al., 1999). The best fit is for u ¯ 308 with x ¯ 1.35; a is not constrained.min

2Middle row: results for MCG-6-30-15 (Iwasawa et al., 1996). The best fit is for u ¯ 308 with x ¯ 0.1; in this case a /M ¯ 1 is favoured.min
2Bottom row: results for IC 4329A (Nandra et al., 1997). The best fit is for u ¯ 158 with x ¯ 0.59; a is not constrained.min
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2reproducible even with fairly high noise, as it mainly are presented in Fig. 1, where the minimum x is
depends on the high energy cut-off of the line. plotted as a function of a and u. The absolute

2We finally applied the inversion procedure to the minimum of the x distribution determines the best
ASCA Fe Ka line residuals. To find the best free fitting radial emissivity profile (as well as the best
form fit for the radial emissivity profile we proceed fitting a and u ). Some examples are shown in Fig. 2
as follows: first roughly search for the best a and u and Fig. 3.
using a reasonable number (40 for example) and Based on this analysis, it is still difficult to reach
distribution of radial points. With these a and u we firm conclusions about the consistency or uniqueness

2try to improve the x by varying the number N and of the disk model. The main obstacle is the strong
distribution of radial bins. With such selected radial nonlinearity of the problem provoked by the con-
distribution of points, the fitting procedure for differ- dition that the emissivity profile e(R) belongs to
ent values of a and u is repeated until the (a,u ) plane positive functions. This makes it difficult to predict
is reasonably mapped. Some examples of our results how noise in the line profile influences the calculated

Fig. 2. Right columns: FeKa line residuals for some of the Nandra et al. (1997) sources; the continuous line is our best fit to the data. Flux
24 22 21 21is in units of 10 ph cm s keV . Left columns: the corresponding free form emissivity profile that we obtain; emissivity scale is in

arbitrary units. In all cases we assume a 5 0, R 5 50M, N 5 40. The best-fitting u is indicated for each source.o
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Fig. 3. Right columns: profiles of the FeKa emission lines for two long exposure data sets; the continuous line is our best fit to the data.
24 22 21 21Flux is in units of 10 ph cm s keV . Left columns: the corresponding free form emissivity profile that we obtain. Emissivity cale in

arbitrary units. Top row: NGC 3516 (Nandra et al., 1999): u 5 308, a 5 0, R 5 50M, N 5 40. Bottom row: MCG-6-30-15 (Iwasawa et al.,o

1996): u 5 308, a /M 5 0.998, R 5 15M, N 5 30.o

emissivity profile, i.e. it is difficult to set error bars well constrained, except in the last case, where
on the calculated emissivity profiles, especially since the preferred value is a ¯ M.
the uncertainty in experimental data is still quite 4. In practically all cases the calculated source of
large. We gained partial information on this relation emissivity is constrained to radii 6M & R & 20M
by working out concrete examples as described and is usually packed in few narrow rings (see
above. With these warnings taken properly into Figs. 2, 3). A notable exception are the two long
account, however, the following statements can be exposure data sets of MCG-6-30-15 (deep mini-
made: mum, Iwasawa et al., 1996) and NGC 3516

2(Nandra et al., 1999) which give deep x minima
1. For all the line profiles that we have studied, a in the (a,u ) plane and the corresponding emissivi-

corresponding viable radial emissivity e(R) has ty profiles show a structure (see Fig. 3) resem-
been found, i.e. for a certain pair (a,u ) the bling a power law.
emissivity calculated on the basis of the variation-

2al principle Eq. (8) gives x & 1.
22. The x minimum is deep with respect to the 3. Conclusions

variation of u, as expected on the basis of the
previous discussion (Fig. 1). X-ray spectroscopy is the best tool that we have at

23. The value of x very weakly depends on a, present to investigate the central regions of Active
except in the single case of the 4.5 days long Galactic Nuclei and to test the black hole–accretion
exposure of MCG-6-30-15 (during a deep mini- disk paradigm of their energy source. The data that
mum in the light curve, Iwasawa et al., 1996), so are available at present, mainly through ASCA and
that generally the value of the parameter a is not BeppoSAX, are however still not good enough to
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