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We present briefly the first results obtained by the application of the KYNREFREV-reverberation
model, which is ready for its use in XSPEC. This model computes the time dependent reflection
spectra of the disc as a response to a flash of primary power-law radiation from a point source
corona located on the axis of the black-hole accretion disc. The assumptions of the model are:
central Kerr black hole, surrounded by a Keplerian, geometrically thin, optically thick, ionised
disc with the possibility of defining the radial density profile and a stationary hot point-like patch
of plasma located on the system rotation axis and emitting isotropic power-law radiation (lamp-
post geometry). Full relativistic ray-tracing code in vacuum is used for photon paths from the
corona to the disc and to the observer and from the disc to the observer. The ionisation of the
disc is set for each radius according to the amount of the incident primary flux and the density of
the accretion disc. In this paper we comment on some preliminary results obtained through the
analysis of X-ray reverberation time-lags from 1H 0707-495 and IRAS 13224-3809.
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1. Introduction

The X-ray emission from accreting black holes (BHs), in particular the narrow line Seyfert 1
(NLS1) Active Galactic Nuclei (AGN) reported in this work, is believed to come from the inner-
most part of the accretion disc. This has been seen to be highly variable [1, 2, 3]. The accretion disc
reprocesses and “reflects” the inner radiation, so part of the X-ray photons emitted by the corona
are reflected and vary in luminosity partially according to variations in the flux received from the
latter. The emission at the energy bands predominantly composed of reflection from the accretion
disc (i.e. the soft-excess at 0.3-1keV and the broadened Fe K line at ~3-8keV) is expected to
lag behind correlated variations in energy bands dominated by the directly observed continuum
emission (1-4 keV). The time delay corresponds to the additional light travel time from the coronal
source to the reflecting accretion disc [4]. Some of these sources show a reflection-dominated spec-
trum and potentially have maximally spinning BHs. This fact can be understood if light bending is
an important effect for them [5]. Their high-energy source (i.e. the jet or corona) is very close to
the BH and the observed direct continuum (i.e. power-law) is very low. This would correspond to
Regime I of [5], corresponding to a low height of the primary source (h<2 —4r,, depending on the
observer inclination), where strong light-bending suffered by the primary radiation dramatically
reduces the observed power-law emission component at infinity and the total luminosity at infinity
stays relatively constant. During Regime II the height of the primary source is higher (h~4 — 13rg,
depending on the observer inclination) and the total luminosity at infinity varies by a factor of four
and mostly due to variations of the primary source.

The recent detection of time delays, as a function of the Fourier frequency, between the soft-
band and the hard-band photons in Active Galactic Nuclei (AGN), can shed light on the X-ray
emission mechanism and the geometry of these BH systems. Currently, the observed negative
X-ray time-lags (i.e. soft-band variations lagging the hard band variations observed at high fre-
quencies) have triggered a great deal of scientific interest on interpreting their nature. The first
tentative detection was in the AGN Ark 564 [6], where an origin in reflection from the accretion
disc was proposed. The first statistically significant detection came from the AGN 1H 0707-495
[7]. More recent works [8, 9] then found that such X-ray time-delays are much more common
than it was initially thought by the analysis of the X-ray data from several tens of AGN [10]. The
opposite time-delayed behaviour, i.e. positive X-ray time-delays (hard-band variations lag the soft
band variations observed at low frequencies), has been known for quite some time in both AGN
(e.g. [11, 12, 13]) and X-ray binaries (e.g. [14, 15, 16]). Although positive time-lags are expected
in the standard Comptonization process within the X-ray source [16], they can also be produced by
diffusive propagation of perturbations in the accretion flow [17].

In this paper we briefly describe a generalized scheme and a code which can be used with the
standard X-ray spectral fitting package, XSPEC [18]. This model takes into account a treatment
of all the general relativistic effects for accretion discs and light bending effects in the disc-corona
geometry. Time-lags versus frequency and energy can be produced and fitted by the user, either
in XSPEC or using another suitable tool. Sec. 1.1 shows a brief description of the model, Sec. 2
provides some preliminary results obtained using the model, and in Sec. 3 we briefly discuss and
compare them with other results obtained in the literature.
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1.1 The model

This model (KYNREFREV; [19]) computes the X-ray emission from an accretion disc that is
illuminated from the primary power-law source located on the axis above the central BH with a
“flash” (hereafter referred to as “flare”). All relativistic effects are taken into account for photon
paths in vacuum from the corona to the disc and to the observer and from the disc to the observer.
The transfer functions (see [20]) for these effects have been precalculated and stored in the FITS
files that are used by the model to speed up the execution of the code. The reflection is taken from
the REFLIONX! FITS table files [21], which are integrated over the disc.

observer

ot accretion disc

Figure 1: The sketch of the lamp-post geometry.

The lamp-post geometry used in the KYNREFREV model (see Fig. 1) consists of a BH, sur-
rounded by an equatorial accretion disc, that is illuminated by an X-ray source located on the
symmetry axis of the disc. Some of the main physical parameters of the model are the mass (in
units of 108M,) and the angular momentum (—1<a/M<1), i.e. the spin of the BH in geometrized
units, the height (h) of the X-ray source (in units of r, = GM/ ¢?), and the viewing angle (6,) of a
distant observer with respect to the axis of the disc.

The disc is assumed to be ionized, geometrically thin, Keplerian, co-rotating or counter-
rotating with the BH, with a radial extent ranging from the inner edge of the disc (in units of
the innermost stable circular orbit, ri5co) up to the outer radius (roy = 103 ro). The spin of the
BH uniquely defines risco. When measured in geometrized units, the spin can attain any value
between zero and unity, with @ = 0 (rjsco = 61¢) and a = 1 (risco = 1 1) indicating a non-spinning
(i.e. Schwarzschild) and a maximally spinning (i.e. “extreme” Kerr) BH, respectively. The primary
X-ray source (i.e. corona) is assumed to be a hot cloudlet of plasma on the rotation axis at height
h and emitting a power-law spectrum of X-ray radiation, FpuE_FeE/ E
cut-off at 0.1 keV and high-energy exponential cut-off at E. = 300 ke V.

In the new model the REFLIONX [21] tables for constant density slab illuminated by the
power-law incident radiation are used to compute the local reprocessing of the incident radiation in

¢, with a sharp low-energy

the ionized accretion disc. The ionization of the disc, &, is set by the amount of the incident primary
flux (dependent on the luminosity and height of the primary source and the mass of the BH) and

https://heasarc.gsfc.nasa.gov/xanadu/xspec/newmodels.html
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by the density of the accretion disc as &(r)o<F(r)/n(r). We used a constant-density disc in our
analysis. This simplification is well satisfied because the radial dependence of any realistic density
profile is much less significant than the radial decrease of the disc illumination by the lamp-post
corona (see, e.g., Fig. 3 in [22]).

We may consider several limb brightening/darkening prescriptions for the directionality of
the re-processed emission: isotropic emission (flux~1), Laor’s limb darkening (flux~(1+2.06u);
[23]) and Haardt’s limb brightening (flux~In(1-+1/u); [24, 25]), with i being cosine of emission
angle.

1.1.1 Transfer function and time-lags

We refer as reverberation to the variable signal that we get (i.e. hereafter called “response
function”) corresponding to the variations of the driving primary source of radiation [4]. We assume
that the emission which we see in each band is related to the underlying driving signal by a linear
impulse response, which represents the response of the emission in that band to an instantaneous
“flash” (i.e. a delta-function impulse) in the underlying primary signal. Therefore, the observed
light curve is the convolution of the underlying driving signal time-series with the impulse response
for that energy band.

In this work we refer as “transfer function” the relative response of the disc to the illumination:

F;
Wr(Evt):iﬂ

Fp
where F;(E,t) is the time dependent observed reflected flux from the disc as a response to a flare?
that would be observed as F,8(¢) (F, is total observed primary flux at energy E).
The Fourier transform of the transfer function is calculated as:

O (E, f) = Ac(E, f)edES)

with amplitude A;(E, f) and phase ¢:(E, f) (which is sometimes referred to as transfer function in
other works).

And the total phase of the Fourier transform of the total flux (i.e. both the primary and the
reflection continuum are taken into account) is:

A(E, f)sin¢:(E, f)
1+ A((E, f)cosc(E, f)

q)tot(E f ) = arctan

One can calculate the time-lag of the signal, computed from the total phase at energy bin E with
respect to the total phase at some reference energy bin:

A(btot (E ) f)

where Ady(E, f) is defined as the phase difference at any energy value E with respect to the
reference energy range Eref, i.e. AQwoi(E, f) = O(E, f) — ¢ (Eret, f)-

Implicitly referred to a “Box” flare in practice because of numerical/computation reasons.
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To determine the response function of the disc, we assume that the primary X-ray source
isotropically emits a flare of duration equal to 1t, (t; = GM/ c). However, after computing the
response, the Fourier transform is corrected for the “box” shape of the primary flare so that it
corresponds to the delta function impulse. Upon being illuminated, each area element of the disc
“responds” to this flare by isotropically and instantaneously emitting a “reflection spectrum” in its
rest-frame. We assume that the reprocessed flux is proportional to the incident flux, and that the
disc material is ionized.

2. Analysis and results

2.1 1H 0707-495

1H 0707-495 (z=0.0411) is a narrow-line Seyfert 1 galaxy with a BH mass estimate of M =
2x10°M, [26]. It is one of the most highly variable Seyfert galaxies, commonly known to increase
by an order of magnitude in flux on timescales as short as one hour. Therefore this makes this source
an ideal target for extensive spectral-timing analysis as previous studies based on the X-ray data
from the XMM-Newton satellite have shown so far. [7] and [27] showed that the high-frequency
variations in the soft excess from 0.3-1 keV lag behind those in the 1-4 keV band by ~ 30s. They
interpreted this short timescale lag as the reverberation time delay between the primary-emitting
corona and the inner accretion disc. This short time delay would put the corona at a height of
< 101, from the accretion disc (using the aforementioned value for the BH mass).

2.2 TRAS 13224-3809

IRAS 13224-3809 (z=0.066) is also one of the most X-ray variable Seyfert 1 galaxies known
[28], and therefore it is a useful source for which to probe the environments of the innermost regions
around the BH. It was first observed with XMM-Newton in 2002 for 64 ks [29, 30, 31], and later
for 500 ks, which led to a significant detection of the soft time-lag [32]. Later [33] followed the
source and reported on the analysis of the soft time-lags of IRAS 13224-3809 in the low and high
flux states. Together with 1H 0707-495 it is one of the very few sources for which XMM-Newton
has devoted long-exposure (=500 ks) observational campaigns.

2.3 Time-lag versus frequency spectral fitting

We fitted the (0.3-1 versus 2-4 keV) time-lag versus frequency global spectrum of 1H 0707-
495 with the model KYNREFREV and obtained a very good fit (32/v = 28/30; with v being the
number of d.o.f.) as shown in Fig. 2. The primary isotropic flux was set to slightly sub-Eddington
(i.e. L/Ledd = 0.1) according to previous studies [7]. The value for the density of the accretion
disc obtained was Ny = (30+10) x 103 cm~3 (adopting a constant radial density profile) and the
values of the rest of the parameters of the fit (spin, mass and height of the lamp-post) are shown in
Tab. 1. The mass is in very good agreement with previous findings but the height of the lamp-post
is higher (5.840.5r,) than previously found (2.44-0.5r,; [34]) and the value for the BH spin is
lower than usually obtained from X-ray spectroscopy (> 0.98, e.g. [7]) but in agreement with the
previous value obtained from time-lag fitting by [34] using a similar model. As shown in Fig. 3 the
difference between the obtained slow-rotation (model A) and high-spinning BH (model B) is that



X-ray reverberation M. D. Caballero-Garcia“

in the latter we obtain phase wrapping at high frequencies (still not detected with current detectors).
The extrapolation of the model with high spin to the lower (observed) frequencies is not compatible
with the data, hence the reason of getting a lower value for the spin of the BH.

When fitting the two datasets from IRAS 13224-3809 (the same as previously analyzed by
[33]) we obtained also a good fit (x?/v = 10/6) as shown in Fig. 4. We tested the “pure” lamp-
post geometry, in which the change of the state (i.e. luminosity) is due to the variable height of
the corona. According to the expectation of a (near) Eddington accreting BH for the given mass
[35] we set the primary isotropic flux to a slightly sub-Eddington value (L /Ledd = 0.1). The value
for the density of the accretion disc obtained was Ny = (26+5)x 10" cm~3 (adopting a constant
radial density profile) and the values of the rest of the parameters of the fit (spin, mass and heights
of the lamp-post during both states) are shown in Tab. 2. We obtain a moderate value for the spin
(0.74=£0.02) that is lower than previously obtained (a = 0.99 ; [36])

The reason for such a disagreement for the spin is the fact that for such a high value (Z0.95)
phase-wrapping occurs (and it is more pronounced for high values of the intrinsic primary lumi-
nosity, after performing some testing). This can be seen in Fig. 5 where the current fitted model
(model C) and a high-spinning BH (model D) are shown. If the spin is changed to a lower value
(e.g. <0.5) phase-wrapping totally disappears.

As pointed previously [33] the change in the shape of the observed time-lags can be interpreted
as a change in the properties of the corona. In the terms of the model and parametrization used this
is shown in the form of a change in the height of the lamp-post (from 4.940.2r, to 9.0£1.0ry).
Both values are higher to what has been previously reported in the framework of the lamp-post
model (2.940.8r,; [34]), alike in the case of 1H 0707-495, which might be due to the slightly
different model used. Nevertheless, the values obtained for the Eddington ratio and coronal height
are consistent with what has been obtained in recent work (see Fig. 7 by [10]).
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Figure 2: The (0.3-1 versus 2-4 keV) X-ray soft time-lag versus frequency spectrum of 1H 0707-495 fitted
with the KYNREFREV model in XSPEC (red line). The two components of the best-fitting time-lag model
are the relativistic reflected component (black-dotted line) and the power-law (black-dashed line).
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Figure 3: Extrapolated to higher frequencies fitted models for 1H 0707-495 with the obtained value for
spin given the data (0.52+0.09; model A) and for a highly spinning BH (0.95, model B) at left and right,
respectively.

Mass Spin View. angle  Height PL norm. PL index y?/d.o.f.
M a/M 6o h A(s) s
(x10°M.)  (GM/c) (deg)  (GM/c?)

2.6+0.2  0.52+0.09 T7+£3 5.840.5 (2.240.3)x107% 2.23+0.02 28/30

Table 1: Values of the main parameters obtained from the best-fit using the KYNREFREV MODEL of the
time-lags of 1H 0707-495 shown in Fig. 2. Errors are 68 % confidence errors.
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Figure 4: The (0.3-1 versus 1.2-5keV) X-ray soft time-lag versus frequency spectrum of IRAS 13224-
3809 fitted with the KYNREFREV model in XSPEC (black and red line, for the low and the high-flux states,
respectively).
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Figure 5: Extrapolated to higher frequencies fitted models for IRAS 13224-3809 with the obtained value
for spin given the data (0.74+0.02; model C) and for a highly spinning BH (0.95, model D) at left and right,
respectively.

Mass Spin View. angle Height (1)  Height (2) x?/d.o.f.
M(x10°M.) a/M(GM/c) 6, (deg.)  h (GM/c?) hy (GM/c?)
7.140.2 0.74+0.02 66+5 4.940.2 9.0+1.0 10/6

Table 2: Values of the main parameters obtained from the best-fit using the KYNREFREV MODEL of the
time-lags of IRAS 13224-3809 shown in Fig. 4. Errors are 68 % confidence errors.

3. Discussion and conclusions

In this paper we briefly presented a model (KYNREFREV) which deals with X-ray reverber-
ation effects in AGN and can be used in and/or outside XSPEC. This model takes into account
all the relativistic effects acting on light in the vicinity of the BH and a realistic prescription of
the accretion disc surrounding it under the lamp-post primary source geometry. A more detailed
description of the model will be presented in a forthcoming publication [19].

We present some preliminary interesting results obtained through the analysis of X-ray rever-
beration time-lags from 1H 0707-495 and IRAS 13224-3809 using this model. The global (0.3-1
versus ~2 — 4 keV) X-ray soft time-lag spectrum is well fitted with this model, confirming previ-
ous statements on the X-ray reverberation origin of the negative X-ray soft time-lags [7]. We find
that the BH is low and moderately-spinning for the case of 1H 0707-495 and IRAS 13224-3809,
respectively. This is in contrast with previous results obtained from X-ray spectroscopy which
suggest a maximally-spinning BH for both sources. We chose a near to Eddington value for the
primary isotropic flux in the 2-10keV energy range of L /Lgpp = 0.1, which is reasonable given
the masses of both BHs. We notice that these results are sensitive to the chosen L/Lgpp value,
mostly in the case of IRAS 13224-3809, with a higher BH mass and hence with (observable with
current instrumentation) phase-wrapping. We notice that, although our results are preliminary they
are in agreement with previous claims of a low-spinning BH for the case of 1H 0707-495 [37].

In the case of IRAS 13224-3809 we point out that the (0.3-1 vs 1.2-5keV) spectral time-
lag transition related with the flux state of the source reported previously [33] might be due to a
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change in the height of the corona (from 4.94-0.2 to 9.0£1.0r, in the low and the high-flux states,
respectively). These results are consistent with the light-bending scenario proposed by [5], where
in low-flux states the corona is closer to the BH and general relativistic effects are more important.
If confirmed (with higher time-resolution observations), these results would indicate the power of
analyzing X-ray reverberation time-lags in order to set further constraints of the inner disc-corona
geometry for these systems.
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