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ABSTRACT

We study the X-ray spectral variability of the Narrow
Line Seyfert 1 galaxy NGC 4051 as observed during two
XMM-Newton observations. The data show evidence for
a neutral and constant reflection component and for con-
stant emission from photoionized gas. The nuclear emis-
sion can be modelled both in terms of a “standard model”
(pivoting power law plus a black body component for the
soft excess) and of a two—component one (power law plus
ionized reflection from the accretion disc). Both models
reproduce the source spectral variability and cannot be
distinguished on a statistical ground. The distinction has
thus to be made on a physical basis. The standard model
results indicate that the soft excess does not follow the
standard black body law. The resulting temperature is
consistent with being constant and has the same value as
observed in PG quasars which have a much larger black
hole mass than NGC 4051. Moreover, although the spec-
tral slope is correlated with flux (consistent with spectral
pivoting) the hardest photon indexes are so flat as to re-
quire rather unusual scenarios. Furthermore, the very low
flux states exhibit an inverted I'-flux behaviour which
disagrees with a simple pivoting interpretation. These
problems can be solved in terms of the two—component
model in which the soft excess is not thermal, but due
to the ionized reflection component. The variability of
the reflection component from the inner disc closely fol-
lows the predictions of the light bending model, suggest-
ing that most of the primary nuclear emission is produced
in the very innermost regions, only a few gravitational
radii from the central black hole.

Key words: X-rays; galaxies: active; galaxies: individ-
ual: NGC 4051.

1. INTRODUCTION

NGC 4051 is a nearby (z=0.0023) low-luminosity
Narrow—Line Seyfert 1 (NLS1) galaxy which exhibits ex-

treme X—ray variability in flux and spectral shape on both
long and short timescales. The source sometimes enters
relatively long and unusual low flux states in which the
hard spectrum becomes very flat (I' ~ 1) while the soft
band is dominated by a much steeper component (I' ~ 3,
or blackbody with k7" ~ 0.12 keV). Most remarkable is
the 1998 BeppoSAX observation reported by Guainazzi et
al (1998) in which the source reached its minimum histor-
ical flux state and the overall spectrum was best explained
by assuming that the nuclear emission had switched off
leaving only a reflection component from distant mate-
rial.

NGC 4051, like many other Seyfert 1 and NLS1 galax-
ies, shows a 2—10 keV spectral slope that is well cor-
related with flux. However, the correlation is not linear
with the slope hardening rapidly at low fluxes and reach-
ing an asymptotic value at high fluxes (see e.g. Lamer et
al 2003). This behaviour might be due to flux—correlated
variations of the power law slope produced in a corona
above an accretion disc as originally proposed by Haardt
& Maraschi (1991; 1993) and related to changes in the
input soft seed photons (e.g. Haardt, Maraschi & Ghis-
ellini 1997, Poutanen & Fabian 1999). On the other hand,
such slope—flux behaviour can be explained in terms of a
two—component model (Shih, Iwasawa & Fabian 2002) in
which a constant slope power law varies in normalisation
only, while a harder component remains approximately
constant hardening the spectral slope at low flux levels
only, when it becomes prominent in the hard band.

Uttley et al (2004) have analysed the same XMM—Newton
data we are presenting here. They showed that the source
spectral variability is consistent with a Comptonization
scenario and that the same process causing the spectral
variability in high and intermediate flux states continues
to operate even at the very low flux levels probed by the
XMM-Newton data). This evidence seems to challenge
the interpretation of the spectral variability as due to vari-
able absorption by a substantial column of gas partially
covering the source and affecting the spectral shape above
3 keV (Pounds et al. 2004).
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Figure 1. The broadband 0.2—10 keV XMM—-Newton EPIC—pn light curves of NGC 4051 for the first (left panel, rev. 263)
and the second (right panel, rev. 541) observations. The 2 ks time slices used in the time—resolved spectroscopic analysis

are also shown.

2. SPECTRAL VARIABILITY: RMS SPECTRA

NGC 4051 has been observed twice by XMM-Newton.
During the first observation (rev. 263, 2001 May) the
source flux was comparable to the historical average,
while during the second (rev. 541, 2002 November) it
was much lower. The XMM-Newton broadband light
curve of NGC 4051 (see Fig. 1) exhibits an extraordinary
variability with variations up to a factor of 3 in few thou-
sands seconds. We observe that not only the flux, but also
the spectral slope changes in the same short timescale.
To study the spectral variability, we start our analysis
calculating the RMS spectrum, which measures the to-
tal amount of variability as a function of energy (Edelson
et al. 2002; Vaughan et al. 2004; Ponti et al. 2004).

During the high flux observation of rev. 263 (Fig. 2) the
variability rapidly increases toward softer energies, i.e.
the broadband emission tends to steepen as it brightens.
Some reduction in the variability is seen below about
800 eV followed by a plateau below 500 eV. A similar
RMS shape has been observed in other sources (Ponti et
al. 2005; Vaughan et al. 2003; Vaughan et al. 2004) and
the two simplest explanations for the broadband trend in-
voke either spectral pivoting of the variable component,
or the two—component model (see e.g Markowitz, Edel-
son & Vaughan 2003). Another important feature of the
RMS spectrum is a drop of variability at 6.4 keV. Such a
drop shows that the narrow Fe line (and therefore the as-
sociated reflection continuum) is much less variable than
the continuum indicating an origin in distant material.
Some structure is also present around 0.9 keV, with the
possible presence of either a drop at that energy or two
peaks.

The right panel of Figure 1 shows the RMS spectrum ob-
tained for the low flux observation (rev 541). The vari-
ability below 3 keV is strongly suppressed with respect
to the high flux observation. Moreover, the shape of
the RMS spectrum is totally different and rather unusual.
The trend of increasing variability toward softer energies

breaks down completely and the most striking feature is
the marked drop of variability around 0.9 keV. This fea-
ture, as well as the other drop of variability at ~0.55 keV,
could have the same nature as the structure seen in the
high flux RMS spectrum, but is much more significant
and prominent here. As in the high flux observation, the
variability is also suppressed around 6.4 keV.

The drops of variability at the energy of the narrow com-
ponent of the Fe K line suggest that it comes from mate-
rial distant from the variable illuminating source. In the
time—averaged spectra the narrow component of the Fe
line is clearly detected. In the low flux one, the line is
unresolved, has an energy of 6.42 £ 0.015 keV, a flux of
(1.5+£0.2)x1075 ph s~ cm~2, and an equivalent width
of about 260 eV. The line energy and flux are consistent
with measurements obtained in the high flux observation
and also with previous data from Chandra (Collinge et al
2001) and BeppoSAX (Guainazzi et al 1998). Since the Fe
line must be associated with a reflection continuum, in all
subsequent fits we always include a constant and neutral
reflection model from Magdziarz & Zdziarski (1995) and
a narrow Fe line. The reflection continuum normalization
is chosen such that the Fe line equivalent width (with re-
spect to such continuum only) is consistent with the Bep-
poSAX observation (EW g ~700 eV) by Guainazzi et
al (1998).

The strongest feature in the rms spectrum during the low
flux observation (right panel of Fig. 2) is the drop of vari-
ability at ~0.9 keV. In the pn spectrum of the low flux ob-
servation an emission-like feature with energy of 0.88 +
0.02 keV and a flux of (1.2 £0.2) x 10~* ph s~ cm™2
is present. This emission line is present also in previous
Chandra low flux spectra as well (Collinge et al 2001;
Uttley et al 2003). The energy of the feature in the pn
spectrum is consistent with Ne 1X (and possibly Fe emis-
sion plus O VIII recombination continuum, or RRC). A
second feature is also detected around 0.5-0.6 keV, where
emission from O VII and O VIII is expected. As already
shown by Pounds et al (2004) the high—resolution RGS
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Figure 2. The RMS spectra of the rev. 263 (left panel) and rev. 541 (right panel). The RMS spectra are computed with

time bins of 2 ks with a minimum of 300 counts per energy bin.

data during the same low flux XMM-Newton observa-
tion indeed show an emission line spectrum which is very
similar to that of typical Seyfert 2 galaxies. The most
prominent emission lines are due to the O VII triplet , the
O vi K line and the N viI Ko line. The Ne 1X (for-
bidden) line is also clearly detected at 0.905 keV with a
flux of (3.5 4 1.0) x 10~° ph s~! cm™2. The intensity
of this line is not enough to account for the pn feature
around 0.9 keV. However, the Ne line sits on top of a
broad feature most likely due to O vir RRC and pos-
sibly unresolved Fe emission lines. When fitted with
a crude Gaussian model in the RGS data, such a fea-
ture has an energy of 0.88 + 0.01 keV and a flux of
(5.0 £ 1.5) x 1075 ph s~ ecm~2. By combining the Ne
line with this broad feature (0 ~ 20 eV) we obtain a flux
of (0.7-1.1)x10~* ph s~! cm~2 around 0.9 keV consis-
tent with the pn lower limit. As mentioned in Pounds
et al (2004) excess absorption might be present around
0.76 keV (possibly related to a M—shell unresolved tran-
sition array from Fe). If included in both CCD and RGS
data, this has the effect of reducing the broad 0.9 keV fea-
ture intensity, making so more difficult to reproduce the
variability drop in the RMS spectra.

3. TIME-RESOLVED SPECTRAL ANALYSIS

We then explore time—resolved spectroscopy on the short-
est possible timescale (set by requiring good quality
time—resolved individual spectra). In the following, we
present results obtained by performing such an analysis
on a 2 ks timescale (about four dynamical timescales at
10 74). The 2 ks slices that have been used in the analysis
are shown in Fig. 1 and have been numbered for refer-
ence.

3.1. The 2-10 keV I'-flux relationship

It is well known that the 2-10 keV spectral slope in
NGC 4051 (and other sources) is correlated with the
source flux. In Fig. 3, we show such a correlation when
all the 2 ks spectra are fitted with a simple power—law
model in the 2-10 keV band (including the constant re-
flection component from distant material discussed in
Sec. 2). Data for the two observations are shown with
different symbols.

The photon index increases with flux and seems to sat-
urate at high flux around I' ~ 2.2 and at low fluxes to
I' =1.3-1.4, witha AI" ~ 0.8. Since the two asymptotes
are not extremely well defined, such behaviour could
still be consistent with spectral pivoting. On the other
hand, the I'flux relationship can be explained if an ad-
ditional and weakly variable component is present in the
2-10 keV band. If so, such a component dominates the
low flux states and the hard photon index measured there
is just a measure of its intrinsic spectral shape in the 2—
10 keV band, while it is overwhelmed by the power law at
high fluxes where I ~ 2.2 is then the intrinsic power law
photon index. In other words, as an alternative to spec-
tral pivoting, the I'-flux relationship can be explained by
assuming the presence of i) a variable power law with
constant or weakly variable slope I' ~ 2.2; ii) an addi-
tional less variable component with approximate spectral
shape of I' = 1.3-1.4 in the 2-10 keV band.

3.2. Broadband analysis I: the standard model

As a first step, we consider a simple continuum model
comprising a power law plus black body (BB) emission
to model the prominent soft excess. This is, in many re-
spects, the “standard model” to fit AGN X-ray spectra
and, though often crude and phenomenological, provides
useful indications that can guide further analysis. The
power law slope is free to vary to account for possible
spectral pivoting. We add to the model neutral photoelec-
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Figure 3. The best fit spectral index vs. flux in the 2—
10 keV band. The contribution of the constant reflection
(including a narrow Fe line) coming from distant material
is considered in the model.

tric absorption with column density fixed to the Galactic
value. To account for the presence of absorbing ionized
gas in the line of sight we include two edges (O VII and
O vir). We searched for possible variations of their en-
ergies without finding any evidence, so we fixed the ab-
sorption energies to the rest—frame ones. This is clearly a
crude approximation for the effects of the warm absorber
in NGC 4051, but the quality of the individual 2 ks spec-
tra is not such as to suggest the use of more sophisticated
models. In addition, the constant components discussed
above (reflection from distant matter and emission from
photoionized gas) are also included in the spectral model.
The overall model has six free parameters only. The re-
sulting fits are very good with a reduced x? ranging be-
tween 0.9 and 1.2 with a mean close to unity. Therefore,
from a statistical point of view, a single model is able to
describe the spectral variability of the source in a very
satisfactory way.

In Fig. 4 (left panel) we show the relation between
the measured BB temperature and its intensity, which
is proportional to the luminosity (in the present case
App=10~* correspond to Lp=9.7x10% ergs s~!, as-
suming Ho=71 Mpc km~! s~!). The BB luminosity
spans about one order of magnitude, while the BB tem-
perature ranges from about 90 eV to 140 eV with an av-
erage of 110-120 eV. Such a temperature is somewhat
high, but can still be consistent with that expected from
a black hole with mass ~ 5 x 105 M, (Shemmer et al
2003; M“Hardy et al 2004) accreting at high rate. If the
soft excess in NGC 4051 is really due to BB emission
from a constant area, we should be able to detect the BB
law (Lpp o< T%) in data spanning one order of magni-
tude in BB luminosity. However, such a relation is ruled
out (xy? = 1552 for 67 degrees of freedom). The rela-
tion appears to be much steeper (with an index of 6.3—
6.4 rather than 4), but even so, a power law fit is unac-
ceptable. Moreover the measured temperature appears to
be much more constant (the fit with a constant gives a
X2 = 75 for 67 degrees of freedom) than predicted by

standard disc models.

The properties of the soft excess in NGC 4051 are re-
markably similar to those of 26 bright radio—quiet quasars
studied e.g. by Gierlinski & Done (2004). The quasar
sample spans a wide range of black hole masses and lu-
minosities and should therefore exhibit a wide range of
disc temperatures. However, the measured temperature
of the soft excess is remarkably constant throughout the
sample with a mean of 120 eV (and very small variance).
It is a rather surprising coincidence that this is exactly
the average temperature we measure for the soft excess
in NGC 4051, considering that the black hole mass in
NGC 4051 is about 3 orders of magnitude smaller than
the typical black hole mass in the quasar sample.

The “standard model” of the source emission seems to be
inadequate to describe the corona parameters as well. In
the right panel of Fig. 4 we show the power law slope
as a function of the 0.5-10 keV flux. In the normal/high
flux observation the photon index steepens with flux, as
already pointed out in the 2—-10 keV analysis. This be-
haviour is consistent with spectral pivoting, even if the
lowest I require a too hard spectral shape to be accounted
for by standard Comptonization models. The main prob-
lems arise at very low fluxes, where the I'-flux relation
is inverted in a manner that is not consistent with sim-
ple spectral pivoting. Such behaviour could indicate the
presence of an additional soft (steep) component which
becomes prominent at low fluxes and is not properly ac-
counted for by the black body component. In fact, the
power law is trying to fit the soft data by steepening the
index at low fluxes and leaves significant residuals in the
hard band where a slope of about 1.3—1.4 would be more
appropriate even at very low fluxes (see Fig. 3).

Such discrepancies naturally raises questions on the real
nature of the X-ray soft excess and of the soft steep com-
ponent observed at low fluxes. As pointed out by Gierlin-
ski & Done (2004), the remarkable constancy of the “soft
excess temperature” might indicate an origin in atomic
rather than thermal physical conditions. Possible candi-
dates seems to be absorption and/or ionized reflection.
We investigate here the two—component model in which
the soft excess and the soft steep component observed at
low fluxes are due to a ionized reflection component.

3.3. Broadband analysis II: the two—component
model

In the two—component model the variability is dominated
by a power law component (PLC) which changes in flux
but not in spectral shape (I' = 2.2). The PLC illuminates
the accretion disc giving rise to a reflection—dominated
component (RDC, from Ross & Fabian 2005) which is af-
fected by the relativistic effects arising in the inner disc.
We take into consideration these effects convolving the
ionized reflection spectrum with a IXR kernel with fixed
inner and outer disc radius (to 1.24 r, and 100 7, respec-
tively), and fixed disc inclination (30°). The inner disc
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Figure 4. In the left panel we show the blackbody intensity as a function of its observed temperature. The line shows the
best fit relation between the App O(T4B g In the right panel, we show the broadband I'flux relationship as obtained from

the standard model fits (see text for details).

radius corresponds to the innermost stable circular orbit
around a Kerr black hole. The only free parameters of the
relativistic kernel is then the index ¢ of the disc emissivity
profile (¢ = r—7). The ionized reflection model is appro-
priate for solar abundances and has ionization parameter
and normalization as free parameters, while the photon
index of the illuminating power law in the RDC model is
tied to that of the PLC and therefore fixed to I' = 2.2.
As for the “standard model” discussed in the previous
Section, the overall spectral model also includes Galac-
tic absorption, constant emission from photoionized gas
and from a distant reflector and the O vl and O VIl edges
with fixed energies. The number of free parameters in the
model is just the same as in the “standard model” case (6
free parameters).

The model reproduces very well the data at all flux lev-
els with a reduced x? between 0.8 and 1.2. The two—
component model is statistically indistinguishable from
the standard one and has to be considered as a possible
alternative to be accepted or rejected on a physical rather
than statistical basis. We would like to stress again that
with this interpretation the soft excess is not due to a ther-
mal component anymore. It is the ionized reflection from
the disc that naturally produces a soft excess. The reflec-
tion can then naturally solve the “constant temperature”
problem because of the very non—thermal nature of that
component. Moreover, no changes in the PLC slope are
required to fit the data and to reproduce the I'flux rela-
tion. We tested, in fact, a variable I' fit to the data and
found that all the 68 spectra are consistent with ['=2.2
with only three exceptions (with AI' <0.1). Thus, the
I'-flux relation is simply due to the relative contribution
of the two components, with the steep and variable PLC
dominating the medium and high flux states and with a
stronger contribution of the flatter RDC during the low
flux ones.

As for the variability of the two components, the RDC
is expected to respond to the PLC variations and to be
well correlated with it. Fig. 5 shows the 0.5-10 keV flux

of the RDC versus the PLC flux in the same band. The
RDC is well correlated with the PLC at low flux levels
(the solid line represent perfect correlation between the
two components). However, as the PLC flux increases,
the correlation clearly breaks down and the RDC is much
less variable (about a factor 2.5) than the PLC (about a
factor 7). A similar behaviour has been observed also in
MCG-6-30-15 (Vaughan & Fabian 2004) and has been in-
terpreted in terms of a strong gravitational light bending
by Miniutti et al (2003) and Miniutti & Fabian (2004),
which predicts an almost stable RDC during normal/high
flux periods and a correlation at low flux levels only. The
observed variability is therefore in good agreement with
the light bending model prediction. The other free param-
eters of the RDC in our fit are the disc reflection emissiv-
ity index of the relativistic blurring model (¢) and the ion-
ization parameter of the reflection spectrum (£). The for-
mer shows some trend with flux, with low flux states gen-
erally corresponding to steeper emissivity profiles than
high flux ones (Ponti et al. in prep.). This result is also
in line with the predictions of the light bending model
(Miniutti & Fabian 2004). The latter, instead, is not very
well constrained by the data and most spectra are con-
sistent with ¢ between 50 and 300 erg cm s—! with only
few exceptions below and above (and no clear trend with
flux). We finally remark that, if the light bending interpre-
tation is correct, the RDC versus PLC behaviour requires
the primary source of PLC to be centrally concentrated
above the accretion disc within 15 gravitational radii at
most from the central black hole (see Miniutti & Fabian
2004). In particular, the correlation between the two com-
ponent is predicted to occur only if the primary source of
the PLC is within ~ 5 gravitational radii from the hole.
Therefore, one consequence of this interpretation is that
low flux states are characterised by an extremely compact
region of primary emission, well inside the relativistic re-
gion around the black hole.

As a final comment, the mean optical depth of the ion-
ized absorber, here modelled crudely by the O viI and
O vIiI edges, is of the order of 0.1-0.2. These values are
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Figure 5. RDC vs. PLC 0.5-10 keV fluxes. The data
clearly rule out a perfect correlation between the two
components (solid line). The RDC is well correlated with
the PLC at low fluxes only and varies with smaller ampli-
tude in normal/high flux states.

left free to vary and they seem to suggest some variations
during the two observations (in agreement with the evi-
dences presented by Elvis et al. during this conference).
Nevertheless, the uncertainties associated with our mea-
surements are so large that a fit to the optical depth with a
constant during the first observation results in a 2 of 26
(O vir) and 47 (O vi) for 47 degrees of freedom, while
during the second low flux observation the x? are 29 and
7 for 19 degrees of freedom, preventing us from claiming
the variation.

4. CONCLUSIONS

We investigated the X-ray spectral variability of the
Narrow Line Seyfert 1 galaxy NGC 4051 with model
independent techniques (RMS spectra and Flux—Flux
plots) and with time resolved spectral variability. NGC
4051 show evidence for a distant neutral and constant re-
flection component contributing by about 10 per cent in
the 4-10 keV band at mean fluxes and constant emission
from photoionized gas.

The nuclear emission has been interpreted both in a “stan-
dard scenario” (consisting of BB plus power law emis-
sion) and by a two—component (PLC plus ionized RDC
from the disc). Both models reproduce the RMS spectra,
and describe the time—resolved spectra in a comparable
way from a statistical point of view, thus the dinstinction
has to be made on a physical basis. In the framework of
the two—component model the soft excess is interpreted
as the soft part of ionized reflection from the accretion
disc. The constant temperature problem is then solved
in terms of atomic rather than truly thermal processes.
Moreover, the RDC explains the I'-flux relationship at
all flux levels in terms of the relative contribution of a
PLC with constant slope I' = 2.2 and the RDC.
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