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Exploring the complex X-ray spectrum of NGC 4051
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ABSTRACT
Archival XMM–Newton data on the nearby Seyfert galaxy NGC 4051, taken in relatively high-
and low-flux states, offer a unique opportunity to explore the complexity of its X-ray spectrum.
We find the hard X-ray band to be significantly affected by reflection from cold matter, which
can also explain a non-varying, narrow Fe K fluorescent line. We interpret major differences
between the high- and low-flux hard X-ray spectra in terms of the varying ionization (opacity)
of a substantial column of outflowing gas. An emission-line spectrum in the low-flux state
indicates an extended region of photoionized gas. A high-velocity, highly ionized outflow seen
in the high-flux state spectrum can replenish the gas in the extended emission region over
∼103 yr, while having sufficient kinetic energy to contribute significantly to the hard X-ray
continuum.

Key words: galaxies: active – galaxies: individual: NGC 4051 – galaxies: Seyfert – X-rays:
galaxies.

1 I N T RO D U C T I O N

The additional sensitivity of XMM–Newton and Chandra has em-
phasized the complexity in the X-ray spectra of active galactic nuclei
(AGN). While there is broad agreement that the X-ray emission is
driven by accretion on to a supermassive black hole, the detailed
emission mechanism(s) remain unclear. Significant complexity –
and diagnostic potential – is introduced by reprocessing of the pri-
mary X-rays in surrounding matter. Scattering and fluorescence
from dense matter in the putative accretion disc has been recog-
nized as a major factor in modifying the observed X-ray emission
of bright Seyfert galaxies since its discovery (Nandra et al. 1989;
Pounds et al. 1990). Additional modification of the observed X-ray
spectra arises by absorption in passage through ionized matter in
the line of sight to the continuum X-ray source. The high-resolution
X-ray spectra obtained with XMM–Newton and Chandra have
shown the considerable complexity of this ‘warm absorber’ (e.g.
Sako et al. 2001; Kaspi et al. 2002), including recent evidence
for high-velocity outflows (e.g. Chartas et al. 2002; Pounds et al.
2003a,b; Reeves, O’Brien & Ward 2003), which constitute a signif-
icant component in the mass and energy budgets of those AGN. In
this paper we report on the spectral analysis of two XMM–Newton
observations of the bright, nearby type 1 Seyfert galaxy NGC 4051
taken from the XMM–Newton data archive. We find further support
for the suggestion made in an early survey of XMM–Newton Seyfert
spectra (Pounds & Reeves 2002), that the full effects of ionized
absorption in AGN have often been underestimated.

�E-mail: kap@star.le.ac.uk

NGC 4051 is a low-redshift (z = 0.0023) narrow-line type 1
Seyfert galaxy, which has been studied over much of the history of
X-ray astronomy. Its X-ray emission often varies rapidly and with a
large amplitude (Lawrence et al. 1985, 1987), occasionally lapsing
into extended periods of extremely low activity (Lamer et al. 2003).
When bright, the broad-band X-ray spectrum of NGC 4051 appears
typical of a type 1 Seyfert galaxy, with a 2–10 keV continuum
being well represented by a power law of photon index � ∼ 1.8–2,
with a hardening of the spectrum above ∼7 keV being attributable
to ‘reflection’ from ‘cold’, dense matter, which might also be the
origin of a relatively weak Fe K emission line (Nandra & Pounds
1994). However, NGC 4051 also exhibits strong spectral variability,
apparently correlated with source flux. The nature of this spectral
variability has remained controversial since the Ginga data were
alternatively interpreted as a change in power-law slope (Matsuoka
et al. 1990) and by varying partial covering of the continuum source
by optically thick matter (Kunieda et al. 1992).

Later ROSAT observations provided good evidence for a flux-
linked variable ionized absorber, and for a ‘soft excess’ below
∼1 keV (Pounds et al. 1994; McHardy et al. 1995; Komossa & Fink
1997). Extended ASCA observations led Guainazzi et al. (1996) to
report a strong and broad Fe K emission line (implying reflection
from the inner accretion disc), and a positive correlation of the hard
power-law slope with X-ray flux. A 3-yr monitoring campaign of
NGC 4051 with RXTE, including a 150-d extended low flux interval
in 1998, produced clear evidence for the cold reflection component
(hard continuum and narrow 6.4 keV Fe K line) remaining con-
stant, while again finding the residual power-law slope to steepen at
higher X-ray fluxes (Lamer et al. 2003). More surprisingly, a rela-
tivistic broad Fe K line component was found to be always present,

C© 2004 RAS



X-ray spectrum of NGC 4051 11

even during the period when the Seyfert nucleus was ‘switched off’
(Guainazzi et al. 1998; Lamer et al. 2003). One other important con-
tribution to the extensive X-ray literature on NGC 4051 came from
an early Chandra observation that resolved two X-ray absorption-
line systems, with outflowing velocities of ∼2300 and ∼600 km s−1,
superimposed on a continuum soft excess with significant curvature
(Collinge et al. 2001). Of particular interest in the context of the
present analysis, the higher-velocity outflow is seen in lines of the
highest ionization potential. The Chandra data also show an unre-
solved Fe K emission line at ∼6.41 keV (full width at half-maximum
FWHM � 2800 km s−1).

In summary, no clear picture emerges from a review of the ex-
tensive data on the X-ray spectrum of NGC 4051, with the spec-
tral variability being (mainly) due to a strong correlation between
power-law slope and flux, or to variable absorption in (a substantial
column of) ionized matter. Support for the former view has recently
come from a careful study of the soft-to-hard flux ratios in extended
RXTE data (Taylor, Uttley & McHardy 2003), while the potential
importance of absorption is underlined by previous spectral fits to
NGC 4051 requiring column densities of the order of ∼1023 cm−2

(e.g. Pounds et al. 1994; McHardy et al. 1995).
Given these uncertainties we decided to extract XMM–Newton

archival data on NGC 4051 in order to explore its spectral complex-
ities. After submission of the present paper, an independent analysis
of the 2002 November EPIC pn data by Uttley et al. (2003) was
published on astro-ph, reaching different conclusions from those
we find. We comment briefly on these alternative descriptions of
the spectral variability of NGC 4051 in Section 9.4.

2 O B S E RVAT I O N A N D DATA R E D U C T I O N

NGC 4051 was observed by XMM–Newton on 2001 May 16/17
(orbit 263) for ∼117 ks, and again on 2002 November 22 (orbit 541)
for ∼52 ks. The latter observation was timed to coincide with an
extended period of low X-ray emission from NGC 4051. These data
are now public and have been obtained from the XMM–Newton data
archive. X-ray data are available in both observations from the EPIC
pn (Strüder et al. 2001) and MOS2 (Turner et al. 2001) cameras,
and the Reflection Grating Spectrometer (RGS) (den Herder et al.
2001). The MOS1 camera was also in spectral mode in the 2002
observation. Both EPIC cameras were used in small window mode
in the first observation, together with the medium filter, successfully
ensuring negligible pile-up. The large window mode, with medium
filter, was used in the second, low-flux state observation. The X-ray
data were first screened with the latest XMM SAS v5.4 software,
and events corresponding to patterns 0–4 (single and double pixel
events) were selected for the pn data and patterns 0–12 for MOS1 and
MOS2. A low-energy cut of 300 eV was applied to all X-ray data and
known hot or bad pixels were removed. We extracted EPIC source
counts within a circular region of 45 arcsec radius defined around
the centroid position of NGC 4051, with the background being taken
from a similar region, offset from, but close to, the source. The net
exposures available for spectral fitting from the 2001 observation
were 81.7 ks (pn), 103.6 ks (MOS2), 114.3 ks (RGS1) and 110.9 ks
(RGS2). For the 2002 observation the final spectral data were of
46.6 ks (pn), 101.9 ks (MOS1 and 2), 51.6 ks (RGS1) and 51.6 ks
(RGS2). Data were then binned to a minimum of 20 counts per bin,
to facilitate use of the χ 2 minimization technique in spectral fitting.
Spectral fitting was based on the XSPEC package (Arnaud 1996). All
spectral fits include absorption due to the NGC 4051 line-of-sight
Galactic column of N H = 1.32 × 1020 cm−2 (Elvis, Lockman &

Figure 1. Background-subtracted EPIC pn data for the 2001 May (black)
and 2002 November (grey) observations of NGC 4051.

Wilkes 1989). Errors are quoted at the 90 per cent confidence level
(�χ2 = 2.7 for one parameter of interest).

We analysed the broad-band X-ray spectrum of NGC 4051 inte-
grated over the separate XMM–Newton observations, noting that the
mean flux levels were markedly different, and perhaps representa-
tive of the ‘high-state’ and ‘low-state’ X-ray spectra of this Seyfert
galaxy. (In fact the 2001 May X-ray flux is close to the historical
mean for NGC 4051, but we will continue to refer to it as the ‘high
state’ for convenience.) To obtain a first impression of the spectral
change, we compare in Fig. 1 the background-subtracted spectra
from the EPIC pn camera for orbits 263 and 541. The same compar-
ison for the EPIC MOS2 data (not shown) is essentially identical.
From ∼0.3 to 3 keV the spectral shape is broadly unchanged, with
the 2001 flux level being a factor ∼5 higher and showing less fine
structure. From ∼3 keV up to the very obvious emission line at ∼6.4
keV the flux ratio decreases, indicating a flatter continuum slope in
the low-state spectrum over this energy band. On this simple com-
parison the ∼6.4 keV emission line appears essentially unchanged
in energy, width and photon flux. We will defer a more detailed
comparison of the ‘high’ and ‘low’ state data until Section 5, after
first modelling the individual EPIC spectra.

3 H I G H - S TAT E E P I C S P E C T RU M

3.1 Power-law continuum

We began our analysis of the EPIC data for 2001 May in the con-
ventional way by fitting a power law over the hard X-ray (3–10
keV) band, thereby excluding the more obvious effects of soft X-
ray emission and/or low energy absorption. This fit yielded a photon
index of � ∼ 1.85 (pn) and � ∼ 1.78 (MOS), but the fit was poor,
with significant residuals. In particular the presence of a narrow
emission line near 6.4 keV, and increasing positive residuals above
9 keV (Fig. 2), suggested the addition of a cold reflection component
to refine the continuum fit, which we then modelled with PEXRAV

in XSPEC (Magdziarz & Zdziarski 1995). Since the reflection com-
ponent was not well constrained by the continuum fit, we left free
only the reflection factor R (=�/2π, where � is the solid angle sub-
tended at the source), fixing the power-law cut-off at 200 keV and
disc inclination at 20◦, with all abundances solar. The outcome was
an improved fit, with �χ 2 of 40 for R = 0.8 ± 0.2. The power-law
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Figure 2. Ratio of data to power-law fits over the 3–10 keV band for the
pn (black) and MOS (red) spectra in the high-state 2001 May observation of
NGC 4051.

index � increased by 0.1 for both pn and MOS fits. In all subsequent
fits we then set R = 0.8 (compatible with the strength of the 6.4-keV
emission line). Based on this broad-band fit we obtained a 2–10 keV
flux for the 2001 May observation of NGC 4051 of 2.4 × 10−11 erg
s−1 cm−2 corresponding to a 2–10 keV luminosity of 2.7 × 1041 erg
s−1 (H 0 = 75 km s−1 Mpc−1).

3.2 Fe K emission and absorption

The power law plus reflection continuum fit at 3–10 keV leaves
several residual features in both pn and MOS data, the significance
of which is indicated by the combined χ 2 of 2068 for 1740 degrees
of freedom (d.o.f.). Visual examination of Fig. 2 shows, in particular,
a narrow emission line near 6.4 keV and evidence of absorption near
∼7 keV and at ∼8–9 keV.

To quantify these features we then added further spectral compo-
nents to the model, beginning with a Gaussian emission line with
energy, width and equivalent width as free parameters. This addition
improved the 3–10 keV fit, to χ 2/d.o.f. of 1860/1735, with a line
energy (in the AGN rest frame) of 6.38 ± 0.01 keV (pn) and 6.42 ±
0.03 keV (MOS), rms width �60 eV and line flux of (1.6 ± 0.4) ×
10−5 photon s−1 cm−2 (pn) and (1.4 ± 0.6) × 10−5 photon s−1 cm−2

(MOS), corresponding to an equivalent width (EW) of 60 ± 15 eV.
Next, we fitted the most obvious absorption feature near 7 keV

with a Gaussian shaped absorption line, again with energy, width
and equivalent width free. The best-fitting observed line energy was
7.15 ± 0.05 keV (pn) and 7.05 ± 0.05 keV (MOS) in the AGN rest
frame, with an rms width of 150 ± 50 eV, and an EW of 100 ±
20 eV. The addition of this Gaussian absorption line gave a further
highly significant improvement to the overall fit, with χ 2/d.o.f. =
1802/1730. Fitting the less compelling absorption feature at ∼8–
9 keV with a second absorption line was not statistically signifi-
cant. However, an absorption edge did improve the fit to χ2/d.o.f. =
1767/1728, for an edge energy of 8.0 ± 0.1 keV and optical depth
0.15 ± 0.05.

In summary, the 3–10 keV EPIC data from the high-state 2001
May observation of NGC 4051 are dominated by a power-law con-
tinuum, with a photon index (after inclusion of cold reflection plus
an emission and absorption line) of 1.90 ± 0.02 (pn) and 1.84 ±
0.02 (MOS). The narrow emission line at ∼6.4 keV is compatible

Figure 3. Extrapolation to 0.3 keV of the 3–10 keV spectral fit (detailed
in Section 3.2) showing the strong soft excess in both pn (black) and MOS
(red) spectra during the 2001 May observation of NGC 4051.

with fluorescence from the same cold reflecting matter, while – if
identified with resonance absorption of Fe XXVI or Fe XXV – the
∼7.1 keV line implies a substantial outflow of highly ionized gas.
We find no requirement for the previously reported strong, broad
Fe K emission line, the formal upper limit for a line of initial energy
6.4 keV being 70 eV.

3.3 Soft excess

Extending the above 3–10 keV continuum spectral fit down to
0.3 keV, for both pn and MOS data, shows very clearly (Fig. 3) the
strong soft excess indicated in earlier observations of NGC 4051.

To quantify the soft excess we again fitted the combined pn and
MOS data, obtaining a reasonable overall fit with the addition of
blackbody continua of kT ∼ 120 and 270 eV, together with absorp-
tion edges at ∼0.725 keV (τ ∼ 0.24) and ∼0.88 keV (τ ∼ 0.09).
Based on this broad-band fit, we deduced soft X-ray flux levels for
the 2001 May observation of NGC 4051 of 2.9 × 10−11 erg s−1

cm−2 (0.3–1 keV), with ∼61 per cent in the blackbody components,
and 1.1 × 10−11 erg s−1 cm−2 (1–2 keV). Combining these results
with the higher-energy fit yields an overall 0.3–10 keV luminosity
of NGC 4051 in the ‘high’ state of 7 × 1041 erg s−1 (H 0 = 75 km
s−1 Mpc−1).

4 L OW- S TAT E E P I C S P E C T RU M

The above procedure was then repeated in an assessment of the 2002
November EPIC data, when the X-ray flux from NGC 4051 was a
factor of ∼4.5 lower (Fig. 1).

Fitting the hard X-ray continuum was now more uncertain since
the spectrum was more highly curved in the low-flux state (com-
pare Figs 4 and 2), making an underlying power-law component
difficult to identify. To constrain the fitting parameters, we there-
fore made two important initial assumptions. The first, supported
by the minimal change apparent in the narrow Fe K line, was to
carry forward the cold reflection (normalization and R) parameters
from the ‘high-state’ spectral fit (in fact, as noted above, appropri-
ately at a flux level close to the historical average for NGC 4051).
The second assumption was that the power-law continuum changed
only in normalization, but not in slope [as found in the extended
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Figure 4. Ratio of data to power law plus continuum reflection model fit
over the 3–10 keV band for the pn (black) and MOS (red) spectra in the
low-state 2002 November observation of NGC 4051.

XMM–Newton observation of MCG-6-30-15 (Fabian et al. 2003)].
This is in contrast to the conclusions of Lamer et al. (2003) but –
as we see later – is consistent with the difference spectrum (Fig. 8),
which fits quite well at 3–10 keV to a power-law slope of � ∼ 2,
while also showing no significant residual reflection features.

With these initial assumptions, the 3–10 keV fit to the low-state
spectrum yielded the data/model ratio shown in Fig. 4. A visual
comparison with Fig. 2 shows a very similar narrow emission line
at ∼6.4 keV, but with strong curvature to the underlying continuum,
and significant differences in the absorption features above 7 keV.
These strong residuals resulted in a very poor fit at 3–10 keV, with
χ2 of 1610/990. We note that the spectral curvature in the 3–6 keV
band is reminiscent of an extreme relativistic Fe K emission line;
however, since our high-state spectrum showed no evidence for such
a feature, and it might in any case be unexpected when the hard X-
ray illumination of the innermost accretion disc is presumably weak,
we considered instead a model in which a fraction of the power-law
continuum is obscured by an ionized absorber. We initially modelled
this possibility with ABSORI in XSPEC, finding that both the 3–6 keV
spectral curvature and the absorption edge at ∼7.6 keV were well
fitted, with ∼60 per cent of the power law covered by ionized matter
of ionization parameter ξ (= L/nr 2) ∼ 25 and column density N H ∼
1.2 × 1023 cm−2.

The main residual feature was then the narrow Fe K emission
line.

4.1 The narrow Fe K emission line

A Gaussian line fit to the emission line at ∼6.4 keV in the low-
state EPIC data was again unresolved, with a mean energy (in the
AGN rest frame) of 6.41 ± 0.01 keV (pn) and 6.39 ± 0.02 keV
(MOS), and line fluxes of (1.9 ± 0.3) × 10−5 photon s−1 cm−2 (pn)
and (2.0 ± 0.4) × 10−5 photon s−1 cm−2 (MOS), corresponding
to an EW against the unabsorbed power-law component of 500 ±
75 eV. The important point is that, within the measurement errors,
the measured fluxes of the ∼6.4 keV line are the same for the two
observations. This lends support to our initial assumption that both
EPIC spectra include a ‘constant’ reflection component, illuminated
by the long-term average hard X-ray emission from NGC 4051. With
the addition of this narrow emission line, the overall 3–10 keV fit

Figure 5. Partial covering model spectrum fitted over the 3–10 keV band for
the 2002 November observation of NGC 4051. Also shown are the separate
components in the fit: the unabsorbed power law, absorbed power law and
Gaussian emission line. See Section 4.1 for details. For clarity only the pn
data are shown.

Figure 6. Partial covering model fits over the 3–10 keV band extended
to 0.3 keV, for the pn (black) and MOS (red) data from the low-state 2002
November observation of NGC 4051.

obtained with the partial covering model was then good (χ2/d.o.f. =
1037/1037). Fig. 5 illustrates the unfolded spectrum and spectral
components of this fit.

4.2 Soft excess

Extrapolation of the above partial covering 3–10 keV spectral fit
down to 0.3 keV shows that a substantial soft X-ray excess remains
(Fig. 6), with a similar relative strength to the power-law compo-
nent seen in the high-state data. We note that the ‘soft excess’, i.e.
relative to the power-law component, would have been extremely
strong (data/model ratio ∼ 8) had we taken the simple power-law
fit (� ∼ 1.4) to the low-state 3–10 keV data. Extending the partial
covering model to 0.3 keV, with the addition – as in the high state
– of a blackbody component of kT ∼ 125 eV (the hotter compo-
nent was not required), gave an initially poor fit (χ2 of 2348 for
1265 d.o.f. for the pn data), with a broad deficit in observed flux at
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Figure 7. Extrapolation to 0.3 keV of the 3–10 keV partial covering fit of
Fig. 5 showing the strong soft excess modelled by a blackbody component
(blue), and a broad absorption trough at ∼0.76 keV. For clarity only the pn
data are shown.

∼0.7–0.8 keV being a major contributor (Fig. 6). The addition of a
Gaussian absorption line to the partial covering model gave a large
improvement to the broad-band fit (to χ2 of 1498 for 1262 d.o.f.),
for a line centred at 0.756 ± 0.003 keV, with rms width 50 ± 15
eV and EW ∼ 40 eV. We show this complex spectral fit in Fig. 7,
and comment that the model dependence of unfolded spectra is rel-
atively unimportant in illustrating such strong, broad-band spectral
features. Significantly, the broad-band spectral fit remains substan-
tially inferior to the similar fit to the high-state data. Examination of
the spectral residuals shows that this is due to additional fine struc-
ture in the soft band of the low-state spectrum, structure that is also
evident in Figs 1 and 6. We examine the RGS data in Section 6 to
explore the nature (absorption or emission) of this structure.

The deduced soft X-ray flux levels for the 2002 November obser-
vation of NGC 4051 were 6.3 × 10−12 erg s−1 cm−2 (0.3–1 keV),
with ∼53 per cent in the blackbody component, and 1.8 × 10−12

erg s−1 cm−2 (1–2 keV). Combining these results with a 2–10 keV
flux of 5.8 × 10−12 erg s−1 cm−2 yielded an overall 0.3–10 keV
luminosity of NGC 4051 in the ‘low’ state of 1.5 × 1041 erg s−1

(H 0 = 75 km s−1 Mpc−1).

5 C O M PA R I S O N O F T H E H I G H - A N D
L OW- S TAT E E P I C DATA

The above spectral fitting included two important assumptions, that
the cold reflection was unchanged between the high- and low-flux
states, and the variable power-law component was of constant spec-
tral index. We now compare directly the EPIC data for the two
observations to explore further the nature of the spectral change.
Fig. 8 illustrates the difference spectrum obtained by subtracting the
background-subtracted low-state data from the equivalent high-state
data (corrected for exposure). To improve the statistical significance
of the higher energy points the data were regrouped for a minimum
of 200 counts. The resulting difference spectrum is compared in Fig.
8 with a power law fitted at 3–10 keV. Several points are of interest.
First, the power-law index of the difference spectrum, � ∼ 2.04 (pn)
and � ∼ 1.97 (MOS2), is consistent with the assumed ‘constant’
value in the individual spectral fits. Secondly, the narrow Fe K emis-
sion line and high-energy data upturn are not seen, supporting our

Figure 8. High- minus low-state difference spectral data (pn – black, MOS2
– red) compared with a simple power law, as described in Section 5.

Figure 9. Ratio of high-state to low-state spectral data (pn only), as de-
scribed in Section 5.

initial assumption of a ‘constant’ cold reflection component. The
narrow feature observed at ∼7 keV corresponds to the absorption
line seen (only) in the high-state spectrum, while we shall see in
Section 6 that the deficit near 0.55 keV in the MOS data (which has
substantially better energy resolution there than the pn) is probably
explained by a strong and ‘constant flux’ emission line of O VII. Fi-
nally, the small peak near 8 keV can be attributed to the absorption
edge shifting to lower energy as the photoionized gas recombines
in the reduced continuum irradiation.

While the arithmetic difference of two spectra provides a sensitive
check for the variability of additive spectral components, a test of
the variability of multiplicative components is provided by the ratio
of the respective data sets. Fig. 9 reproduces the ratio of the high-
and low-state data (pn only) after regrouping to a minimum of 500
counts per bin. At ∼0.3–3 keV the flux ratio averages ∼5, as seen in
Fig. 1, falling to higher energies as the mean slope of the low-state
spectrum hardens. The large positive feature at ∼0.7–0.8 keV is of
particular interest, indicating a variable multiplicative component,
almost certainly corresponding to enhanced absorption in the low-
state spectrum. In fact that feature can be clearly seen in the low-
state EPIC data in Figs 6 and 7. We suggest that the broad excess at
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Figure 10. Fluxed RGS spectrum from the XMM–Newton observation of
NGC 4051 in 2001 May.

∼1–2 keV can be similarly explained by greater absorption affecting
the low-state spectrum, lending support to our overall interpretation
of the spectral change. Finally, we note that the narrow dip in the
ratio plot at ∼6.4 keV is consistent with the Fe K emission line
having unchanged flux, but correspondingly higher EW in the low-
state spectrum.

6 S P E C T R A L L I N E S I N T H E R G S DATA

Both EPIC spectra show a strong soft excess, with the low-state
(2002) spectrum also having more evidence of fine structure. To
study the soft X-ray spectra in more detail, we then examined the
simultaneous XMM–Newton grating data for both observations of
NGC 4051. Figs 10 and 11 reproduce the fluxed spectra, binned at
35 mÅ, to show both broad and narrow features. The continuum flux
level is higher in the 2001 data (consistent with the levels seen in the
EPIC data), with a more pronounced curvature longwards of ∼15 Å.
Numerous sharp data drops hint at the presence of many narrow
absorption lines. In contrast, the 2002 November RGS spectrum
exhibits a lower and flatter continuum flux, and a predominance of
narrow emission lines.

We began an analysis of each observation by simultaneously fit-
ting the RGS1 and RGS2 data with a power law and blackbody
continuum (from the corresponding EPIC 0.3–10 keV fits) and ex-
amining the data/model residuals by eye. For the 2001 May obser-
vation the strongest features were indeed narrow absorption lines,
most being readily identified with resonance absorption in He- and
H-like ions of C, N, O and Ne. In contrast, the combined RGS data for
the low-state data from 2002 November showed a mainly emission-
line spectrum, more characteristic of a type 2 Seyfert galaxy (e.g.
Kinkhabwala et al. 2002). Significantly, the N VI, O VII and Ne IX

forbidden lines are seen in both high- and low-state RGS spectra
at similar flux levels. Taking note of that fact we then analysed
the low-state (2002) data first, and subsequently modelled the RGS
high-minus-low difference spectrum, to get a truer measure of the
absorption-line strengths in the high-state (2001) spectrum.

6.1 An emission-line spectrum in the low-state data

To quantify the emission lines in the 2002 spectrum, we added
Gaussian lines to the power law plus blackbody continuum fit in

Table 1. Principal emission lines identified in the 2002 November RGS
spectrum of NGC 4051. Wavelengths are in angstroms and adjusted to the
source rest frame, and line fluxes are in units of 10−5 photon cm−2 s−1.

Line λsource λlab Flux EW (eV)

C VI Lyα 33.75 ± 0.03 33.74 4 ± 1 2.5 ± 0.6
N VI 1s–2p (f) 29.55 ± 0.04 29.53 3.5 ± 0.5 3.2 ± 0.5
N VII Lyα 24.79 ± 0.03 24.78 3 ± 0.8 3.5 ± 1
O VII 1s–2p (f) 22.14 ± 0.02 22.10 11 ± 1.5 14 ± 2
O VII 1s–2p (i) 21.79 ± 0.03 21.80 5 ± 1 6 ± 2
O VIII Lyα 18.99 ± 0.03 18.97 8 ± 1.3 10 ± 1.5
Fe XVII 2p–3s 17.06 ± 0.03 17.20 2 ± 0.6 5 ± 2
Ne IX 1s–2p (f) 13.75 ± 0.05 13.70 3 ± 0.6 7 ± 2

Figure 11. Fluxed RGS spectrum from the XMM–Newton observation of
NGC 4051 in 2002 November.

XSPEC, with wavelength and flux as free parameters. In each case
the linewidth was unresolved, indicating a FWHM � 300 km s−1.
Details of the eight strongest lines thereby identified are listed in
Table 1. The statistical quality of the fit was greatly improved by the
addition of the listed lines, with a reduction in χ 2 of 251 for 16 fewer
d.o.f. When adjusted for the known redshift of NGC 4051, all the
identified lines are consistent with the laboratory wavelengths, indi-
cating that the emitting gas has a mean outflow (or inflow) velocity
of �200 km s−1.

Fig. 12 illustrates the O VII triplet, showing the dominant forbid-
den line and strong intercombination line emission, but no resid-
ual resonance line emission (at 21.6 Å). The line ratios, consistent
with those found in the earlier Chandra observation (Collinge et al.
2001), give a clear signature of a photoionized plasma, with an
electron density �1010 cm−3 (Porquet & Dubau 2000). A similarly
dominant forbidden line in the N VI triplet yields a density limit a
factor of ∼10 lower. We note that the absence of the O VII resonance
emission line may be due to infilling by a residual absorption line
of similar strength.

After removal of the emission lines listed in Table 1, several ad-
ditional emission features (see Fig. 11) remained. Although narrow
and barely resolved, the wavelengths of these features allow them to
be unambiguously identified with the radiative recombination con-
tinua (RRC) from the same He- and H-like ions of C, N, O and
(probably) Ne. Table 2 lists the properties of these RRC as deter-
mined by fitting in XSPEC with the REDGE model. While the RRC
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Figure 12. Emission lines dominate the 2002 November RGS data. The
O VII triplet is illustrated with only the forbidden and intercombination lines
clearly visible. The Gaussian line fits include only the RGS resolution show-
ing the emission lines are intrinsically narrow. See Section 6.1 for details.

Table 2. Radiative recombination continua identified in the 2002 November
RGS spectrum of NGC 4051. All wavelengths are in angstroms and fluxes
are in units of 10−5 photon cm−2 s−1. The threshold wavelengths fixed (f)
at the laboratory values are as indicated.

RRC λsource λlab Flux EW (eV)

Ne X 9.13 (f) 9.11 0.3 ± 0.2 6 ± 4
Ne IX 10.39 (f) 10.37 0.75 ± 0.3 13 ± 5
O VIII 14.19 (f) 14.15 1.7 ± 0.5 9 ± 3
O VII 16.85 16.81 3.2 ± 0.8 11 ± 3
N VI 22.50 22.45 1.7 ± 0.8 2 ± 1
C VI 25.41 25.35 5.7 ± 1 7 ± 1
C V 31.71 31.64 2 ± 1.5 3 ± 2

of C V, C VI, N VI and O VII are well determined, we fixed the
other threshold energies at their laboratory values to quantify the
measured equivalent widths. What is clear is that the RRC are very
narrow, a combined fit yielding a mean temperature for the emitting
gas of kT ∼ 3 eV (T ∼ 4 × 104 K). We note that this low tempera-
ture lies in a region of thermal stability for such a photoionized gas
(Krolik, McKee & Tarter 1981). Furthermore, the low temperature
indicates that collisional ionization and excitation will be negligi-
ble, and radiative recombination should be the dominant emission
process.

Additional constraints on the emitting gas in NGC 4051 can be de-
rived by noting that the 2002 November XMM–Newton observation
took place some 20 d after the source entered an extended low-flux
state. Furthermore, the emission-line strength of the O VII forbidden
line is essentially the same as when NGC 4051 was much brighter
in 2001 May. This implies that the emission spectrum arises from
ionized matter that is widely dispersed and/or of such low density
that the recombination time is �2 × 106 s. At a gas temperature
of ∼4 × 104 K, the recombination time for O VII is of the order of
150(n9)−1 s, where n9 is the number density of the ionized matter
in units of 109 cm−3 (Shull & Van Steenberg 1982). The persistent
low-state emission would therefore indicate a plasma density of
�105 cm−3.

Assuming a solar abundance of oxygen, with 30 per cent in O VII,
50 per cent of recombinations from O VIII direct to the ground state,

Figure 13. Ratio of the 2002 November RGS data to the emission line and
RRC model described in Section 6.1. A broad deficit of flux at ∼15–17 Å
may be attributed to an unresolved transition array (UTA) in weakly ionized
Fe.

and a recombination rate at kT ∼ 3 eV of 10−11 cm3 s−1 (Verner &
Ferland 1996), we deduce an emission measure for the forbidden-
line flux of the order of 2 × 1063 cm−3. That corresponds to a radial
extent of �3 × 1017 cm for a uniform spherical distribution of
photoionized gas at the above density of �105 cm−3. Coincidentally,
the alternative explanation for a constant emission-line flux, via an
extended light travel time, also requires an emitting region scale
size of �1017 cm. We note, furthermore, that these values of particle
density and radial distance from the ionizing continuum source are
consistent with the ionization parameter derived from our XSTAR fit
to the RGS absorption spectrum (Section 7). The scale of the soft
X-ray emitting gas is apparently much greater than the broad-line
region (BLR), for which Shemmer et al. 2003 find a value of 3.0 ±
1.5 light-days [∼(3 –10) × 1015 cm]. In fact it has overall properties
of density, temperature and velocity consistent with the narrow-line
region (NLR) in NGC 4051.

The above emission lines and RRC provide an acceptable fit to
the RGS data for the 2002 November observation of NGC 4051.
However, a coarse binning of the data/model residuals (Fig. 13)
shows a broad deficit of flux remaining at ∼15–17 Å. It seems likely
that this feature is the same as that seen in the broad-band fits to the
EPIC data for 2002 November (Section 4) and tentatively identified
with an unresolved transition array (UTA) from Fe M-shell ions
(Behar, Sako & Kahn 2001). When fitted with a Gaussian absorption
line, we find an rms width of σ 	 30 eV and EW = 25 eV against the
low-state continuum, consistent with the absorption trough required
in the partial covering fit to the low-state EPIC data (Section 4.2).

6.2 Absorption lines in the high-state difference spectrum

The observed wavelengths of the main emission lines in the 2002
spectrum and their equivalent absorption lines in the 2001 spectrum
are the same within the resolution of our Gaussian line fitting. (At
higher resolution the absorption lines appear to have a mean outflow
velocity of ∼500 km s−1, while the emission lines are close to the
systemic velocity of NGC 4051.) Furthermore, from our analysis in
Section 6.1 it seems clear that the emission-line spectrum represents
an underlying component that responds to some long-term average
flux level of the ionizing continuum of NGC 4051. We therefore first
subtracted the 2002 RGS spectrum from the 2001 spectrum with the
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Table 3. Principal absorption lines identified in the 2001 May RGS ‘dif-
ference’ spectrum of NGC 4051. The Ne IX resonance line appears to be
broad and is probably blended with Fe XIX. Wavelengths are in angstroms
and adjusted to the source rest frame.

Line λsource λlab EW (mA)

C VI Lyα 33.67 ± 0.02 33.74 170 ± 30
C VI Lyβ 28.42 ± 0.02 28.47 60 ± 15
C VI Lyγ 26.95 ± 0.03 26.99 20 ± 10

N VI 1s–2p 28.73 ± 0.02 28.79 80 ± 15
N VII Lyα 24.73 ± 0.03 24.79 100 ± 25

O VIII Lyα 18.93 ± 0.01 18.97 100 ± 15
O VIII Lyβ 15.98 ± 0.02 16.01 25 ± 10
O VII 1s–2p 21.57 ± 0.03 21.60 60 ± 15
O VII 1s–3p 18.62 ± 0.03 18.63 40 ± 112
O VII 1s–4p 17.76 ± 0.04 17.77 15 ± 8

Ne IX 1s–2p 13.43 ± 0.03 13.45 40 ± 15

aim of obtaining a truer measure of the absorption-line strengths in
the high-state data. Quantifying the main absorption lines by adding
Gaussian lines to the corresponding continuum fit then produced the
line list in Table 3.

7 A N I O N I Z E D A B S O R B E R M O D E L F I T
TO T H E 2 0 0 1 M AY XMM–NEWTON DATA

To better quantify the highly ionized matter responsible for the ob-
served absorption features in the ‘high-flux state’ spectrum of NGC
4051 and to check for physical consistency of the candidate line
identifications, including the high-energy absorption features seen
above 7 keV in the EPIC data, we next replaced the Gaussian ab-
sorption lines in the above fits with a model comprising a grid of
photoionized absorbers based on the XSTAR code (Kallman et al.
1996). We modelled the RGS difference spectrum as the best mea-
sure of low-ionization matter; however, in the case of the EPIC data,
where we expect the particle density to be higher (and recombina-
tion time shorter) than in the extended emission region, we modelled
the direct high-state data. The XSTAR model absorbers cover a wide
range of column density and ionization parameter, with outflow (or
inflow) velocities as a variable parameter. All abundant elements
from C to Fe are included, with the relative abundances as a vari-
able input parameter. To limit processing time we assumed a fixed
width for each absorption line of 1000 km s−1 FWHM.

We first attempted a fit to the RGS data over the 8.5–35 Å band,
where the power law plus blackbody continuum gave χ2 of 5388
for 4197 d.o.f. The addition of a two-component ionized absorber
significantly improved this fit, toχ 2 of 4829/4183, with an ionization
parameter log ξ of 2.7 ± 0.1 and column density of N H ∼ 6 × 1021

cm−2, and an ionization parameter log ξ of 1.4 ± 0.1 and column
density of N H ∼ 2 × 1021 cm−2. The relative abundances of C, N, O,
Ne and Fe, tied for both components, were determined to be 0.5, 0.6,
0.35, 0.3 and 1.0. The apparent redshift from the fit was (5.2 ± 1.4) ×
10−4, indicating an outflow velocity of ∼600 km s−1 at the redshift
of NGC 4051. We note that this velocity is probably a lower limit
for those lines where a significant emission component has been
subtracted. While the present analysis is only intended to obtain a
rough characterization of the low-ionization outflow, several points
stand out.

A significantly better fit with the two-component absorber sug-
gests that a range of ionization parameter exists in the outflow, a

Figure 14. Part of the 2001 May RGS ‘difference’ spectrum fitted with the
photoionized absorber model described in Section 7. The main absorption
lines shown are, from the right, O VII 1s–2p (21.60 Å), O VIII Lyα (18.97 Å)
and O VII 1s–3p (18.63 Å).

point emphasized more strongly when the Fe K absorption line is
added (see below). As noted earlier the strongest observed lines are
all from H- and He-like ions of the lighter metals. The model is seen
to fit the resonance lines of O VII and O VIII quite well (Fig. 14),
perhaps since these strongest lines drive the fit. However, the higher
series lines of O VII are noticeably stronger than in the model, sug-
gesting the resonance line is saturated in the core.

The ∼7.1 keV absorption line, most conservatively attributed to
blueshifted Fe XXVI Lyα resonance absorption, required a third,
more highly ionized component in the absorbing gas, with ioniza-
tion parameter log ξ ∼ 3.8 and column density of N H ∼ 2 × 1023

cm−2. The apparent redshift from the fit was −0.02, indicating an
outflow velocity of ∼6500 km s−1 at the redshift of NGC 4051.
The ionization parameter, and hence column density, are not well
constrained by this single line fit. However, the main uncertainty
in the column density probably lies on the upside, since the line is
apparently broader than in the XSTAR model fit, while the fitted ion-
ization parameter is close to that for a peak abundance of Fe XXVI.
Assuming a cone angle for the highly ionized outflow of π sr, the
corresponding outflow mass rate is ∼7 × 10−3 M
 yr−1, with an
associated kinetic energy of ∼1041 erg s−1, comparable to the high
(mean) state hard X-ray luminosity of NGC 4051.

Repeating the XSTAR fit for the only likely alternative identification
of the ∼7.1 keV line, with the resonance (1s–2p) absorption of Fe
XXV, required a lower ionization parameter for the third component,
of log ξ = 3.3 ± 0.1 together with a column density of N H ∼
1023 cm−2. The apparent redshift from the fit was then −0.058,
indicating an outflow velocity of ∼16 500 km s−1 at the redshift
of NGC 4051. Again assuming a cone angle of the highly ionized
outflow of π sr, the corresponding outflow mass rate is then ∼5 ×
10−2 M
 yr−1, with a kinetic energy of 2 × 1042 erg s−1.

8 A N I O N I Z E D A B S O R B E R M O D E L F I T
TO T H E 2 0 0 2 N OV E M B E R E P I C DATA

Implicit in our analysis so far is the constant nature of the extended,
low-ionization gas. In contrast, our partial covering fit to the low-
state EPIC data requires a substantial column density in a lower
ionization state (than in the high-state EPIC fit), covering ∼60 per
cent of the hard X-ray continuum source. It seems a reasonable
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Figure 15. The XSTAR 0.3–10 keV partial covering fit to the low-state
2002 November observation of NGC 4051, showing the strong soft ex-
cess and a broad absorption trough at ∼0.76 keV. Also shown are the sep-
arate components in the fit: the unabsorbed power law, absorbed power
law, Gaussian emission line and blackbody. For clarity only the pn data are
shown.

assumption that this new absorbing component is formed from the
previously highly ionized outflow as the ionization parameter falls
with the reduced hard X-ray flux. To quantify this change, and to
obtain an alternative fit to the overall low-state spectrum of NGC
4051, we then replaced the ABSORI model of Section 5 with XSTAR.

The result supports the ABSORI fitting. Fig. 15 illustrates the XSTAR

fit to the low-state EPIC data, the parameters being a power law of
� = 1.93 ± 0.03, ∼57 per cent of which is covered by a column
of N H ∼ 3.6 × 1023 cm−2 and intermediate ionization parameter
log ξ = 1.4 ± 0.1. The remaining power-law component, a black-
body of kT ∼ 125 eV, and a narrow Fe K emission line are covered
by an ionized absorber similar to that fitted to the RGS high-state
data, with log ξ ∼ 2.8 and N H ∼ 8 × 1021 cm−2, together with a
cold column of ∼2 × 1020 cm−2, slightly greater than the Galactic
column. It is interesting to note that a similar high column density is
required for EPIC fits in both high and low states, with the dramatic
spectral change being attributed to part of that matter recombining
in response to the lower hard X-ray flux. Furthermore, when left
as a free parameter, the power-law slope in the partial covering fit
has a preferred value consistent with that in the high state. In other
words, the second important initial assumption we made in Sec-
tion 5 (in addition to constant cold reflection) is also supported in
this analysis.

9 D I S C U S S I O N

9.1 Hard X-ray emission and reprocessing in outflowing gas

Given the general acceptance that AGN are powered by accretion
on to a supermassive black hole, it seems reasonable that the usually
dominant optical–extreme ultraviolet flux arises as thermal radia-
tion from the accretion disc. However, the origin of the hard X-ray
power-law component (and soft X-ray excess) remains less clear,
with up-scattering of disc photons in a high-temperature ‘corona’
being a popular mechanism. The strengthening view that viscosity
in the disc is largely of magnetic origin offers an appealing way of
transferring accretion energy to the coronal electrons by reconnec-

tion in buoyant magnetic flux. Reprocessing of hard X-rays in the
disc may then explain a major part of the ‘continuum reflection’ and
fluorescent Fe K emission often seen in AGN spectra.

The most direct evidence given in support of this picture has usu-
ally been the rapid, high-amplitude X-ray variability (implying a
small emission region) and the broad, skewed profile of the Fe K
line, indicating an origin in reflection from the innermost accretion
disc where strong relativistic effects are expected. Recently some
doubts have been raised on the wide applicability of this model.
In particular, improved X-ray spectra from Chandra and XMM–
Newton have failed to confirm the relativistic Fe K emission line in
a majority of AGN. Furthermore, new evidence of massive outflows
of highly ionized matter in a number of AGN has drawn attention to
the need to take due account of reprocessing in overlying (as well
as disc) matter. While in the previous cases where high-velocity
outflows have been confirmed, they appear to be linked to a high
(Eddington or super-Eddington) accretion rate, the evidence for col-
umn densities of highly ionized gas in excess of N H ∼ 1023 cm−2

is becoming more common for type 1 Seyfert galaxies (e.g. Bianchi
et al. 2003). Such columns then potentially offer an alternative ex-
planation for the extremely broad Fe K line, via partial covering
of the power-law continuum. In the present analysis of the XMM–
Newton observations of NGC 4051, we have explored the partial
covering alternative, noting that the observation of Fe XXVI (or Fe
XXV) absorption in the high state requires a similar column density
(of highly ionized gas), which would have recombined as a result
of the reduced ionizing flux persisting for ∼20 d prior to the 2002
November observation. We conclude that variable opacity in this
outflow, responding to the reduced ionizing flux during the extended
low state of NGC 4051, provides a natural explanation of the dra-
matic change observed in the broad-band X-ray spectrum of NGC
4051. We suggest that the effects of absorption by line-of-sight ion-
ized gas may have been generally underestimated in the analysis and
interpretation of AGN spectra, and note that a similar explanation
was proposed by Costantini et al. (2001) in reporting a large-scale
spectral change in the Seyfert galaxy NGC 3516 observed in two
BeppoSAX observations four months apart.

The important detection of a high-velocity outflow in the high-
state spectrum of NGC 4051 [given independent support by the
recent report of an outflow at 4500 km s−1 from a second Chandra
observation (van der Meer et al. 2003)] raises the additional question
of what fraction of the hard X-ray emission may arise, not from the
disc/corona, but from shocks in this flow? We showed in Section 7
that, if the inner flow has a wide cone angle, the associated kinetic
energy is comparable with the hard X-ray luminosity in NGC 4051.
If the trigger for a massive outflow is – as suggested by King &
Pounds (2003a) – accretion at or above the Eddington limit, then
might this apply for NGC 4051? A recent reverberation measure-
ment (Shemmer et al. 2003) has indicated the black hole mass in
NGC 4051 to lie in the range (2–10) × 105 M
, an unusually low
value (for an AGN), but one supported by a further recent analysis
of the X-ray variability (McHardy et al. 2003). Such a low mass sug-
gests that in the ‘typical’ bright state of NGC 4051, as we observed
in 2001 May when the total X-ray luminosity was ∼1042 erg s−1,
the bolometric luminosity of NGC 4051 might indeed have reached,
or exceeded, the Eddington limit.

9.2 Extended photoionized gas in NGC 4051

The low central continuum flux during the 2002 November observa-
tion of NGC 4051 allowed the emission spectrum from an extended
photoionized gas to be observed in the RGS data, a rare opportunity
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to observe this component in a type 1 Seyfert galaxy (see also Turner
et al. 2003 for a similar observation of NGC 3516). The detec-
tion of several RRC shows the temperature of the gas to be �4 ×
104 K, a region of thermal stability, while our analysis of the strong
forbidden-line emission of O VII provides an estimate of the (mini-
mum) extent as 3 × 1017 cm. A corresponding minimum mass for
this extended gas envelope is then ∼10 M
. Assuming a mean out-
flow velocity of 100 km s−1, the flow time (to reach 3 × 1017 cm) is
∼103 yr. It is interesting to note that the mass of the extended low-
ionization region would be replenished in a similar time-scale if fed
by the higher-velocity outflow (observed as Fe XXVI Lyα absorption
at ∼7.1 keV).

9.3 A common outflow

Continuing this line of thought, we consider how the various com-
ponents of the overlying gas indicated by the X-ray spectra of NGC
4051 may be parts of the same common outflow. On the (simplest)
assumption of a quasi-spherical outflow and conservation of mass,
we envisage the high-velocity/high-ionization flow (imprinting ab-
sorption features in the Fe K band), degrading into the intermediate-
ionization/lower-velocity flow (seen in the RGS absorption lines),
before eventually connecting with the larger-scale/slow-moving out-
flow observed in emission in the low-state RGS data. It is interesting
then to speculate that this slowly recombining, low-density gas will
link into the larger-scale outflow resolved in the [O III] 5007 Å line
and co-spatial with weak extended radio emission (Christopoulou
et al. 1997).

We assume the Fe XXVI Lyα interpretation of the 7.1-keV absorp-
tion line, at an outflow velocity v of ∼6 × 108 cm s−1. With an ioniz-
ing luminosity ∼ 2 × 1041 erg s−1 and log ξ = 3.8, the product nr 2v

is then ∼ 2 × 1046 cm−3 s−1. Conservation of mass in a radial flow
maintains this value to connect eventually with the intermediate-
and low-ionization components fitted to the RGS high-state spectra.
Assuming each absorbing layer is of thickness 0.3r , the measured
column density also allows the mean particle density (n) and radial
distance (r) from the ionizing source to be evaluated, yielding n ∼
1.2 × 1010 cm−3 and r ∼ 5 × 1013 cm for the highly ionized flow.

For the intermediate-ionization gas, responsible for most of the
observed RGS absorption lines, the measured ionization parameter
and column density (together with nr 2v = 2 × 1046 cm−3 s−1)
yield v ∼ 5 × 107 cm s−1, consistent with the value obtained from
the mean line ‘blueshift’, together with n ∼ 106 cm−3 and r ∼ 3
× 1016 cm.

For the lower-ionization component in our XSTAR fit to the RGS
absorption lines, the same procedure yields v ∼ 2.5 × 106 cm s−1,
essentially the systemic velocity indicated by the emission-line spec-
trum, together with n ∼ 3 × 103 cm−3 and r ∼ 3 × 1018 cm, again
approximately in agreement with the scale deduced independently
from the emission-line spectrum.

On this continuous outflow picture the kinetic energy in the initial
outflow is largely lost before reaching the intermediate-ionization
stage, and we speculate that this could be due to shocks occurring in
the high-velocity gas, potentially contributing a significant part of
the hard X-ray luminosity. We note that the derived particle densities
will ensure a rapid response to changing flux in the inner regions
of the flow, while the intermediate-ionization gas indicated by the
RGS data will already have a recombination time �4 d.

Important questions that remain from this exploration of the com-
plex X-ray spectrum of NGC 4051 include the mechanism by which
the high-velocity outflow is generated and the origin of the soft X-
ray continuum.

9.4 Absorption or spectral pivoting

Since this paper was initially submitted, an independent analysis of
the 2002 November low-state data (pn camera only) has been ac-
cepted for publication in MNRAS (Uttley et al. 2003). That analysis
is guided by the flux–flux plots, which, unusually in the case of NGC
4051, suggest that spectral variability is primarily due to pivoting of
the power-law spectrum. On that basis, Uttley et al. develop a model
for the low-state pn spectrum which contains both variable and con-
stant thermal components to describe the ‘soft excess’. Their model
also includes a ‘constant’ reflection component and ionized absorp-
tion, as does our spectral fit. However, the major difference in the
two approaches is that Uttley et el. explain the main spectral change
by a large change in the power-law slope, whereas in the present
paper we emphasize the dominant effects of variable absorption in
a substantial column of line-of-sight photoionized gas.

Our analysis has the advantage of including simultaneous high-
resolution data from the RGS, revealing the presence of an extended
outflow of photoionized gas, which we show to be a reasonable con-
tinuation of a high-density flow at small radii. More direct evidence
for a large column density of ionized gas in the line of sight to the
X-ray source comes from the detection of a blueshifted Fe XXVI

Lyα absorption line in high-state EPIC data (also not considered in
Uttley et al. 2003). We suggest that it is then a natural outcome for
that gas to have recombined during the period of low X-ray emission
to give the enhanced absorption implied in our fit to the low-state
spectrum of NGC 4051.

1 0 S U M M A RY

During a typical bright state, the X-ray spectrum of the low-mass
AGN NGC 4051 is found to be characteristic of a type 1 Seyfert
galaxy, with a canonical power-law slope � ∼ 1.9 plus cold reflec-
tion (and narrow Fe K emission line), together with a soft excess
superimposed on which is an absorption-line spectrum consistent
with an outflow of ∼500 km s−1. An additional spectral feature, not
hitherto reported, is a deep absorption line at ∼7.1 keV, indicating
a higher-velocity, more highly ionized and higher column density
outflow component.

A second XMM–Newton observation of NGC 4051, 20 d into a
period of unusually faint X-ray emission, exhibits a very different
spectrum. In the soft X-ray band the absorption-line spectrum is
replaced with an emission-line spectrum more characteristic of a
type 2 Seyfert galaxy, which we model as an extended, low-density
region of photoionized gas. At higher energies the indicators of cold
reflection (including the narrow Fe K emission line) are unchanged,
but the continuum exhibits strong curvature, which we interpret in
terms of partial covering by a substantial column density of inter-
mediate ionization gas.

We conclude that the unusually hard X-ray spectrum of NGC 4051
in 2002 November is due to the enhanced visibility of a ‘constant’
cold reflection component and increased opacity in a substantial
column of line-of-sight gas responding to an extended period of
low, hard X-ray emission.
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