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ABSTRACT

Using XRISM/Resolve 439 ks time-averaged spectra of the well-known Seyfert-1.5 active galactic nucleus (AGN) in NGC 3783,
we investigated the nature of the Fe Kα emission line at 6.4 keV, the strongest and most common X-ray line observed in AGNs.
Even the narrow component of the line is resolved with evident Fe Kα1 (6.404 keV) and Kα2 (6.391 keV) contributions with a 2:1
flux ratio, fully consistent with a neutral gas with negligible bulk velocity. The narrow and intermediate-width components have a
full width at half maximum of 350 ± 50 km/s and 3510 ± 470 km/s, respectively, suggesting that they arise in the outer disk/torus
and/or broad line region. We detect a 10% excess flux around 4–7 keV that is not described well by a symmetric Gaussian line but
is consistent with a relativistically broadened emission line. In this study we took the simplest approach, modelling the asymmetric
line as a single emission line (assuming neutral, He-like, or H-like iron) convolved with a relativistic disk line model. As expected,
the inferred inclination angle (i) is highly sensitive to the assumed ionisation state and ranges between 17 and 44◦. This model also
constrains the black hole spin via the extent of the red wing: the required gravitational redshift in the fitted disk-line profile disfavours
a non-spinning (Schwarzschild) black hole. The derived inner radius is close to the radius of the innermost stable circular orbit (rISCO)
and is strongly correlated with the black hole spin. To better constrain the spin, we fixed the inner radius to rISCO and derived a lower
limit on the spin of a ≥ 0.29 at the 3σ confidence level. A Compton shoulder is detected in our data as well as a 2–3σ detection of
the Cr Kα and Ni Kα lines.

Key words. techniques: spectroscopic – galaxies: active – galaxies: Seyfert – X-rays: galaxies –
X-rays: individuals: NGC 3783 Fe K band

1. Introduction

The Fe Kα line, at a rest-frame energy of 6.4 keV, is a promi-
nent emission feature in active galactic nucleus (AGN) spectra;
it originates from X-ray fluorescence in dense material surround-
ing the supermassive black hole (SMBH). Its line width varies

? Corresponding author: cli@strw.leidenuniv.nl

significantly, revealing the diverse physical processes taking
place in different regions of the AGN environment (Gallo et al.
2023). Narrow Fe Kα lines of a few hundred or thousand km/s
likely originate from distant, cold, and dense material such as
the torus or outer disk. They provide insights into the structure
and geometry of the circumnuclear environment (Reynolds et al.
1994; Yaqoob & Murphy 2011; Gandhi et al. 2015). In contrast,
the broad Fe Kα lines, often very extended and skewed with
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widths of ten to a few hundred thousand km/s, arise from the
innermost regions of the accretion disk, where gravitational red-
shift and relativistic effects significantly broaden and distort the
line profile. The presence and characteristics of the broad Fe
lines encode valuable information about the disk inner radius,
the ionisation state, the influence of strong gravity, and the spin
of the SMBH (Fabian et al. 1989; Fabian et al. 1995; Laor 1991;
Brenneman & Reynolds 2006).

With the existing X-ray instruments, isolating and charac-
terising the broad relativistic Fe Kα line remains challenging:
CCDs do not have enough spectral resolution and blend mul-
tiple lines, and grating spectra lack the effective area needed
for adequate S/Ns. The measurement is critically dependent on
several systematic effects, including the shape of the underly-
ing continuum, the presence of ‘clumpy’ absorbers, and the
presence of potential Fe lines with intermediate line widths
from the optical/X-ray broad-line regions (BLRs). To overcome
these challenges, high-resolution spectroscopy in the Fe Kα
band coupled with simultaneous modelling of all the relevant
spectral components, together with high-S/N data, are essen-
tial, especially in time-averaged spectra (Reynolds et al. 2012).
Energy-dependent lag spectra can further be used to test whether
the broadband variability around the Fe Kα band originates
from clumpy absorption or is intrinsic to the central source
(Zoghbi et al. 2019; Reis et al. 2012).

The recent launch of the X-Ray Imaging and Spectroscopy
Mission (XRISM) marks a significant advancement in our ability
to study these Fe lines (Tashiro et al. 2025). With its high spec-
tral resolution, the Resolve instrument on board XRISM can dis-
tinctly separate emission and absorption components with vary-
ing widths (Ishisaki et al. 2025; Kelley et al. 2025). Early results
demonstrate that what was previously thought to be a single nar-
row line is actually a complex blend of several components, each
originating from different regions, such as the torus, the BLR,
and the inner accretion disk (XRISM Collaboration 2024).

The Seyfert 1 galaxy NGC 3783 (z = 0.00973;
Theureau et al. 1998) has been extensively examined for its
X-ray wind components (Kaspi et al. 2002; Netzer et al. 2003;
Mao et al. 2019; Gu et al. 2023). Due to its brightness in the
Fe K band, it was selected as a XRISM performance verifica-
tion target to probe the highly ionised gas resolved by veloc-
ity (Mehdipour et al. 2025). Furthermore, the full absorption
measure distribution of the X-ray outflow will be determined
by combining XRISM observations with XMM-Newton reflec-
tion grating spectrometer (RGS) observations (Zhao et al. 2025
in prep., Paper V). Simultaneously, it offers an unprecedented
opportunity to investigate the nature of the Fe Kα emission line
with the help of the resolved Fe K band absorption lines detected
by Resolve, which is the main scientific goal of the present
paper.

Using the combined data taken in 2000–2001 by the Chan-
dra High Energy Transmission Grating Spectrometer (HETGS),
the full width at half maximum (FWHM) of the narrow Fe Kα
line core in NGC 3783 was determined to be approximately
1800 km/s; it is located between the BLR and the narrow-line
region (Kaspi et al. 2002; Yaqoob et al. 2005). It was also found
that the excess flux around the base of the narrow Fe Kα line core
can be modelled with either a Compton-scattering ‘shoulder’
or a relativistic line from the inner disk with a low inclination
angle of 11◦ or less. From the XMM-Newton EPIC data taken in
2001, Reeves et al. (2004) found not only a strong broader Fe Kα
line at 6.4 keV but also another peak feature at 7.05 keV proba-
bly originating from a blend of the neutral Fe Kβ line and the
hydrogen-like line of Fe at 6.97 keV. They also reported a weak,

broad red wing, attributed either to an ionised warm absorber or
to relativistic effects (Reeves et al. 2004).

Using a deep (210 ks) Suzaku observation from 2009,
Brenneman et al. (2011) and Reis et al. (2012) reported a
strongly broadened and skewed iron line and concluded that
the black hole (BH) is rapidly spinning in the prograde direc-
tion. Patrick et al. (2011) obtained different results using the
same dataset, finding a slowly or retrograde spinning BH with
a ≤ −0.04. Motivated by this discrepancy, Reynolds et al. (2012)
performed a Monte Carlo Markov chain-based investigation
of BH spin in NGC 3783 and identified a (partial) modelling
degeneracy between the iron abundance of the disk and the BH
spin parameter. Moreover, the two different methods used by
Capellupo et al. (2017), namely relativistic reflection and con-
tinuum fitting, yield a wide range for the spin parameter, albeit
with a high probability of a near-maximal spin if a disk wind is
included in the reflection model.

Using all the archival data collected by the Chandra/HETGS,
Danehkar & Brandt (2025) determined that the relativistically
broadened iron emission is consistently associated with a near-
maximal BH spin across all analysed datasets. This high spin
is a constant finding even when the system transitions to differ-
ent spectral states, such as the hard state due to some transient
obscuration events caused by eclipsing outflow material near
the X-ray source (Mehdipour et al. 2017), which was present
in data from 2013 to 2016. The analysis of HETGS data by
Danehkar & Brandt (2025) also shows that the narrow Fe Kα
line from distant regions has an excess redshift velocity of a few
hundred km/s relative to the rest frame, suggesting that a warped
disk scenario is causing the far side of the disk to be more illu-
minated.

With its unprecedented energy resolution and enhanced
effective area in the Fe K band, the XRISM Resolve instrument
is poised to advance our understanding of the Fe Kα complex in
NGC 3783. This paper is organised as follows. Section 2 presents
the spectral modelling method and analysis. Section 3 describes
the narrow Fe Kα observational characters and the broad iron
emission spectral modelling results. We summarise and discuss
all of the results in Sect. 4.

2. Spectral modelling and analysis

NGC 3783 was observed by XRISM/Resolve during 10 days
(ObsID 300050010) from July 18–27, 2024. We used the exact
same spectral data as Paper I and XRISM Collaboration (2025);
we refer readers to these works for comprehensive details on
data reduction and analysis. For clarity, we highlight the related
information in our current paper. Of the 36 pixels of Resolve
instrument, pixel 12 (calibration pixel) and pixel 27 (which
shows unpredictable gain jumps) were excluded from the anal-
ysis. Only high-resolution primary events (Ishisaki et al. 2018)
were selected for our analysis. The count rate was approximately
0.1 s−1 pix−1 in the four central pixels and ranged from 0.001 to
0.1 s−1 pix−1 in the outer pixels. To mitigate contamination, all
low-resolution secondary events were excluded before creating
the extra-large response matrix file, which includes all known
instrument effects.

The gain uncertainty is 0.16 eV at 5.9 keV and the systematic
energy scale uncertainty is 0.3 eV in the band of 5.4–8.0 keV,
which are uncorrelated and can be root-sum-squared. The total
systematic uncertainty corresponds to 15 km s−1 at 7 keV. The
FWHM of 5 eV at 6.4 keV is equivalent to 234 km/s at 6.4 keV.
The non-X-ray background spectrum was modelled from the
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Fig. 1. XRISM/Resolve residual spectra for each added model com-
ponent: power law (a); photo-absorbed power law (b); all data, with
narrow absorption lines excluded as described in the text (c); narrow
Fe core added (d); intermediate neutral Fe component added (e); and a
residual broad emission feature, re-binned to 60 eV to better reveal the
broad emission structure (f).

Resolve night-Earth data database1, while the sky background
was ignored because its contribution above 2 keV is negligible.

We modelled the time-averaged 439 ks XRISM/Resolve
spectrum (optimally binned to ≈2 eV with obin; see
Kaastra & Bleeker 2016) using SPEX v3.08.01 (Kaastra et al.
1996, 2024) along with an atomic database SPEXACT ver-
sion 2.07.00. Spectral fitting was performed with C-statistics
(Kaastra 2017). The cosmological redshift was fixed at 0.009730
(Theureau et al. 1998). Galactic X-ray absorption was calcu-
lated using the hot model in SPEX, with a column density of
NH = 9.59×1020 cm−2 (Murphy et al. 1996). The abundances of
all components were set to the protosolar values of Lodders et al.
(2009).

2.1. Modelling of the photo-absorption continuum

The time-averaged Resolve spectrum was modelled by a power-
law component in the 4–10 keV band, excluding the 2–4 keV
as well as the 5–8 keV ranges where multiple absorption
line features are present (Kaspi et al. 2001). As shown in
Fig. 1a, the model falls below the data, in particular towards

1 https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/
nxb/index.html
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Fig. 2. Transmission of five warm absorber components determined
using the slab model with Resolve data. In this emission-line and con-
tinuum modelling, we include only the total continuum absorption from
the warm absorbers (shown in black).

4 keV, suggesting the presence of an additional underlying
component.

Building on the models reported in Papers I and V, our sec-
ond step was to incorporate warm absorber components to model
in particular the continuum absorption. We applied five slab
components to incorporate the impact of photo-absorption; their
ion column densities are taken from Paper V. These five com-
ponents in order correspond to components C1, A1, A3+B+C2,
and A2 of Paper V, as described from a joint fit using pion com-
ponents of the combined Resolve and RGS spectra. The pion
model is a fully self-consistent model that computes the absorp-
tion and emission for a photoionised plasma (Mehdipour et al.
2016; Miller et al. 2015). The slab model is a pure empirical
model for the transmission of a layer of material with arbi-
trary ionic column densities (Kaastra et al. 2002). To maintain
physical consistency, we adopted the ionic column densities
obtained from their pion fits as inputs to slab in our cur-
rent work, ensuring that the absorption continuum is treated
in a physically consistent manner and reduces computational
cost.

The transmission of these components is plotted in Fig. 2
for reference. We only retained the total continuum absorption
(black curve in Fig. 2) caused by these warm absorbers when we
modelled the continuum using the broadband data of 4–5 keV
and 8–10 keV. Including the weak lines in these bands has a
negligible effect on the derived power-law parameters. Figure 1b
illustrates the improvement in the model by incorporating this
continuum absorption. We did not incorporate the component X,
the fast (v ∼ 14 300 km/s) outflowing wind component in Paper I,
as this component only has 1%–2% effect on the continuum seen
from the transmission. We have not included the Compton hump
in our continuum model. Based on the work of Mao et al. (2019),
its contribution is negligible at 10 keV (typically less than 1%)
and is even smaller at lower energies.

To minimise systematic uncertainties in modelling Fe-K
emission components, we excluded all spectral bins from the
spectral analysis, which contained significant absorption lines in
the 6.38–7.1 keV range (see Fig. 1 of Paper I). Figure 1c shows
the residuals of the full spectrum (excluding the absorption line
data discussed above) to the continuum model described in this
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section. And the full spectrum was applied to the following data
analysis.

2.2. Narrow and intermediate-width Fe K emission modelling

The neutral Fe Kα emission is not a single emission line, but
a line complex composed of emission from numerous atomic
transitions. An accurate model of the natural line shape of
the Fe Kα complex must be incorporated when the velocity
broadening is less than ∼2000 km/s (Yaqoob 2024). Here, we
adopted the line profile of the seven-Lorentzian decomposition
derived from high-precision laboratory measurements reported
by Hölzer et al. (1997). For Fe Kα, the profile provided by
Hölzer et al. (1997) is dominated by two strong complex, Fe
Kα1 (6.404 keV) and Fe Kα2 (6.391 keV), separated by about
13 eV. This split of Fe Kα1 and Fe Kα2 peaks is seen in the time-
averaged Resolve spectrum of NGC 3783. We adopted the Fe Kβ
line profile from the same laboratory measurement, scaling the
flux ratio between Fe Kα and Fe Kβ to 8:1, which is the charac-
teristic ratio for neutral Fe fluorescence (Yamaguchi et al. 2014).
Finally, we combined them into a file model in SPEX, which
includes Fe Kα1, Fe Kα2, and Fe Kβ lines convolved with the
same velocity broadening and redshift for representing the cold
neutral line.

Similarly to the case of NGC 4151, the apparently narrow
peak of the Fe Kα line complex may contain different velocity
broadening components (XRISM Collaboration 2024). To inves-
tigate this, we employed a multiple component model. Each
component consisted of a fixed intrinsic line profile as described
above, which was convolved with a Gaussian broadening and
shifted by a free velocity. Two components are found to be suf-
ficient to reproduce the observed narrow Fe emission feature.
Figure 1d shows the remaining residuals after inclusion of a nar-
row emission core with a few hundred km/s. Figure 1e shows the
residuals after including the second intermediate width compo-
nent of a few thousand km/s.

2.3. Broad emission feature between 4 and 7 keV

After modelling the continuum and the narrow emission lines, a
broad, skewed residual remains, reaching ∼10% above the model
between 4 and 7 keV (Fig. 1e). In Fig. 1f we re-bin this asymmet-
ric structure to 60 eV bins to better highlight the broad emission.
Such a broad emission feature can potentially arise from a rela-
tivistically broadened iron line of the inner accretion disk. Under
this assumption, we fitted the structure using the unbinned high
resolution spectrum (∼2 eV) assuming an intrinsically narrow
iron line convolved with a relativistic line broadening model,
spei in SPEX (Speith et al. 1995). This kernel is designed to han-
dle a variety of BH spins, inclination angles of disk, and compli-
cated emissivity profiles, as well as different regions of the disk.
We used a delt line model convolved with spei to model the
broad emission feature. For the delt component, the normalisa-
tion parameter is free and the energy of the line is kept frozen
at a specified value. For the spei component, we allowed the
inner radius of the disk (rin), BH spin (a), inclination angle (i),
and emissivity slope (q) to vary freely during the fit. We fixed
the emissivity scale height parameter (h) in the spei model to
zero, which corresponds to a pure power-law emissivity pro-
file2. Although a common empirical approach is to fix the inner
radius (rin) to risco, the theoretical innermost stable circular orbit

2 https://spex-xray.github.io/spex-help/models/
speith.html
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Fig. 3. XRISM/Resolve residual plot of NGC 3783 after modelling the
Fe Kα core with three emission components. The residuals are modelled
with the yellow line in Fig. 4.

(ISCO), which depends on the spin, here we permitted the inner
radius to extend beyond the ISCO to investigate the possibility
of disk truncation outside the ISCO.

The broad iron line originates from reflection off the inner
regions of the accretion disk. The dominant iron ion species con-
tributing to this feature depend on the ionisation state of the disk
surface. To explore different ionisation states of the inner disk,
we investigated limiting cases where the intrinsic lines are either
neutral or highly ionised. For the neutral line scenario, Model A,
we included two delta line components with fixed energies, one
for Fe Kα at 6.4 keV and another for Fe Kβ at 7.05 keV, cou-
pling the normalisation of Fe Kβ to Fe Kα and keeping the flux
ratio between Fe Kα and Fe Kβ 8:1, both were convolved by the
same speimodel. For the highly ionised disk cases, we explored
the He-like Model B and H-like Model C ionisation conditions.
In these scenarios, we used the delt model and fixed the line
centres at 6.7 keV and 6.97 keV, respectively, convolved by the
corresponding spei model. For all models the line flux is a free
parameter. Adding the broad component to the fit Models A, B,
and C, it improves the fit C-statistic by 1044, 1038, and 1033,
respectively.

2.4. Compton shoulder modelling in 6.15–6.30 keV

The above components adequately describe the observed
Resolve spectrum, with only a potential excess remaining
between 6.0 and 6.4 keV (Fig. 3). Although the excess has a sig-
nificance of only 2.1–2.4σ, the tail-like spectral feature could
be generated via Compton scattering of neutral matter, known
as a Compton shoulder (CS; Odaka et al. 2016). We modelled
this feature with the file model for neutral intrinsic Fe Kα and
Fe Kβ profiles of the emission line (see Sect. 2) convolved with
the vcom model. The vcom model is a phenomenological model
for single Compton scattering, with an option for an empirical
skewness correction (a) such that the profile is proportional to
(1+y2)(1+ay) with y the scaled energy between −1 and 1. In the
vcom model, we kept the skewness parameter (a) thawed to fit
the data. Including the CS model improves the C-stat value by
12, 9, and 9, respectively, for Models A, B, and C.
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2.5. Neutral Cr Kα and Ni Kα

There are still a few line-like excesses at the Cr Kα (5.36 keV)
and Ni Kα (7.40 keV) energies. Similarly to Fe, the Cr Kα and
Ni Kα lines are modelled using natural line shapes provided by
Hölzer et al. (1997), and convolved with a Gaussian broadening
profile (vgau). We forced the broadening of these two lines to
be equal to that of the narrow Fe Kα component. The Cr Kα
component improves the C-stat by 8, 7, and 12 for Models A, B,
and C, respectively. The Ni Kα component improves the C-stat
by 11, 15, and 15 for Models A, B, and C, respectively.

2.6. Other ionised emission lines

The 6.8–7.1 keV band of Resolve is complex with possible con-
tributions of neutral Fe Kβ and Fexxvi Lyα absorption and
emission, the Fe iK absorption edge, and the relativistic iron line
blue edge. The weak Fexxvi emission line has less than a 2σ
significance after modelling. Due to its weakness and the com-
plexity of this narrow energy band, we refrained from a more
detailed analysis. In addition to weak Fexxvi emission lines,
other weak relative low ionised iron emission lines in the 6.4–
6.6 keV band could possibly be present. We did not investigate
them further because they are not significant in our current data.

3. Results

The Resolve spectrum reveals narrow Fe Kα and Kβ lines,
alongside a series of absorption lines from highly ionised warm
absorbers. A broad emission structure with a 10% excess above
the continuum was clearly detected and is presented in the bot-
tom panel of Fig. 1. Figure 4 illustrates one of the best-fit models,
Model A, along with the profiles of its individual components.
Model A provides acceptable fits to the Resolve data, with a
C-statistic of approximately 2046, compared to an expected
value of 2013 ± 64. Additionally, the broad emission feature
can be reproduced well by a relativistic Fe line component. We
examined three different models to fit this feature, as described
in Sect. 2.3. All these solutions yield profiles that are similar to
each other, and the resulting best-fits of the three models (Mod-
els A, B, and C) are generally in agreement. Figure 5 compares
the three models with the data. While they generally agree, a
modest discrepancy appears in the narrow Fe Kβ feature near
∼7 keV, which is attributable to relativistic Fe Kβ emission added
in Model A. Figure 6 presents the relativistic iron line profiles
corresponding to the best-fits of the different models, showing
that the profiles (red, blue, and green curves) differ only slightly.
Table A.1 presents the best-fitting parameters with 1σ errors and
C-statistic values for Models A, B, and C.

When we performed error analysis, we found several strong
correlations between the parameters of the Speith profile. To
investigate this, we performed a grid search to examine the
degeneracy of spei model parameters using the step command
in SPEX. The step sizes and parameter ranges are shown in
Table A.2. The normalisation of the line is always adjusted to
the best-fit value for the given parameter set. The results of this
grid search are shown in Fig. 7, which presents the degeneracy
between rin/risco and spin. Following Fig. 7, Fig. 8 shows the
inner radius versus BH spin, illustrating the uncertainty in the
inner radius for our current modelling.

To better constrain the spin, we fixed the inner radius to the
ISCO at each spin value (rin = rISCO) and allowed the emis-
sivity index and inclination to vary freely (no grid limits). The
resulting distribution of C-statistic values is shown in Fig. 9; the

best-fitting spin and its 3σ error bar are indicated, disfavouring
a non-rotating BH.

4. Discussion

The 439 ks time-averaged spectrum of NGC 3783, taken by
XRISM/Resolve in July 2024, has shown rich results. The Fe
Kα emission complex is clearly resolved into three components:
a narrow feature with a FWHM of ∼300 km/s, an intermediate-
width component with a FWHM of ∼3500 km/s, and a broadest
emission structure spanning 4–7 keV. Their respective equiva-
lent widths are EWnar = 48 ± 3 eV, EWintm = 48 ± 4 eV, and
EWbrd = 278 ± 14 eV. The narrow Fe Kα is accompanied by a
weak and moderately broadened CS. Additional weak emission
lines, including Cr Kα and Ni Kα, were detected at a signif-
icance level of approximately ∼3−4σ, with Gaussian velocity
widths comparable to the Fe Kαnar component.

4.1. Narrow iron Kα lines

The detection of the narrow Fe Kα line component helps us bet-
ter interpret the distant reflection regions in NGC 3783. The
fluorescence line properties can potentially be used to con-
strain the geometry, column density, and kinematics of the
material in which the line is formed (Murphy & Yaqoob 2009;
Yaqoob & Murphy 2011; Yaqoob 2024; Vander Meulen et al.
2024). The spectrum shows a clear split of Fe Kα1 and Fe Kα2,
which is consistent with the neutral Fe Kα profile.

The FWHM of the Fe Kα core of 1720 ± 360 km s−1 mea-
sured by the Chandra grating data from 2001 (Kaspi et al. 2002),
lies between the narrow (FWHM = 350 ± 50 km/s) and interme-
diate (FWHM = 3510 ± 470 km/s) components in our analysis.
Fitting the Resolve spectrum with a single Fe Kα core compo-
nent by delt*vgau yields a FWHM of ∼1390 ± 40 km/s, con-
sistent with the Chandra value. The Chandra/HETGS spectral
resolution is worse than that of XRISM/Resolve at these ener-
gies by at least a factor of ∼6. This suggests that the profile of the
Fe core has remained stable over a timescale of approximately
24 years.

If we assume virial motion for the emitting clouds producing
the narrow and intermediate velocity component, we have

rFe =
GMBH

v2 , (1)

where MBH is the BH mass, v is the de-projected orbital velocity.
Following Gandhi et al. (2015), we related v to the observed line
width and the line-of-sight inclination (i) as

v =
vFWHM

sin(i)
, (2)

where vFWHM = 2.35σv, the σv is the Gaussian width of the line.
Equations (1) and (2) imply

rFe =
GMBHsin2(i)

5.5σ2
v

· (3)

Applying Eq. (3), we adopted i ≈ 23 degree
(GRAVITY Collaboration 2021b), and MBH = 2.54+0.90

−0.72 ×

107 Msun for NGC 3783, which was estimated based upon
a joint analysis that combines both GRAVITY and optical
reverberation mapping data (GRAVITY Collaboration 2021a)
to estimate the distance of Fe Kα complex.

The narrow component is likely located at ∼5 × 105 Rg, cor-
responding to ∼0.64 pc with a typical ∼30% uncertainty. This is
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Fig. 4. XRISM/Resolve time-averaged spectrum of NGC 3783 with the best-fitting model shown as a solid red line. Top two panels: Resolve
background-subtracted spectrum with individual model components and the corresponding fit residuals. The fit residuals are defined as (data −
model)/model. In our fitting, we used all data points in black and excluded the strong absorption line data points (in grey) when the modelling
continuum and emission lines independently. For visualisation purposes, the spectrum in the top panel is additionally binned up to 8 eV. Bottom
two panels: Close-up view of the Fe K band and its fit residuals at the model optimal bin size of 2 eV. In both panels, the strongest emission
features are labelled. The individual components are plotted with dashed lines representing the power law (cyan), the narrowest (magenta) and
intermediate (purple) iron components, the relativistic iron line (blue), the CS (orange), and Cr Kα and Ni Kα (green). The background model is
depicted by the grey curve.

a factor of ∼4–5 beyond the hot-dust radius (∼0.14 pc) measured
with near-IR interferometry (GRAVITY Collaboration 2021b),
in contrast to Gandhi et al. (2015), who inferred an origin inside
the hot-dust region from Chandra/HETGS data. Given rFe ∝

sin2(i) dependence, the estimated rFe is sensitive to the line-of-
sight inclination. Accounting for the uncertainty in i, the inferred
rFe remains broadly consistent with the results of Gandhi et al.
(2015). Moreover, geometry can further bias the effective view-

ing angle: if our sight-line is dominated by the illuminated inner
face of the torus/BLR, the effective inclination is smaller with
big opening angle.

The intermediate Fe core component is likely emitted from
a radius of ∼5 × 103 Rg (∼0.006 pc or 7.6 light-days), which
falls within the BLR (∼3–20 light-days) reported from optical
spectroscopy by Bentz et al. (2021a) and Bentz et al. (2021b). In
their work, the inferred kinematics of the outer BLR as probed
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Fig. 5. XRISM/Resolve spectra of NGC 3783 fitted with three differ-
ent models: Model A (red), Model B (blue), and Model C (green). The
top two panels illustrate the subtle differences between these models.
Residuals are calculated as (data − model)/model, as in Fig. 4. The bot-
tom panel shows a close-up view of the complex spectral structure in the
6.75–7.1 keV energy range. Spectral bins containing narrow absorption
features are included in the spectral plot but excluded from the residual
plot.

by Hβ are dominated by near-circular orbits with a contribution
from infall, whereas the kinematics of the inner BLR probed
by He ii is dominated by an unbound outflow. The difference
in kinematics between the Hβ- and He ii-emitting regions of the
BLR is intriguing given the large changes in the ionising lumi-
nosity of NGC 3783 during an obscured state (Mehdipour et al.
2017) and evidence of possible changes in the BLR structure
as a result. A caveat in comparing the XRISM/Resolve mea-
surements with BLR sizes from earlier optical campaigns is the
source state: those optical data were taken when NGC 3783 was
obscured, whereas our 2024 XRISM observations captured it
in an unobscured state. A coordinated XRISM campaign with
simultaneous optical spectroscopy would be the most robust way
to test whether the intermediate Fe Kα core is physically con-
nected to the BLR.

In Table A.1, the centroids of the Fe Kα complex for the
narrow and intermediate widths were found to be within 10
and 300 km/s redshift from their rest frame energy, respec-
tively. These line centroids are within the systematic uncer-
tainty of the Resolve instrument. Previously, an excess redshift
velocity of 620+80

−70 km/s of the iron Kα line with respect to the
host galaxy was found in NGC 3783 using Chandra ACIS-
S/HETGS (Danehkar & Brandt 2025), which implies more red-
ward photons were observed in the far side of the disk, poten-
tially caused by a warped disk (Miller et al. 2018). The BLR in
NGC 3783 can be accurately characterised as a thick, rotating
disk with the highest cloud concentration in the inner region
by GRAVITY Collaboration (2021b). The excess redshift of
the Fe Kα emission found by Danehkar & Brandt (2025) could
stem from a transient event, such as X-ray-emitting BLR inflow
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Fig. 6. Modelling relativistic iron line profiles. The red, blue, and green
curves represent the best-fit relativistic iron line profiles of Models A, B,
and C, respectively. The dotted and dashed grey lines are non-spin BH
solutions with different emissivity slopes. The former is derived from a
grid search based on Table A.2, and the latter is one of solutions shown
in Fig. 9. Both profiles correspond to the minimum C-statistic value for
a non-spinning BH case. The grey data points represent the residuals of
Model A (data − model) excluding the relativistic iron line, binned to
60 eV.

towards the SMBH, or a failed wind falling back towards the
inner region (Mehdipour et al. 2017; Li et al. 2025).

Recent XRISM spectroscopic observations of NGC 4151
also suggest contributions from the innermost BLR (optical/X-
ray) to the Fe Kα line, in addition to a potentially warped accre-
tion disk (XRISM Collaboration 2024). Alternatively, as pro-
posed by Miller et al. (2018), a failed wind could also result in
an asymmetric narrow Fe Kα line.

4.2. Chromium and nickel lines

In addition to Fe, Cr Kα and Ni Kα lines are detected with sig-
nificances of 2.8σ and 3–4σ, respectively. The observed line
broadening is consistent with the velocity dispersion of the nar-
row Fe core. If we assume that the line flux for element Z scales
as ∼IzωzAz, where Iz is the K-shell photoionisation rate (ioni-
sation/ion), ωz is the fluorescence yield and Az is the abundance
relative to hydrogen, we can estimate the expected line fluxes for
Cr and Ni by scaling these parameters to the observed Fe flux.
This yields predicted fluxes of 1.3 × 1047 photons s−1 for Cr and
4.0× 1047 photons s−1 for Ni, which are in broad agreement with
the observed values of 3.3±1.2 and 3.4±1.1 × 1047 photons s−1.
The lines are therefore consistent with solar abundance ratios,
although Cr might also be slightly enhanced. We need better
data, for example a larger effective area (gate valve open) or a
longer exposure time with Resolve, to perform accurate abun-
dance measurement.

4.3. The Compton shoulder of Fe Kαnar

The potential CS of the Fe Kα core is marginally detected at
approximately 2.4σ confidence. Its shape remains largely uncon-
strained (see Fig. 3), and its flux is estimated to be no more than
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10% of the narrow Fe Kα line. This indicates an optical depth
τ = 0.1, corresponding to a column density of matter emit-
ting the CS of ∼1023 m−2 associated with scattering material.
The luminosity of the narrow component of Fe Kα is close to
that of the intermediate one (see Table A.1). Modelling shows
that we cannot distinguish between the narrow and intermedi-
ate component as the source of the scattered photons. In con-
trast to the results reported by Yaqoob et al. (2005), where the
broad Fe line and CS scenarios were degenerate in the Chandra
data, our XRISM observations now allow us to clearly distin-
guish between them.

4.4. Relativistic reflection emission

One of the derived parameter from our model is the inclination
angle of the accretion disk. A known degeneracy exists between
the inclination, which is primarily determined by the blue edge
of the relativistic line profile, and the intrinsic energy of the line.
This is seen in Table A.1, where the inclination angle is found
to decrease from ∼44◦, to ∼32◦, to ∼17◦ with increasing ionisa-
tion state (neutral iron, Fexxv, and Fexxvi, respectively). The
emissivity slope of the disk is found to be in the range 3–4. No
clear correlation is found between this slope and other parame-
ters, such as the ionisation state and the inclination angle.

The inner disk radius is a free parameter in our analysis.
As shown in Fig. 7, this approach reveals a degeneracy between
the ratio of the inner radius to ISCO and the BH spin: as the
spin increases, the inner radius moves away from the ISCO. The
black 1σ contour in Fig. 7 indicates that different spin solutions
are possible in the disk line model. Based on Table A.2, our grid
search also rules out non-spinning solutions with at least 3σ sig-
nificance. The observed spectrum can be fitted equally well by
two scenarios: a high-spin BH with a potentially truncated disk,
or a mildly spinning BH with a disk extending to the ISCO inner
radius.

Following up of Fig. 7, we examined the potential relation-
ship between the absolute value of the inner radius and the
BH spin. As shown in Fig. 8, while the ISCO radius decreases
sharply with increasing spin (black dash line), the observed inner
radius exhibits only minor variation for different spin values. The
best-fit inner radius for the neutral line model is approximately
2.5–3 Rg. This value increases to 3–3.5 Rg for the ionised line in
Model B and then slightly increases to 3.5–4 Rg for Model C.
Since the observed profile likely blends emission from neutral,
He-like, and H-like iron, we fitted each ionisation state sepa-
rately and found a consistent result: the best-fit inner radius is
rin ≈ 2.5–4 Rg in all cases where best-fit spins a > 0.6 corre-
spond to rISCO < 4 Rg (the rISCO is strongly dependent on spin).

We next focused on the scenario that the disk is not truncated
but extends to the ISCO radius. This possibility is not excluded
from our analysis. To get proper constraints on the spin, we re-
fitted data by fixing rin = rISCO for each spin, as described in
Sect. 3. The C-statistic value versus spin is plotted in Fig. 9. The
fitting results indicate that the allowed spin range for Models A,
B, and C are 0.73 ≤ a ≤ 0.91, 0.48 ≤ a ≤ 0.85, and 0.29 ≤
a ≤ 0.998 with 3σ confidence level, respectively. Additionally,
a non-spinning BH case leads to a significantly worse fit, with
the C-stat increasing by 168, 70 and 42 for Models A, B, and C,
respectively. These results indicate that a non-spinning solution
is ruled out. The non-spinning BH model profile for Model A is
shown as a dotted line in Fig. 6.

We further examined the case of a non-spinning BH with
a high emissivity slope. We fixed a = 0 for Model A, while
varying q from 2.0 to 6.0. The new best-fit yields a C-statistic
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Fig. 7. Contour plot of the ratio of the inner radius to the ISCO (rin/risco)
and the spin of the BH with the Resolve time-averaged spectrum of
NGC 3783. The same parameter space is applied for the grid search
of Models A, B, and C. The 1σ (68%), 2σ (95%), and 3σ (99.7%)
confidence contours are in black, red, and light green, respectively.

value of 2187, which is worse than the best fit value of Model
A. This indicates an emissivity slope of q = 4.67+0.28

−0.63 and an
inclination of i = 34.11+0.26

−1.23 degrees for the disk profile (see the
dashed grey line in Fig. 6). This result also rules out the non-
spinning BH scenario with a high emissivity slope based on the
C-statistic value.

A255, page 8 of 12



Li, C., et al.: A&A, 706, A255 (2026)

0.0 0.2 0.4 0.6 0.8 1.0
spin of BH

1

2

3

4

5

6

r in
 (G

M
BH

C
2

) Fe XXVI: 6.97 keV

Fe XXV: 6.7 keV

Fe II K

Model A
Model B
Model C
risco

Fig. 8. Best-fit inner radius as a function of spin (coloured lines). For
each model, the best-fit inner radius is shown as a filled circle, together
with the associated 1σ uncertainty from Table A.1. The prograde ISCO
radius as a function of spin is shown as the dashed black line.

0.0 0.2 0.4 0.6 0.8 1.0
Spin of BH

2070

2080

2090

2100

2110

2120

2130

C-
st

at
 v

al
ue

spin range of 3 
Model A
Model B
Model C

Fig. 9. Distribution of C-statistic values as a function of spin, with the
inner radius fixed to the ISCO at each spin (rin = rISCO). For each model,
the best-fitting spin is indicated by a vertical line. We show the 3σ
confidence interval on the spin (shaded coloured region), which clearly
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4.5. Comparison with previous studies and systematic
uncertainty

Our derived inclination angle of 17.6 ± 1.4 degrees from Model
C is slightly lower than the previous values: 19–22 degrees
(Brenneman et al. 2011) and 22–24 degree (Reynolds et al.
2012). A rotating BLR model fitted to the VLTI/GRAVITY
observations of NGC 3783 implies an inclination angle of the
disk of either 23+16

−10 degrees (GRAVITY Collaboration 2021b)
or 32 ± 4 degrees when combined with a reverberation mapping
analysis (GRAVITY Collaboration 2021a). This is in agreement
with the confidence limits of our values obtained for the inclina-
tion angle of the accretion disk by Model B (32 ± 2 degree).

As shown in Table A.1, the emissivity slope q falls within
the range of 3–4 across the three models. This result aligns with
the standard emissivity profile expected in flat space-time. It dif-
fers from the steeper profiles (q ∼ 5 − 6) observed in some

AGNs (such as MCG−6-30-15; Fabian & Vaughan 2003) due to
strong GR light blending depending on the location/geometry
of an illuminating source above the disk (Fukumura & Kazanas
2007; Dauser et al. 2013; Wilkins & Fabian 2012).

All of our best-fit models prefer spinning BH solutions as
seen in Figs. 7 and 8. Our derived lower limit for the spin is
a ≥ 0.29 at the 3σ significance level as seen in Fig. 9. It is con-
sistent with values reported by Brenneman et al. (2011, a ≥ 0.88
with 99% confidence), Reynolds et al. (2012, a rapidly spinning
BH a > 0.89), and Danehkar & Brandt (2025, a near-maximal
SMBH spin a = 0.98+0.02

−0.12). The large uncertainty on spin mea-
surement in our analysis compared to other results can be due to
many causes.

The measured spin here should be viewed as an initial con-
straint, with a more thorough analysis to be performed that
includes the entire reflection spectrum rather than just the Fe Kα
line. The latter approach will help eliminate many of the model
degeneracies found in this paper (e.g. the ionisation state of the
disk and the energy of the line, which impacts the measurement
of the blue wing and inclination).

Excluding the absorption-line data points between 6.38 and
7.1 keV has no impact on our current final results. In principle,
many factors affect the modelling of the relativistic iron line
component. This includes the accounting for the intermediate-
width Fe Kαβ component, inclusion of a relativistic Fe Kβ com-
ponent, the absorption trough modelling of the Fexxvi line,
and the modelling of the remaining Fexxvi emission line. This
is hard or impossible to do with CCD spectra or grating spec-
tra with relatively low sensitivity. While the Resolve instrument
offers the spectral resolving power needed to precisely charac-
terise the narrow emission and absorption features in the Fe-K
region, it does not provide the same level of data statistics as
the current CCD instruments utilised in several previous studies
for the broad relativistic iron line component. A joint analysis
incorporating the Xtend data would be ideal to further improve
the constraints on the BH spin parameter.

A second difference between previous work and ours is that
we used a single emission line while others used a full reflec-
tion model such as relxill (Dauser et al. 2016) to characterise
the emission. Although such reflection models are dominated by
one strong spectral line for a given ionisation state of the accre-
tion disk in the 4–10 keV band of the Resolve spectrum, a self-
consistency reflection model combining with soft and hard X-ray
data will further improve spin measurement.

Finally, the spin measurement may be biased if the relativis-
tic line shows strong variability. Time variability is the subject
of follow-up papers, but a simplified preliminary analysis shows
that apart from a strong soft flare (Gu et al. 2025), the equiva-
lent width of the relativistic line varies by no more than 30%.
Therefore, variability is expected to play a minor role in our spin
determination.

4.6. Open question and future work

The XRISM data alone cannot strongly constrain the BH spin,
especially when the inner radius of the disk is left as a free
parameter. The Compton hump observed in NuSTAR data has
the same origin as the Fe line and could help alleviate some of
the model degeneracies. The lower energy bound of 4 keV likely
also limits our ability to make robust spin constraints. Many pre-
vious spin measurements using reflection spectra were driven
by the shape of the soft excess, which contains significantly
more photons than the iron line. However, whether the soft
excess is dominated by disk reflection or warm corona emission
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remains an active area of debate. Our approach serves as a first
step before more physically motivated, self-consistent models
are employed. Combining soft X-ray data from XMM-Newton
characterising the soft X-ray excess with hard X-ray observa-
tions from NuSTAR to constrain the Compton hump, together
with our Resolve results, will provide a more comprehensive
understanding of the accretion flow and Fe Kα emission line
physics.
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Appendix A: Best-fitting parameters and grid table

Table A.1. Best-fit parameters of the XRISM Resolve spectrum of NGC 3783 fitted between 4 and 10 keV for the three models, A, B, and C, as
described in the text.

Component SPEX acronym Parameter (units) Model A Model B Model C

Galactic column hot NH (1024 m−2) 9.59a 9.59a 9.59a

Power law pow Γ 1.76 ± 0.01 1.76 ± 0.01 1.76 ± 0.01
Norm (1049 ph s−1 keV−1) 369 ± 6 369 ± 6 369 ± 6
Luminosity (1036 W) 1.38 ± 0.02 1.38 ± 0.02 1.38 ± 0.02

Warm absorbers 5 × slab(s) see Fig. 2
Fe Kαβnar fileb nr of Ph (1048 phs−1) 7.7 ± 0.5 7.8 ± 0.8 7.8 ± 0.7

vgau σ (km/s) 150 ± 20 140 ± 20 140 ± 30
reds c ∗ z (km/s) 6 ± 10 5 ± 10 5 ± 10

Luminosity (1033 W) 7.8 ± 0.5 7.7 ± 1.1 7.7 ± 1.5
Fe Kαβintm fileb nr of Ph (1048 phs−1) 7.5 ± 0.6 7.4 ± 0.7 7.4 ± 0.9

vgau σ (km/s) 1490 ± 200 1510 ± 210 1490 ± 290
reds c ∗ z (km/s) 210 ± 90 190 ± 90 210 ± 90

Luminosity (1033 W) 7.8 ± 0.7 7.6 ± 1.0 7.7 ± 1.5
ionisation state Fe ii Kα, Kβ Fexxv Heα Fexxvi Lyα

Fe Kα βbrd delt Norm (1049 ph s−1) 3.8 ± 0.2 4.0 ± 0.2 3.8 ± 0.2
E (keV) 6.4a , 7.05a 6.7a 6.97a

spei rin (GM/c2) 2.69+0.27
−0.00

c 3.47+0.20
−0.30

c 3.69+0.22
−0.33

c

rout (GM/c2) 400a 400a 400a

a 0.84+0.06
−0.01

c 0.75+0.04
−0.10

c 0.80+0.05
−0.21

c

risco (GM/c2) 2.69 3.15 2.93
i (deg) 44.3 ± 0.2 32.3 ± 1.5 17.6 ± 1.4
q (emissivity slope) 4.0 ± 0.2 3.6 ± 0.3 3.3 ± 0.1
h (emissivity scale height) 0a 0a 0a

Luminosity (1034 W) 3.9 ± 0.2 4.3 ± 0.2 4.3 ± 0.3
Cr Kα fileb nr of Ph (1047phs−1) 3.3 ± 1.2 3.1 ± 1.2 3.1 ± 1.2

vgau σ (km/s) 150 ± 20d 140 ± 20d 140 ± 30d

Luminosity (1032 W) 2.8 ± 1.0 2.7 ± 1.0 2.7 ± 0.5
Ni Kα fileb nr of Ph (1047phs−1) 3.4 ± 1.1 4.0 ± 1.1 4.0 ± 1.1

vgau σ (km/s) 150 ± 20d 140 ± 20d 140 ± 30d

Luminosity (1032 W) 4.1 ± 1.3 4.8 ± 1.3 4.8 ± 1.3
Compton shoulder fileb nr of Ph (1047phs−1) 6.9 ± 3.3 6.4 ± 3.3 6.4 ± 2.7

vgau σ (km/s) 150 ± 20d 140 ± 20d 140 ± 30d

reds c ∗ z (km/s) 6 ± 10d 5 ± 10d 5 ± 10d

vcom skewness −1.0+0.6
−0.0 −1.0+0.4

−0.0 −1.0+0.4
−0.0

Luminosity (1032 W) 7.2 ± 3.4 6.7 ± 3.4 6.7 ± 1.3
C-stat / expected C-stat = 2046/2013 2044/2013 2039/2013

Notes. The parameter uncertainties are given at 68% confidence. The luminosity of each model component is calculated between 2 and 10 keV.
a The parameter value was fixed. b All neutral line profiles taken from Hölzer et al. (1997). The norm in phs−1 of the file model represents the
total number of photons. c The inner radius of the disk is degenerate with the spin of the BH; see text. d The values are tied to these for Fe Kαβnar.
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Table A.2. Results from the the grid search for the inner radius (rin),
emissivity slope (q), spin (a), and inclination angle (i) carried out
to investigate the parameters degeneracy of the best-fit spei models
shown in Table A.1.

a rin / risco i q
range 0 − 0.998 1 – 5 15.0 – 48.0 2.0 – 4.5
step 0.05 0.05 1.65 0.125

Notes. Given the spin, the rin is associated with the rin/risco, which varies
starting from the corresponding ISCO radius extend to the factor of 5
with step of 0.05. The parameter i and q have a step number of 20 rang-
ing from their start and end values, respectively.
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