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Accurate determination of chemical 
abundances near a supermassive black hole
 

The XRISM Collaboration*

The metal abundances in galactic nuclei carry key information on the history 
of star formation and mass transfer in central regions of galaxies. X-ray 
fluorescence analysis is a unique tool to reliably measure the abundances of 
various elements via simple physics. Here we present a new observation of 
the active nucleus in the Circinus galaxy with the XRISM satellite at 
unprecedented X-ray energy resolution. The fluorescent iron Kα line profile 
modified by Compton scattering indicates that the material responsible for 
its emission is cold and metal rich and is located ≳0.024 pc from the 
supermassive black hole, consistent with the dusty torus region. The 
abundance pattern derived from comparing fluorescent line intensities of 
different metals shows subsolar ratios of argon- and calcium-to-iron and a 
supersolar ratio of nickel-to-iron. This abundance pattern is best produced 
by a combination in number fraction of 92+2−4% core-collapse supernovae 
from progenitor stars less massive than 20+3

−2M⊙ and 8+4−2% type Ia 
supernovae. This suggests that gas feeding the supermassive black hole was 
enriched by recent core-collapse supernovae. Our findings imply that in 
metal-rich environments stars more massive than about 20 M⊙ directly 
collapse into black holes or make faint supernovae without ejecting heavy 
metals into the space.

The elemental abundance pattern is a crucial indicator for compre-
hending the history of metal production and supply in metal-enriched 
systems1. It reflects the history of past supernovae (SNe) of various 
types, roughly divided into type Ia SNe (SNe Ia) and core-collapse SNe 
(CCSNe). Metals produced by SNe are eventually supplied to intra-
cluster medium and pollute its primordial gas synthesized by the Big 
Bang, consisting mainly of hydrogen and helium. X-ray observations 
of hot intracluster medium in galaxy clusters (for example, ref. 2) 
suggest that the metal abundance ratios integrated over the cosmic 
time are close to the solar values, which refer to the protosolar table 
of Lodders et al.3 in all X-ray spectral models employed in this work. 
This abundance pattern can be explained by a combination of about 
20% of SN Ia and about 80% of CCSN events according to current SN 
nucleosynthesis models4,5. However, probing the chemical abundance 
in the very central region of a galaxy, which holds a key to deciphering 

its evolutionary history, has remained challenging. In the ultraviolet, 
optical and near-infrared bands, metal abundances in galaxies hosting 
supermassive black holes (SMBHs) are measured with emission-line 
ratios from nebulae via photoionization modelling, which traces pri-
marily the interaction of optical and ultraviolet photons with the sur-
rounding gas (for example, refs. 6–8). However, the results sensitively 
depend on the assumed density distribution, the shape of the ionizing 
continuum and the degree of dust depletion6,7, leaving large systematic 
uncertainties. By contrast, the interaction between X-rays and matter is 
simpler, permitting a nearly unbiased probe of all matter including gas 
and dust. A fluorescence line is emitted after photoelectric absorption 
of a high energy photon by an atom, and hence, its intensity represents 
the amount of each metal contained in X-ray irradiated medium. Thus, 
diagnostics based on fluorescence lines in the X-ray spectrum reflected 
off matter surrounding the SMBH enable a more direct estimate of the 
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lines, we convolve the line components from the torus with a Gaussian 
kernel. This model is found to well reproduce the whole spectra.

We have obtained the best quality spectrum of a narrow iron Kα 
line (Fig. 3) ever observed from an AGN (see Extended Data Fig. 2 for 
a comparison with the Chandra/HETG data). It is characterized by its 
narrowness, with full width half maximum (FWHM) of 210 ± 10 km s−1, 
which was overestimated in previous studies (for example, refs. 17,18), 
most probably due to the non-consideration of the fine structure and/or 
natural broadening in the intrinsic line profile19 and to spatial-spectral 
degeneracies in grating data20. The width is larger than those of atomic 
and molecular lines at 0.5–4 pc (115.2 ± 0.8 km s−1 in FWHM for [C I]3P1–

3P0 
and 141.1 ± 0.8 km s−1 in FWHM for CO(J = 3 → 2), where J is the total angular 
momentum quantum number) but is smaller than that of ionized gas in 
the central core (<0.5 pc), traced by the atomic hydrogen recombina-
tion line, H36α, at 135 GHz with ALMA (393 ± 44 km s−1 in FWHM)21,22. To 
infer the innermost radius of the line emitter, we convolve the intrin-
sic line profile with a kernel that represents Doppler broadening by a 
Keplerian disk (rdblur in XSPEC) instead of a Gaussian. Adopting an 
inclination of 79.1°, the best-fit value in the XCLUMPY spectral fitting 
(Extended Data Table 1), and assuming an outermost radius of 108 rg (rg 
≡ GM/c2 is the gravitation radius, where G, M and c are the gravitational 
constant, black hole (BH) mass and light velocity, respectively), which 
roughly corresponds to the size of the nuclear dust continuum emis-
sion imaged by ALMA21, we obtain an emissivity index of q = −1.7 ± 0.1 
and an innermost radius of (3.0 ± 0.6) × 105 rg, which corresponds to 
0.024 ± 0.007 pc for an SMBH mass of (1.7 ± 0.3) × 106 M⊙ (ref. 23). This 
is almost consistent with the dust sublimation radius of the torus in 
Circinus, 0.05 ± 0.02 pc (ref. 20), assuming a factor of 2 uncertainty in 
the bolometric luminosity. Another key feature is the smeared shape of 
the low energy side of the Compton shoulder structure (refs. 24,25) at 
6.24 keV (corresponding to the backscattering case by a free electron at 
rest). When X-rays are scattered by electrons bound in atoms, the edge 
feature is blurred by an order of the electron binding energies due to 
the Doppler broadening. Hence, our result suggests that the scatterer 
is likely to be cold (not-ionized) material. Within our measurement 
uncertainties, the centroid energy of the Fe Kα line is consistent with the 
rest-frame energy of cold atom (‘Spectral model description’ section in 
the Methods), indicating that the bulk of the reflecting material is not 
undergoing significant systematic motion relative to the host galaxy, 
unlike the optical lines from the ionization cone that show blueshifts 
of ≳200 km s−1 (refs. 26,27). All these considerations suggest that the Fe 
K lines predominantly come from an innermost part of the ‘cold’, dusty 

elemental abundances in the environments of active galactic nuclei 
(AGNs). Thanks to its unprecedented energy resolution, the Resolve 
spectrometer onboard the recently launched X-ray observatory XRISM9 
enables the precise measurement of faint fluorescence emission lines 
from elements that were previously beyond reach.

In this study, we focus on the Circinus galaxy (hereafter Circi-
nus), a nearby (4.2 Mpc; ref. 10), spiral galaxy hosting the nearest 
Seyfert 2 nucleus11. Previous X-ray observations have revealed that 
Circinus harbours a Compton-thick AGN (for example, refs. 12–14), 
where the central engine is heavily obscured by intervening material 
with a hydrogen column density of NH > 1024 cm−2. This makes it an 
ideal target for studying the properties of the obscuring torus and its 
reflection spectrum.

Circinus was observed by XRISM on 8–12 February 2024, with 
a total exposure time of 309 ks. Nearly simultaneous NuSTAR and 
XMM-Newton observations were carried out to extend our spectral 
coverage to higher energies and to obtain better spatial resolution 
below 10 keV. The overall XRISM/Resolve spectrum covering an approx-
imately 3′ × 3′ area centred at the Circinus nucleus is plotted in Fig. 1, 
where a wealth of emission lines from various elements are noticeable. 
Its enlarged view around the fluorescence lines of argon, calcium, 
chromium, manganese, iron and nickel is shown in Fig. 2a–g.

Our primary goal is to model the reflection spectrum from the 
AGN torus15, most probably located at about 0.1−10 pc from the 
SMBH16 in Circinus, with a particular focus on the fluorescence lines 
from cold matter. To this end, we employed an updated version of 
the state-of-art clumpy torus model, XCLUMPY14, which accounts 
for the non-uniform distribution of matter in the AGN environment 
(‘Spectral model description’ section in the Methods). To accurately 
model the fluorescent line shapes, we incorporated the natural line 
widths determined from laboratory measurements. This approach 
is crucial for taking full advantage of the high-spectral resolution 
provided by XRISM/Resolve. Considering the limited photon statistics 
below ~2.5 keV in the Resolve spectrum (Extended Data Fig. 1), here, 
we focus on the lines from Ar and heavier elements. Accordingly, the 
abundances of Ar, Ca, Cr, Mn, Fe and Ni were left as free parameters.

We simultaneously fitted the XRISM/Resolve spectrum in the 
2.0–10-keV band and the NuSTAR one in the 8–70-keV band. The model 
consists of the torus reflection component described above, transmit-
ted component, emission from ionized gas and emission from contami-
nating sources other than the AGN (‘Analysis of contaminating sources’ 
section in the Methods). To take into account Doppler broadening of 
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Fig. 1 | XRISM/Resolve spectrum of the Circinus galaxy in the 2.8–10-keV 
band. It is folded by the instrumental response in units of EFE, where FE is the 
energy flux at energy E (that is, corrected for the effective area). The spectrum 
is binned according to the ‘optimal binning’ technique82, which is used for the 

spectral analysis throughout the Article. The non-X-ray background component 
is subtracted. Major fluorescence lines from cold matter are labelled. The error 
bars denote the 1σ confidence limits in photon statistics.
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torus, which dominates the mass distribution of the surrounding matter. 
We note, however, that although our Circinus spectrum does not require 
contributions from the broad line region as discussed by Gandhi et al.28 
and Andonie et al.18, it may be due to the heavy obscuration by the torus 
that completely blocks emission inside it. In fact, XRISM observations 
of less obscured AGNs commonly show broader components in Fe Kα 
(for example, ref. 29).

We have accurately determined the abundance ratio of iron to 
hydrogen is 2.3 ± 0.1 times the solar value through a joint analysis of the 
broadband spectra and iron Kα profile (see ‘Spectral model descrip-
tion’ section in the Methods for details). The shape of the broadband 
reflection continuum basically determines the geometry and hydrogen 
column density of the torus. Then, as in previous studies30, the equivalent 
width of iron Kα can be used to infer the Fe/H abundance ratio. To obtain a 
tighter constraint on Fe/H, we additionally utilize the intensity of iron Kα 
and its Compton-shoulder fraction fCS, which are roughly proportional 
to the amount of iron atoms and hydrogen atoms in the reflector, respec-
tively24. We have confirmed that our results on the Fe/H abundance ratio 
is robust against different parameters of the torus geometry (‘Effects by 
adopting different torus geometry’ section in the Methods).

Figure 4 shows the observed abundance ratios relative to iron 
in the Circinus centre. The Ar/Fe and Ca/Fe ratios exhibit subsolar 
(0.6–0.8) values, whereas the Ni/Fe ratio is supersolar (1.3). Our abun-
dance pattern differs from that of the Perseus cluster core2,31, which 
follows the solar abundance ratios including Ni/Fe, and from nuclear 
star clusters in the Milky Way32, which show subsolar Ca/Fe but super-
solar Mn/Fe ratios.

To interpret our result, the observed abundance pattern is mod-
elled by using a linear combination of CCSN and SN Ia nucleosynthesis 
predictions (for example, ref. 31), yielding the abundance ratio of 
element X to iron as

AX
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Fig. 2 | Enlarged plots of the XRISM/Resolve spectrum of the Circinus galaxy 
around the major fluorescence lines from neutral matter, overlaid with the 
best-fit model. a–g, Ar Kα (a), Ca Kα (b), Cr Kα (c), Mn Kα (d), Fe Kα (e), Fe Kβ 
(f) and Ni Kα (g). They are folded by the instrumental response in units of EFE, 
where FE is the energy flux at energy E. The observed data are plotted in black 
with error bars denoting the 1σ confidence limits in photon statistics. The blue, 

cyan, green and red lines represent the emission lines from cold matter, the 
reflection continuum from cold matter, emission from ionized matter together 
with the Thomson-scattered component and the total, respectively, based on 
our best-fitting model (‘Spectral model description’ section in the Methods). For 
visualization, the bin size is set at either 2 eV (Ar Kα, Cr Kα and Mn Kα), 1 eV (Ca Kα, 
Fe Kβ and Ni Kα) or 0.5 eV (Fe Kα) in these plots.
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Fig. 3 | A zoom-in picture of XRISM/Resolve spectrum of the Circinus galaxy 
around the Fe Kα emission line. They are folded by the instrumental response in 
units of EFE, where FE is the energy flux at energy E. The observed data are plotted 
in black with error bars denoting the 1σ confidence limits in photon statistics. 
The blue, cyan and red lines represent the models of the emission lines from cold 
matter, the reflection continuum from cold matter and the total, respectively. 
The dashed lines denote the case where Compton scattering from free electrons 
at zero temperature is considered. In the inset, the observational data are 
compared against our best-fit model (red) and a model to which no Gaussian 
broadening is applied (grey). This shows that Doppler broadening is very small 
compared with the intrinsic width of the Fe Kα line.
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where rIa denotes the number ratio of SNe Ia to CCSNe. Progenitors for 
each SN type are assumed to have the solar metallicity (Z = 0.02). The 
Salpeter initial-mass function (IMF, index of −2.35; ref. 33) is employed 
to integrate yields over CCSNe progenitor masses ranging from 9 M⊙ 
to MCCSN.up

ACC
X =

∫MCCSN,up
9M⊙

M−2.35AX(M)dM

∫MCCSN,up
9M⊙

M−2.35dM
,

where AX(M) represents the yield of element X as a function of the pro-
genitor mass M. When AX(M) is available only at discrete values of M in 
the literature, we simply refer to the value closest to each calculation 
point in the integration. Here, we assume that all stars formed accord-
ing to the IMF in the integrated mass range have already undergone 
CCSNe. This assumption is valid because the young nuclear stellar 
population in Circinus has estimated ages of 4 × 107 − 1.5 × 108 yr (ref. 34),  
which is comparable or longer than the life time of a star with an ini-
tial mass of 9 M⊙. For the metal yields, we refer to the well-established 
CCSN model by Nomoto et al.4, alongside with the SN Ia yields from 
near-Chandrasekhar-mass (MCh) progenitors5 and merging sub-MCh 
ones35. Note that CCSNe from high mass (≳20 M⊙) progenitors produce 
a large amount of α elements relative to iron, compared with SNe Ia4,5.

Although detailed studies on the origin of the metals in Milky Way 
stars (for example, ref. 36) consider star formation history to explain 
the evolution of chemical elements over the cosmic time, in this study, 
we focus on the relative contributions from different explosion sites 
(for example, the initial-mass-dependent SN yields), which determine 
the abundance ratios among the heavy elements. We do not assume 
that the SNe Ia and CCSNe originate from the same stellar population 
or consider star formation histories representing the detailed metal 

enrichment history. The delay time distribution of SNe Ia after birth 
typically ranges from 100 to 1,000 Myr (for example, ref. 37), whereas 
that of CCSNe is much shorter (<50 Myr for a single massive progeni-
tor38). Thus, the fraction of CCSNe estimated by our analysis provides 
key information on contribution from young star formation at the 
central region of Circinus. Throughout the paper, we assume that the 
AGN does not influence stellar evolution and distribution of elements.

As a reference model, we first consider a wide mass range for CCSN 
progenitors by setting MCCSN,up = 40M⊙ with contribution of near- and 
sub-MCh SNe Ia. The five abundance ratios (Ar/Fe, Ca/Fe, Cr/Fe, Mn/Fe 
and Ni/Fe) are compared with model predictions by varying the number 
fractions of three SN types (that is, with two independent free param-
eters). The fitting is performed by minimizing the χ2 statistics. We find 
that the observed pattern can be roughly explained by a combination 
of 60% CCSNe and 40% SNe Ia in number fraction (Table 1 and 
Extended Data Fig. 3). However, the fitting is not statistically acceptable 
with reduced χ2 of 3.3. Furthermore, the typical SN Ia fraction even in 
ancient systems, such as galaxy clusters and early-type galaxies, varies 
from 10% to 25% (for example, see ref. 31 for a recent comprehensive 
study); therefore, the substantial SN Ia contribution higher than this 
level is hard to interpret for the Circinus centre, wherein a continuous 
star formation is identified39,40. Thus, this reference model is not 
favoured due to both statistical and physical issues.

Alternatively, we select a different mass range for CCSN progeni-
tors by employing IMF-weighted integrations with the upper mass 
limits in the range of MCCSN,up = 18–35 M⊙. As summarized in Table 1, the 
models with MCCSN,up < 30M⊙ give statistically much better fits to the 
observed abundance pattern than the SNe Ia dominant model, and 
produce a natural enrichment scenario, with a dominant contribution 
from CCSNe. Figure 4 shows the best-fitting combination model, where 
the number fraction of CCSNe with progenitors less massive than 
20+3

−2 M⊙ is 92+2−4%, globally reproduces the abundance ratios of Ar, Ca, 
Cr, Mg and Ni, relative to Fe. The attached errors are statistical ones at 
1σ confidence limits; we estimate that in MCCSN,up from the MCCSN,up 
versus χ2 plot with 1 M⊙ steps. The ‘Metal enrichment models’ section 
in the Methods summarizes other modelling trials assuming different 
SN Ia models or CCSNe models with alternative yield calculation, IMF, 
hypernova (HN) contribution and progenitor metallicity. We confirm 
that our conclusions are not affected. The systematic uncertainty in 
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Fig. 4 | Observed elemental abundances of the Circinus centre and 
theoretically calculated values with an upper mass limit of 20 M⊙ for CCSN 
progenitors. Relative abundances with respect to iron determined with XRISM 
(X/Fe, filled circles) normalized to the corresponding protosolar values 
(horizontal dashed line). The error bars denote the 1σ confidence limits on the 
measurement, estimated by Markov chain Monte Carlo method. The green 
shaded area represents the 1σ statistical uncertainty region of the best-fit model 
(σstat) consisting of 92% CCSNe from progenitor stars with zero-age main-
sequence masses (M*) smaller than 20 M⊙ and 8% near-MCh SNe Ia in number 
fraction. The contribution that CCSNe and SNe Ia make to the X/Fe are 
represented by the magenta and blue curves, respectively. Here, we adopt the 
nucleosynthesis models for CCSNe4 and SNe Ia5,35. The thin, dashed grey lines 
show the total uncertainty, including differences in the predicted yields by 

alternative SN Ia and CCSN modelling as √σ2stat + σ2Ia + σ2CC  (‘Metal enrichment 
models’ section in the Methods).

Table 1 | The best-fitting number fraction of each type of SN 
to reproduce the observed abundance ratios of Ar/Fe, Ca/
Fe, Cr/Fe, Mn/Fe and Ni/Fe in the Circinus centre

MCCSN,up
a SN Ia (%) CCSN (%) Reduced χ2 

(Degrees of 
freedom)Near-MCh

b Sub-MCh
c

ZCCSN = 0.02 (solar metallicity)

40 M⊙ 19 21 60 3.32 (3)

35 M⊙ 18 19 63 3.14 (3)

30 M⊙ 17 17 66 2.73 (3)

25 M⊙ 13 9 78 1.90 (3)

20 M⊙ 8 0 92 1.12 (3)

18 M⊙ 9 1 90 1.60 (3)

ZCCSN = 0.05 (supersolar metallicity)

40 M⊙ 14 22 64 2.90 (3)

25 M⊙ 8 9 73 1.47 (3)

20 M⊙ 5 3 92 1.06 (3)

18 M⊙ 5 2 93 1.16 (3)

Different assumptions on the upper mass limits for CCSN progenitors are adopted. aUpper 
mass limit for CCSN progenitors. bSN Ia from near-MCh progenitors. cSN Ia from sub-MCh 
progenitors.
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the CCSN or SN Ia fraction is found to be 2%, which is smaller than the 
statistical one.

Our findings indicate two important consequences on 
SMBH-galaxy co-evolution and on the mechanisms of CCSNe. The SN 
composition suggests that the SMBH is accreting gas whose metal is 
largely enriched by recent CCSNe rather than old gas produced by SNe 
Ia. This does not contradict the ‘inside-out’ galaxy formation scenario, 
where the core of a galaxy formed in the very early universe41, if gas in 
the torus region <10–20 pc is continuously supplied from the outer 
disk, replacing old gas (‘Mass transfer in circinus centre’ section in 
the Methods). The co-existence of nuclear starburst and AGN activi-
ties is in line with models where SNe play a role for obscuration of the 
central engine42. Also, high metallicity in galactic nuclei implies the 
importance of AGN feedback as a metal enrichment process on galaxy 
scales and beyond43.

The presence of an upper mass limit for CCSN progenitors at the 
galactic central region has a critical implication for our understanding 
of the fate of massive stars. Our scenario is consistent with the sugges-
tion by Mao et al.44 based on the chemical abundance measurement of 
the hot atmosphere of a starburst galaxy. Some theories postulate that 
stars with zero-age main-sequence masses (MZAMS) of a few tens of solar 
masses will not undergo CCSN explosions but directly collapse into 
BHs (for example, ref. 45) or make faint SNe without emitting heavy 
metals46. Observationally, although there are a few possible examples 
for such BH-forming events in the local universe47, it is still controversial 
whether this channel can make a substantial contribution to the BH 
population. Our finding supports the direct BH-forming collapses or 
faint SNe for stars with MZAMS > 20+3

−2 M⊙ in metal-rich environments 
unless massive stars are not formed due to, for example, a severely 
distorted IMF. This scenario may also solve the ‘red supergiant (RSG) 
problem’ (for example, refs. 48,49) that no CCSNe from RSG stars with 
MZAMS > 18 M⊙ have been found in the local universe despite the existence 
of more massive RSGs. In addition, it gives an important clue to under-
stand nucleosynthesis history in the universe. We infer that, in the early 
universe when the gas is metal poor, very massive stars (for example, 
MZAMS of several tens of solar masses beyond the BH-forming mass 
window) explode as CCSNe and produce a large amount of alpha ele-
ments, to explain the solar abundance ratios in galaxy clusters2,31.

Methods
XRISM data reduction
We used Heasoft version 6.34 and XRISM Calibration Database ver-
sion 20240815 for the data reduction. The Resolve data were reduced 
according to the XRISM Quick Start Guide v2.3, and additional screen-
ing was applied using the standard energy-dependent rise time cut50. 
The response matrix file was generated using RSLMKRMF, and its nor-
malization was calculated based on the event grade distribution in the 
cleaned event file. The cleaned file initially included low-resolution sec-
ondary events, which were not caused by the source but resulted from 
the secondary-pulse detection algorithm processing clipped pulses. As 
almost all events should have a high-resolution primary grade due to 
the count rate of 10−3to 10−1 s−1 per pixel, the low-resolution secondary 
events were removed from the cleaned event file before calculating 
the response matrix file. The ancillary response file was created with 
XAARFGEN, assuming a point-like source at the aim point as input. Only 
high-resolution primary grade events were used for spectral analysis.

The gain and thus the energy scale of Resolve is sensitive to its 
environment. Thus, the gain is monitored using onboard calibration 
sources during fixed fiducial intervals in the standard Resolve calibra-
tion strategy51. The fiducial intervals are then interpolated to recon-
struct the time-dependent energy scale. The efficacy of this strategy 
is monitored by a continuously illuminated calibration pixel that is 
located just outside the aperture of the instrument, but part of the 
50-mK detector array. The calibration pixel is continuously illuminated 
by a heavily collimated 55Fe source but is corrected using the same 

fiducial intervals as the main array. For this observation, the calibra-
tion pixel energy scale offset was measured to be 0.07 eV at 6 keV. This 
is added in quadrature to the systematic uncertainty in the Resolve 
energy scale, which is the standard method for Resolve observations. 
The systematic uncertainty in the Resolve energy scale is 0.3 eV from 
5.4–9 keV (the range of the suite of onboard calibration sources)52. 
Added in quadrature, the systematic uncertainty in the energy scale for 
this observation is thus 0.31 eV. During the fiducial intervals, the energy 
resolution of the composite spectrum of the main array was 4.44 eV at 
5.9 keV, which is in-line with the standard XRISM/Resolve RMF.

The XRISM/Resolve main array is composed of 36 pixels, one 
of which is the calibration pixel which is outside of the instrument 
aperture. For this observation, 34 main array pixels were used in the 
analysis. Pixel 27 was not used because it has been shown to exhibit gain 
jumps, which are not correctable with the sparse gain fiducials used in 
the standard energy scale reconstruction method.

The non-X-ray background (NXB) event file was generated using 
the RSLNXBGEN task, and it was screened with the same criteria as 
the source data, excluding pixel 27 and retaining only high-resolution 
primary grade events. The NXB spectrum was fitted using a model 
provided by the XRISM Calibration team, which includes a power-law 
component and 17 narrow emission lines modelled by Gaussian pro-
files. These lines correspond to Al Kα1/Kα2, Au Mα1, Cr Kα1/Kα2, Mn 
Kα1/Kα2, Fe Kα1/Kα2, Ni Kα1/Kα2, Cu Kα1/Kα2, Au Lα1/Lα2 and Au Lβ1/
Lβ2. Extended Data Fig. 1 plots the observed spectrum of Circinus (not 
corrected for effective area) and this NXB model.

NuSTAR observations and data reduction
The hard band spectrum of the Circinus galaxy was obtained with 
NuSTAR on 2 February 2024, with a total exposure time of 24 ks (ID 
60901013002). We reprocessed the data from the two FPM detectors, 
following the standard procedure. The source spectrum was extracted 
from a circular region with a radius of 60 arcsec centred on the source 
peak. The background was taken from a circular region with a radius of 
60 arcsec that is not contaminated by bright Chandra-detected sources 
or the PSF wings of the nucleus. The source spectra were binned to 
contain at least 50 counts per bin.

Analysis of contaminating sources
The Resolve spectrum of the Circinus galaxy is mainly contami-
nated by three sources: CGX1 (ultraluminous X-ray source), CGX2 
(supernova remnant), and diffuse emission (see refs. 13,53–55). To 
constrain the impact of these contaminating sources, we utilized the 
high-spatial-resolution image obtained with XMM-Newton. The Circi-
nus galaxy was observed with XMM-Newton from February 2 2024 to 
February 3 2024, with a total exposure time of 115 ks (ID 0932990101). 
The unfiltered data were reprocessed following the standard procedure 
with SAS V21.0.0. We extracted two types of spectra with the following 
recipe. First, the ‘XMM-all’ spectrum, which contains nearly all of the 
contaminating sources in the Resolve spectrum, was extracted from 
a circular region with a radius of 90 arcsec centred on the Circinus 
galaxy, thus commensurate to the Resolve field-of-view. Here, we uti-
lized the pn data, which have better photon statistics than the MOS1 or 
MOS2 data. The background spectrum for the ‘XMM-all’ spectrum was 
extracted from a source-free annulus with a inner radius of 100 arcsec 
and a outer radius of 140 arcsec. Second, the ‘XMM-CGX2’ spectrum, 
which represents the source spectrum of CGX2, was extracted from a 
circular region with a radius of 8 arcsec centred on CGX2. For this we 
utilized the MOS1 data, which have the best spatial resolution among 
the three EPIC cameras. The background spectrum for the ‘XMM-CGX2’ 
spectrum was extracted from three circular regions, each with a radius 
of 8 arcsec and located at the same distance from the Circinus galaxy. 
The image of MOS1 is displayed in Supplementary Fig. 1, where the 
source and background regions for the ‘XMM-CGX2’ spectra are indi-
cated, together with the corresponding source region for the ‘XMM-all’ 
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spectrum. All the source spectra are binned to contain at least 50 counts 
per bin. Note that there is a known issue in the cross calibration between 
NuSTAR and XMM-Newton56. To correct this issue, we always applied 
the applyabsfluxcorr=yes option in ARFGEN.

To better constrain the CGX2 spectrum, we also utilized the high 
spatial and energy resolution spectra obtained with Chandra/HETG. 
The Circinus galaxy was observed with Chandra/HETG for several 
times from 8 December 2008 to 4 March 2009 (IDs 10223, 10224, 10225, 
10226, 10832, 10833, 10842, 10843, 10844, 10850, 10872 and 10873). 
We reprocessed all the spectra following the standard procedure with 
CIAO V4.17. The combined spectra were binned to contain at least one 
count per bin.

First, we calibrated the spectral model for CGX2 utilizing the Chan-
dra/HETG spectra. We simultaneously fitted the HEG (first order), 
the MEG (second order) and the zeroth order spectra with a constant 
temperature plane-parallel shock plasma model modified by Galactic 
absorption of NH = 7.02 × 1021 cm−2 (ref. 57). The model is expressed as 
follows in XSPEC terminology:

CGX2 = TBabs ∗ bvpshock

We successfully reproduced the spectra (C statistic = 4,454.6 for 4,536 
degrees of freedom) with this model, which gives a similar spectrum to 
that adopted by Arévalo et al.13. Note that the TBabs model implements 
the photoelectric absorption cross-section in the interstellar medium 
given by Wilms et al.58 and assumes one solar abundances.

Supplementary Fig. 2 plots the Chandra/HETG spectra together 
with the best-fit model. Next, we fitted the ‘XMM-CGX2’ spectrum 
with the calibrated model described above. Here, we left the normali-
zation to vary to treat the known time variability of CGX259. We well 
reproduced the ‘XMM-CGX2’ spectra with χ2 = 21.1 for 26 degrees of 
freedom. The combined spectrum of CGX1 and the diffuse emission 
was approximated by a single power-law with a cutoff at 10 keV, which 
was expressed as zcutoffpl in XSPEC terminology. Although Arévalo 
et al.13 adopted a simple absorbed power-law model for CGX1, the dif-
ference little affects the spectral fitting of the nuclear emission, which 
is much harder than the CGX1 spectrum.

The model to fully characterise the contribution of the contami-
nating sources in the XRISM/Resolve and NuSTAR apertures was deter-
mined by fitting them together with the XMM-Newton/EPIC-pn spectra, 
by using models representing independently the AGN, CGX1 + diffuse 
and CGX2 contributions. The spectral model for the AGN component is 
described in the ‘Spectral model description’ section. The model and 
the parameters of CGX2 were fixed at the values as derived from the 
XMM-CGX2 spectra. We included a cross-normalization factor (rela-
tive to Resolve) to correct for a possible difference in the absolute flux 
calibration among different instruments. Note that the normalization 
of CGX2 was set to keep consistency with the cross-calibration factor.

Spectral model description
As mentioned in ‘Main’, the reflection component from an AGN torus 
carry critical information on its geometry, hydrogen column density 
and metal abundances. Basically, the broad continuum is determined 
by the torus geometry and hydrogen column density14,60–63, whereas 
the equivalent width30 and Compton shoulder fraction24 of iron Kα 
are determined by the Fe/H abundance ratio. It is noteworthy that the 
estimated torus parameters also depend on the intrinsic spectrum 
(photon index and high energy cutoff); for instance, a harder spectrum 
produces a stronger iron Kα line because of a larger number of photoion-
izing photons above the iron K-edge energy. It is not easy to accurately 
determine the intrinsic spectrum in a heavily Compton-thick AGN, 
where the transmitted component is not directly observable. Thus, 
it is crucial to simultaneously fit the broadband continuum spectrum 
and high energy-resolution spectrum covering the iron Kα band to best 
constrain the torus parameters by solving the degeneracy among them.

To derive the physical properties of the Circinus galaxy, we devel-
oped a new model that is applicable to the state-of-art high-resolution 
spectrum of XRISM. The basic idea of this model is based on the 
XCLUMPY model14, which was designed to reproduce the X-ray reflec-
tion from a clumpy torus based on the same formalism as in the 
CLUMPY model64. In XCLUMPY, spheres with a uniform density are 
distributed according to a Gaussian distribution (with a standard devia-
tion of σ) in the elevation direction and a power-law distribution with 
an index of −0.5 in the radial direction. The inner and outer radii of the 
torus are set at rin = 0.05 pc and rin = 1.0 pc, respectively, and the radius 
of each clump is set at Rclump = 0.002 pc. Note that XCLUMPY is a 
scale-free model (that is, the output spectra are identical as far as the 
ratios among these three parameters are kept the same). The expected 
value of number of blobs along the sight line on the equatorial plane 
is fixed at 10. The free parameters regarding the torus properties are 
the torus angular width (σ), the total hydrogen column density in the 
equatorial plane (NEqu

H ), and the inclination angle (i). A cross-section 
view of the distribution of clumps in XCLUMPY is shown in 
Supplementary Fig. 3a. We expanded the parameter ranges to treat 
variable abundances and implemented the natural widths of prominent 
fluorescent lines referring to the following databases: Hölzer et al.19 
(Fe Kα, Fe Kβ, Co Kα, Co Kβ, Ni Kα, Ni Kβ, Cr Kα and Cr Kβ), Hitomi Cali-
bration report (Mn Kα and Mn Kβ), Ito et al.65 (Ca Kα and Ca Kβ) and 
Krause and Oliver66 (Ar Kα).

We fitted the Resolve and NuSTAR spectra with the updated ver-
sion of XCLUMPY. The broadband Resolve-NuSTAR model is attributed 
to contributions from different components, as follows:

const × (AGN + CGX2 + CGX1 + diffuse).

The first term (const) is a cross-normalization factor (relative to 
Resolve) to correct for a possible difference in the absolute flux cali-
bration among different instruments. The model and the parameters of 
CGX2 and CGX1 + diffuse were fixed to the values found in the ‘Analysis 
of contaminating sources’ section. Their summed contributions in the 
XRISM/Resolve spectrum are approximately 1.1% at 5 keV and 0.2% at 
10 keV.

In XSPEC terminology, the AGN component is expressed as follows:

AGN = TBabs ∗ TBvarabs ∗ (TBvarabs ∗ cabs ∗ zcutoffpl

+ xclumpyR.fits + gsmooth ∗ xclumpyL.fits

+ 3 × pion + zcutoffpl)

.

The first term (TBabs) represents the Galactic absorption and the 
second one (TBvarabs) takes into account foreground absorption 
towards the nucleus in the host galaxy67,68 with the same chemical 
abundances as in the XCLUMPY model. In the parenthesis, the first 
combination of terms describes the direct component transmitted 
through the torus. The second and third sets of terms represent the 
reflection continuum and the fluorescence lines from the torus. To 
detect energy shifts from the literature values19, the redshift parameters 
are allowed to vary. The line components are convolved with a Gaussian 
kernel to determine additional broadening. As discussed in ‘Main’, the 
bulk of the iron emitting material is constrained to a location at about 
0.03 pc. Based on our analysis of the Chandra imaging data, spatially 
extended Fe Kα line emission on a 100-pc scale, revealed by Marinucci 
et al.54, makes only a minor (<1%) contribution to the XRISM Fe Kα signal. 
The metal abundances, photon index, cutoff energy and normaliza-
tion are linked to those of the direct component. The last set of terms 
describe the emission from photoionized plasmas seen in the Resolve 
spectrum. The emission lines, radiative recombination continuum and 
bremsstrahlung emission produced by them are modelled with the 
pion code69. In addition, we take into account the Thomson-scattered 
component (for example, ref. 70) of the direct emission (zcutoffpl), 
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which is not included in the pion model, by setting its normalization 
to be consistent with the column density and covering fraction of the 
photoionized plasmas. Here, we ignore self-absorption by bound 
electrons. The detailed physical interpretation of this photoionized 
emission model will be discussed in a forthcoming study (Guainazzi 
et al., in preparation).

We simultaneously fitted the Resolve and NuSTAR spectra by 
adopting C statistics for the former and χ2 statistics for the latter. Our 
model successfully reproduced the data: for a total of 30 free param-
eters, we obtain a C statistic = 2,695.8 for 2,316 bins (Resolve), χ2 = 213.4 
for 232 bins (FPMA) and χ2 = 216.4 for 212 bins (FPMB). We confirm all 
AGN components introduced above are significantly required at >99% 
confidence limits. Supplementary Fig. 4 plots the spectra of Resolve 
and NuSTAR corrected for the effective area, the best-fit models for 
the total and the AGN component, and the fitting residuals. A zoom of 
Fig. 1, including only the energy range of the Fe Kα and Kβ fluorescent 
lines, is shown in Supplementary Fig. 5. The best-fit parameters of the 
AGN component, together with the parameters of the Gaussian kernel 
are summarized in Extended Data Table 1. The error on each parameter 
corresponds to a 1σ confidence limit for a single parameter estimated 
by Markov Chain Monte Carlo method. Supplementary Fig. 6 presents 
the corner plot among the metal abundances. The high inclination 
angle we obtain, i = 79.1° ± 0.4°, is compatible with estimates from other 
wavelengths: i > 70° (ref. 71) and i > 83° (ref. 72) from mid-infrared 
interferometry and i ≈ 90° from H2O maser observations showing 
evidence for a warped disk23. The hydrogen column density of the 
foreground absorption in the host galaxy is found to be 
Nhost
H ≃ 2 × 1022 cm−2 , which is consistent with the previous estimate 

from the optical extinction67, assuming that the absorber has similarly 
high metallicity as in the torus material and that dust mass is propor-
tional to metal mass (that is, it has a 2.3× larger dust-to-gas ratio than 
in the Galactic interstellar medium where hydrogen column density 
(NH) is related to optical V band extinction (AV) as NH ≈ 2 × 1021 cm−2 AV). 
We have confirmed that our results on the metal abundances are little 
affected within the uncertainties in the fluxes of the contaminating 
sources. Because emission lines from the photoionized plasmas are 
spectroscopically separated from the neutral lines in the Resolve data, 
their effects on our elemental abundance measurements are ignorable.

We have determined the redshift parameters of the iron Kα and 
Kβ lines (with respect to the Hölzer et al.19 values) to be z = 0.00155 ± 
0.00001( ± 0.00005) and z = 0.00158 ± 0.00004( ± 0.00005), respec-
tively, after applying a heliocentric correction of 20 km s−1 (that is, for 
the orbital motion of the Earth around the Sun; here, we have ignored 
the motion of the satellite relative to the Earth, which has a veloc-
ity amplitude of 8 km s−1 with a period of 90 min and is averaged out 
during the observation). The errors in the parenthesis denote a gain 
calibration uncertainty of 0.3 eV (Resolve team, private communica-
tion). Thus, our results are consistent with the host galaxy redshift, z = 
0.001448 ± 0.000010, measured by H I observations73. For reference, 
Supplementary Table 1 summarizes the line centroid energies of major 
fluorescence lines in the literature based on ground experiments or 
theoretical calculations19,65,74,75. Note that the line energy depends on 
the chemical state of atoms by an order of 1 eV for iron Kα (for exam-
ple, ref. 76), which produces an additional systematic uncertainty in 
discussing the Doppler shift of the line emitter. Thus, a conservative 
limit on the line-of-sight velocity of the torus relative to the galaxy 
based on iron Kα is −16 to +78 km s−1 (the plus sign corresponds to a 
receding motion from us).

Possible contamination in neutral line flux from diffuse 
emission
In our best-fit model, the spectrum of the CGX1 + diffuse component 
is modelled by a power law with a high energy cutoff and, hence, does 
not include any emission lines. However, if the diffuse emission around 
the nucleus contained a scattered component of the AGN emission off 

cold gas, then it could contain fluorescence lines contaminating the 
line fluxes from the nucleus in the Resolve spectrum.

To evaluate its possible impact on the measurement of metal 
abundances of the torus, we estimate maximum fluxes of the fluores-
cence lines from the diffuse emission, using the continuum flux of the 
CGX1 + diffuse emission and theoretically expected equivalent widths 
in the scattered component from low column-density gas. Because 
the relative contribution from the diffuse emission becomes impor-
tant at soft energies, here we focus on Ar Kα and Ca Kα lines. We have 
confirmed that the flux of diffuse emission in the 2.5–4.0 keV detected 
with Chandra is consistent with that inferred from our best-fit spectral 
model. Utilizing the Monte Carlo-based radiative transfer code SKIRT77, 
we calculate the X-ray reflection spectrum from neutral, constant 
density gas in a spherical geometry irradiated by the central source. 
We assume a power law spectrum with a photon index of 1.9 as the 
intrinsic emission, the chemical abundances in Extended Data Table 1 
and a column density of 1020 cm−2 integrated from the centre to the 
outer radius of the sphere, which is necessary to account for the dif-
fuse flux by Thomson scattering. This calculation yields the expected 
equivalent widths of 31 eV for Ar Kα and 36 eV for Ca Kα. By multiplying 
the continuum flux of the CGX1 + diffuse emission, we find that these 
correspond to fractions of 16% (Ar Kα) and 10% (Ca Kα) in the total line 
fluxes observed with Resolve, which are comparable to the 1σ statistical 
uncertainties. These numbers should be taken as upper limits, because 
we assume that the CGX1 + diffuse components is fully attributed to a 
scattered component from cold gas, which is probably not the case; in 
fact, the Chandra spectrum of the diffuse emission within a radius of 
6 arcsec around the nucleus shows no significant Ar Kα line with a 90% 
upper limit on the equivalent width of 14 eV, a factor of 0.45 smaller 
than the above calculation. Thus, we conclude that our results on the 
metal abundances are robust. Note that the possible contamination 
from the diffuse emission, if any, works to strengthen our arguments 
on the subsolar abundance ratios of the Ar/Fe and Ca/Fe.

Effects by adopting different torus geometry
To ensure that our results on the metal abundances do not depend on 
detailed spectral modelling of the torus reflection component, here 
we examine the effects by adopting different torus geometry. Here, 
we focus on (1) the size and number of clumps in the XCLUMPY model 
and (2) different spatial distribution of clumps from that in XCLUMPY.

Size and number of clumps in XCLUMPY. To examine the effect of 
adopting a different clump size from Rclump = 0.002 pc (default value), 
we calculate the reflection spectra by adopting Rclump = 0.001 pc or 
0.005 pc by keeping the spectral parameters at the best-fit values in 
Extended Data Table 1. The results are plotted in Supplementary Fig. 7. 
As noticed, the spectra with different clump sizes in the 6.0–6.6-keV 
band are almost identical one another, including the line intensity and 
Compton shoulder fraction, which are important to constrain the iron 
to hydrogen abundance ratio (‘Main’). Next, we change the number of 
clumps along the sight line on the equatorial plane, NEqu

clump, from 10 
(default) to 5 or 15. We confirm that the resultant spectra in the 6.0–
6.6-keV band again show no notable differences among them. Thus, 
we conclude that our results on the chemical abundances are robust 
against choices of Rclump and NEqu

clump in the XCLUMPY geometry.

Clump distribution. To examine if the torus reflection spectra sensi-
tively depend on the clump configuration, here we consider a different 
torus geometry from that in XCLUMPY characterized by a 
circular-sector cross-section (Supplementary Fig. 3b). The geometry 
is similar to those adopted in the smooth torus models eTORUS60 and 
BORUS62. The torus structure is defined by the following parameters: 
the torus angular width θ, the number of clumps along the equatorial 
plane NEqu

clump, the equatorial column density NEqu
H  and the inner and outer 

radii of the torus, rin and rout, respectively. Following the configuration 
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of the XCLUMPY model, we adopted rin = 0.05, rout = 1 and NEqu
clump = 10 for 

our simulations. The clumps are distributed uniformly and randomly.
The number density function, d(r, ϕ, z) (in pc−3), is defined in a 

cylindrical coordinate system (where r is the radius, ϕ is the azimuth 
and z is the height) as a constant value N

d(r,ϕ, z) = N, (1)

where N is the normalization factor. This normalization is determined 
from the number of clumps along the equatorial plane, NEqu

clump, via 
the relation

NEqu
clump = ∫

rout

rin
d(r,0,0)πR2

clump dr, (2)

N =
NEqu
clump

πR2
clump(rout − rin)

. (3)

The total number of clumps in the torus, NTot
clump, is obtained by integrat-

ing the number density function over the torus volume

NTot
clump = ∫

(rout−rin) sinθ

−(rout−rin) sinθ
∫

2π

0
∫

rin+√(rout−rin)
2−z2

rin+|z| cotθ
d(r,ϕ, z) rdrdϕdz

=
NEqu
clump(rout − rin)(4(rout − rin) sinθ + 6rinθ)

3R2
clump

.

(4)

We obtained a C statistic of 2,816.4 (Resolve, 2,316 bins) and χ2 of 
208.4 (FPMA, 232 bins) and 210.6 (FPMB, 212 bins), with 24 free param-
eters. This model yields the following parameters: a photon index of  
Γ = 1.92 ± 0.05, θ = 13.5 ± 0.7°, i = 78.2 ± 0.7° and an iron abundance  
of Z(Fe) = 2.21+0.03−0.04 solar. Notably, the derived iron abundance is consis
tent with that obtained using the XCLUMPY model (Z(Fe) = 2.26 ± 0.04). 
This indicates that our results on the chemical abundances are not 
largely affected by the torus geometry adopted.

Metal enrichment models
As described in ‘Main’, our benchmark model to interpret the observed 
abundance pattern consists of about 90% CCSNe with progenitors 
less massive than 20 M⊙ and about 10% SNe Ia. We adopted the SN 
model by Nomoto et al.4 for CCSNe and those by Fink et al.5 and Shen 
et al.35 for near- and sub-MCh white dwarfs, respectively, assuming 
one-solar initial metallicity. We used the Salpeter IMF33 to integrate the 
initial-mass-dependent CCSN yields, ignoring the contribution from 
HN. To ensure that our main results (that is, the high CCSN fraction and 
the presence of the upper mass limit for the progenitors of CCSNe) 
are robust against these assumptions, here we examine the effects by 
adopting other model settings.

SN Ia models. For the SN Ia model, we test two shock-propagation 
models in an exploding white dwarf: pure deflagration and delayed 
detonation. The three-dimensional hydrodynamical simulation uti-
lized in Fink et al.5 assumes the pure-deflagration scenario, whereas 
that in Seitenzahl et al.78 adopts the delayed-detonation one. These 
two works also examine three initial core densities for yield calcula-
tion: normal, high and low. Accordingly, we try all six settings to fit our 
metal abundance pattern. For each setting, we adopt five different mass 
cutoffs for CCSNe progenitors. Supplementary Fig. 8 plots χ2/degrees 
of freedom values against the estimated SN Ia fractions. The upwards 
and downwards triangles represent the calculation with Seitenzahl 
et al.78 and with Fink et al.5, respectively.

Most of them show a similar trend that the small upper mass limit 
provides a small fraction of SNe Ia and a better χ2. Lower SN Ia fractions 
than the representative case of Perseus (15–38%31; Supplementary Fig. 8, 

grey shaded area) can only be achieved with the most severe upper 
limit of 20 M⊙. As for the densities of the ignition core, the normal 
density (approximately 3 × 109 g cm−3) is preferred for pure deflagra-
tion, and the normal and high densities can be acceptable for delayed 
detonation. Despite the comprehensive analysis of galaxy clusters, 
it remains unclear which of pure deflagration or delayed detonation 
predominantly contributes to SN Ia enrichments in the universe. Hence, 
we do not conclude which SN Ia scenario is better based on our fitting 
results; instead, the difference between yields with pure deflagration 
and delayed detonation for a normal density dwarf is taken into account 
as uncertainty σIa in the best-fitting model (Fig. 4).

CCSN models. Alternative yield calculation. Alternative CCSN calcula-
tions by Sukhbold et al.79 are examined with both the pure-deflagration 
and delayed-detonation SNe Ia (Supplementary Fig. 8, pluses and 
crosses). We find that the classical calculations by Nomoto et al.4 gener-
ally result in better fits and more reasonable fractions than Sukhbold 
et al.79. This trend is similar to that found by Mao et al.44 for the starburst 
galaxy Arp 299. Thus, we adopt the yield of Nomoto et al.4 as our bench-
mark for enrichment modelling.

IMF. We adopt the IMF-weighted yields of CCSNe using the top-heavy 
index of −1.0, considering the possibility that the IMF in starburst sys-
tems may follow a top-heavy behaviour rather than the Salpeter index of 
−2.3 (for example, ref. 80). The results are given in Supplementary Fig. 8 
with vertical rectangles. As noticed, the fraction of SNe Ia increases 
compared with the Salpeter case; this is naturally interpreted because 
massive progenitors make a greater contribution to metal enrichment 
with the top-heavy IMF than with the baseline case. By contrast, the 
bottom-heavy index of −3.0 slightly reduces the SN Ia fractions as 
shown by horizontal rectangles in Supplementary Fig. 8, indicating 
that reducing the contribution from massive progenitors is essen-
tial to reproduce the observed abundance pattern. However, the 
bottom-heavy IMF model suppresses the SN Ia contribution less effec-
tively than the assumption of the CCSN model with an upper mass limit.

HN contribution. We consider a possible contribution from the HN 
channel in massive stars4. To take HNe into account, we replace the 
CCSN yield tables for the massive progenitor regime (>20 M⊙) with 
the HN yields from Nomoto et al.4. The wherewithal to calculate the 
IMF-weighted yield follows the same strategy as described in the main 
text. The circles in Supplementary Fig. 8 represent the results of this 
CCSN + HN scenario. Although all cases show slightly lower SN Ia frac-
tions with better χ2 values than the pure CCSN case, the estimated val-
ues are still comparable to the Perseus environment; thus, this model 
would not be an alternative to the mass cutoff modelling.

Progenitor metallicity. Our measurement of the Fe/H ratio reveals 
supersolar metallicity (about 2 solar) in the Circinus centre. If this result 
is directly interpreted as metal-rich environments in starbursting 
regions, it motivates us to test high initial metallicity for CCSN progeni-
tors. Since Nomoto et al.4 extends their yield calculations to the super-
solar metallicity regime, we adopt the CCSN yield tables of ZCCSN = 0.05 
to replicate the benchmark modelling with white dwarf progenitors5,35. 
The resulting enrichment properties are summarized in Table 1 for the 
progenitor mass upper limits of 40 M⊙, 25 M⊙ and 20 M⊙. As noticed, 
the supersolar metallicity progenitors also prefer the mass cutoff CCSN 
model with a lower SN Ia fraction less than 10%, which is consistent with 
the benchmark scenario. Interestingly, the χ2 values with ZCCSN = 0.05 
are slightly better than with ZCCSN = 0.02 , implying that the bulk of 
CCSNe in the Circinus centre are from progenitors formed in a 
metal-rich environment. However, we keep our benchmark model at 
solar metallicity for a fair comparison and include the difference 
between the abundances with ZCCSN = 0.02 and ZCCSN = 0.05 as uncer-
tainty σCC in the best-fitting model (Fig. 4).
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Mass transfer in circinus centre
Here, we show that the gas in the torus region must be transferred from 
outer regions on the basis of our metallicity measurement. Assum-
ing the mass accretion rate of 0.3 M⊙ yr−1 at r = 0.27 pc (ref. 22), the 
star formation rate of 0.16 M⊙ yr−1 within 15 pc × 15 pc (ref. 81), and the 
total gas mass of about 106 M⊙ (ref. 16) within 15 pc × 15 pc, the deple-
tion timescale (or replacement timescale assuming a steady state) is 
estimated to be 2 × 106 yr. During this period, a total of 3 × 103 SNe take 
place in the torus and produce an iron mass of 200 M⊙, corresponding 
to about 0.1 solar relative to the hydrogen mass. This is not sufficient 
to explain the observed metallicity in the Circinus centre (Fe/H of 2.3 
solar), and therefore, metal-enriched gas must be transferred from 
the outer disk, for example, from r ≈ 200 pc, where a young starburst 
region was identified39.

Data availability
The observational data analysed during this study are available via 
NASA’s High Energy Astrophysics Science Archive Research Center 
(HEASARC) at https://heasarc.gsfc.nasa.gov/ with observation 
IDs 000162000 (XRISM), 60901013002 (NuSTAR), 0932990101 
(XMM-Newton) and 10223, 10224, 10225, 10226, 10832, 10833, 10842, 
10843, 10844, 10850, 10872 and 10873 (Chandra). Line energies in the 
NIST atomic spectra database are available via NIST at https://www.
nist.gov/pml/atomic-spectra-database.

Code availability
The codes used for the data reduction are available via HEASARC at 
https://heasarc.gsfc.nasa.gov/docs/software/heasoft and via the 
ESA at https://www.cosmos.esa.int/web/xmm-newton/sas. The spec-
tral fitting tools are available via NASA at https://heasarc.gsfc.nasa.
gov/xanadu/xspec for XSPEC and via SRON at https://zenodo.org/
records/17313851 for SPEX.
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Extended Data Fig. 1 | Contribution of the non X-ray background (NXB) in the Circinus spectrum. The red line denotes the modelled NXB spectrum. The black data 
points are the observed spectrum of Circinus (including the NXB) with error bars denoting the 1σ confidence limits in photon statistics.
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Extended Data Fig. 2 | Comparison of the XRISM/Resolve spectrum and Chandra/HETG first order spectrum around the iron Kα line of Circinus. The former (this 
work) is binned with 0.5 eV. The latter is adopted from Uematsu et al.20 and is binned with 9 eV. The error bars denote the 1σ confidence limits in photon statistics.
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Extended Data Fig. 3 | Observed elemental abundances of the Circinus centre 
and theoretically calculated values with an upper mass limit of 40 M⊙for 
CCSN progenitors. Relative abundances with respect to iron determined with 
XRISM (X/Fe, filled circles with error bars denoting 1σ confidence limits 
estimated by Markov Chain Monte Carlo method) normalized to the 
corresponding proto-solar values (horizontal dashed line). The green shaded 
area represents the 1σ uncertainty region of the best-fit model consisting of  

(60 ± 10)% CCSNe from progenitor stars with < 40M⊙, (19 ± 7)% near-MCh SNe Ia, 
and (21 ± 11)% sub-MCh SNe Ia in number fraction, whose contributions to X/Fe are 
represented by the magenta, blue, and purple curves, respectively. Thin 
grey-dashed lines show the total uncertainty, including differences in the 

predicted yields by alternative SN Ia and CCSN modelling as √σ2stat + σ2Ia + σ2CC  
(see Methods Section 7).
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Extended Data Table 1 | Best-Fit Parameters of XCLUMPY

Errors denote the 1σ confidence limits.
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