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ABSTRACT

Context. Accurate X-ray spectroscopic measurements are fundamental for deriving basic physical parameters of the most abundant
baryon components in the Universe. The plethora of X-ray observatories currently operational enables a panchromatic view of the
high-energy emission of celestial sources. However, uncertainties in the energy-dependent calibration of the instrument transfer
functions (e.g. the effective area, energy redistribution, or gain) can limit – and historically, did limit – the accuracy of X-ray
spectroscopic measurements.
Aims. We revised the status of the cross-calibration among the scientific payload on board four operation missions: Chandra, NuSTAR,
XMM-Newton, and the recently launched XRISM. XRISM carries the micro-calorimeter Resolve, which yields the best energy
resolution at energies ≥2 keV. For this purpose, we used the data from a 10-day-long observational campaign targeting the nearby
active galactic nucleus NGC 3783, carried out in July 2024.
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Methods. We present a novel model-independent method for assessing the cross-calibration status that is based on a multi-node
spline of the spectra with the highest-resolving power (XRISM/Resolve in our campaign). We also estimated the impact of the intrinsic
variability of NGC 3783 on the cross-calibration status due to the different time coverages of participating observatories and performed
an empirical reassessment of the Resolve throughput at low energies.
Results. Based on this analysis, we derived a set of energy-dependent correction factors of the observed responses, enabling a statisti-
cally robust analysis of the whole spectral dataset. They will be employed in subsequent papers describing the astrophysical results of
the campaign.

Key words. instrumentation: spectrographs – methods: data analysis – space vehicles: instruments – techniques: spectroscopic –
galaxies: active

1. Introduction

The launch of the X-ray Imaging and Spectroscopy Mission
(XRISM; Tashiro et al. 2024) has ushered in the era of non-
dispersive X-ray spectroscopy thanks to its micro-calorimeter
Resolve (Ishisaki 2025; Kelley 2025). XRISM will enable
unprecedented measurements of fundamental physical quantities
in hot plasma, in a temperature and density regime where X-rays
are the most accurate probe of its physical conditions (Martizzi
et al. 2019).

While high-resolution spectroscopy enables diagnostic mea-
surements of individual emission lines with little dependence on
the underlying continuum or the spectral shapes at different ener-
gies, spectral analysis over broad energy ranges remains a key
tool for providing accurate estimates of plasma physical parame-
ters, especially when observing complex absorption line systems
with small equivalent widths. In this context, XRISM/Resolve
spectra benefit from concurrent observations with other X-ray
observatories, whose scientific payload extends the energy range
and spatial coverage – typically at the price of a moderate
energy resolution and/or lower photon collecting area. In order
for multi-instrument analysis to produce accurate results – or,
at least, accurate estimates of the systematic uncertainties – a
good understanding of the instrument cross-calibration is cru-
cial. It has been shown that uncertainties in the flux and spectral
shape determination from different instruments can constitute an
important contribution to the uncertainty budget in some specific
science cases (Schellenberger et al. 2015).

In this paper, we present a systematic comparison between
the spectra obtained by the XRISM scientific payload – includ-
ing Xtend, a charged-coupled device (CCD), large field-of-view
instrument (Noda et al. 2025; Uchida et al. 2025) – and spectra
obtained by NuSTAR (Harrison et al. 2013), the XMM-Newton
European Photon Imaging Camera (EPIC; Turner et al. 2001;
Strüder et al. 2001) and Reflection Grating Spectrometer (RGS;
de Vries et al. 2015), and the Chandra High-Energy Trans-
mission Grating Spectrometer (HETGS; Canizares et al. 2005)
during a multi-instrument observational campaign on the Seyfert
Galaxy NGC 3783 in July 2024. The paper is organised as fol-
lows. We describe the observational campaign in Sect. 2. The
data handling and reduction are described in Sects. 3 and 4. Sec-
tion 5 presents the cross-calibration analysis, including a novel
methodology for comparing spectral predictions from different
instruments and its application to the NGC 3783 campaign. We
summarise our main findings and recommendations in Sect. 6.

2. The NGC 3783 July 2024 observational campaign

The core of our campaign occurred between July 17 and 29,
2024. Coordinated observations with Chandra, the Hubble
Space Telescope (HST), NICER, NuSTAR, Swift, XMM-Newton,
and XRISM were carried out. The timeline of these observations
is shown graphically in Fig. 1. In addition to the observations

shown, there were several individual Swift and NICER snap-
shots preceding our main campaign, and a short (10 ks) Chandra
observation in December 2023.

In the present paper, we focus on the cross-calibration of the
main X-ray spectroscopic instruments (XRISM, XMM-Newton,
Chandra, and NuSTAR). More details about the optical/UV
instruments (HST, the OM camera of XMM-Newton, and Swift
UVOT) as well as the X-ray monitoring instruments (Swift XRT
and NICER) will be given in subsequent papers where the data
from these instruments are used. A summary of the observations
discussed in this paper is given in Table 1.

The X-ray spectrum of NGC 3783 is very complex and is
discussed in Mehdipour et al. (2025, Paper I) and subsequent
papers. Relevant to the content of this paper, we only note
a strong narrow Fe–K emission line near 6.35 keV (observed
energy) and a deep Unresolved Transition Array (UTA), a blend
of M-shell ions of iron between 0.7 and 0.8 keV (see for example
Mehdipour et al. 2017).

3. Data handling

In this section, we describe general procedures that we applied
to the data of all instruments. Data reduction details for individ-
ual instruments will be discussed in Sect. 4. Spectral fitting was
performed using SPEX software version 3.08.02 (Kaastra et al.
1996).

3.1. Orbital corrections to the energy scale

For the high-resolution instruments (RGS, HETGS, and
Resolve), small corrections on the energy scale must be made
to account for the motion of the satellite around Earth and the
motion of Earth relative to the Solar System barycentre (SSB).
For RGS, this is taken into account by default in the analysis
software, and for HETGS and Resolve, we determined these
corrections based on the ephemerid data for the satellites.

The velocity corrections vSSB are calculated as the velocity of
the satellite relative to the SSB, along the line of sight towards
NGC 3783. For our campaign, these velocities are all negative,
resulting in an apparent additional redshift of the spectrum (the
source appears to be moving away from us).

For individual Chandra observations, the mean velocity vSSB
was in the range of −24 to −22 km/s, with an rms spread of only
0.07 km/s. It is dominated by the motion of Earth, since Chandra
is most of the time far away from Earth with a low relative speed.
The mean velocity is −22.98 km/s, and it is sufficiently accurate
to apply this correction to all Chandra spectra.

For each XRISM orbit around Earth, the rms spread is
3.7 km/s, due to the higher speed of the satellite in its low-Earth
orbit. For individual orbits, the average velocity ranges between
−26 and −22 km/s. The mean velocity averaged over all orbits is
−22.83 km/s.
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Fig. 1. Overview of the observations. Horizontal lines indicate the time
intervals when the instruments were observing NGC 3783. ‘COS’ indi-
cates the Cosmic Origin Spectrograph on board HST. XRISM contains
the Xtend and Resolve instruments, XMM-Newton the pn, mos1, mos2,
RGS1, and RGS2 instruments; for Chandra, the HETGS was the only
operational instrument.

Table 1. Observations used in this paper.

Satellite ObsID Instrument Texp
a

XRISM 300050010 Resolve 439
Xtend 372

XMM-Newton 0923090101, RGS1 379
0923090201, RGS2 381
0923090301 MOS1 341

MOS2 339
pn 253

Chandra 27424, 27425, 27427, HETGS 154
27366, 29487, 29488,
29495

NuSTAR 60901023002 FPMA 227
NuSTAR FPMB 225

Notes. (a)Net exposure time (ks) after data screening as explained in
Sect. 4.

One of the strongest absorption lines in the Chandra spec-
trum is the Si XIV line near 2 keV. It can be measured with an
accuracy of 90 km/s in the stacked spectrum. Since we typically
observe about nine lines of similar strength in the full spectrum,
astrophysical velocity components can be determined with accu-
racies of about 90/

√
9 = 30 km/s. This justifies the use of a

single and uniform velocity correction of −22.98 km/s for the
Chandra spectra. For Resolve, the strongest line in the spectrum
is the Fe II Kα emission line near 6.4 keV. It can be determined
with a statistical uncertainty of 16 km/s in the stacked spectrum,
also justifying the use of a uniform velocity correction vSSB of
−22.83 km/s. Technically, we applied these velocity corrections
by multiplying the model energy grid values in the response
matrix by a factor of (1 + vSSB/c) where c is the speed of light
(note the sign!).

3.2. Statistics

We used C-statistics instead of χ2-statistics throughout this work.
The C-statistic can be used for statistical tests of the model
(Kaastra 2017) and, contrary to the χ2 statistic, it does not give a
biased flux estimate (Hitomi Collaboration 2017).

Chandra spectra are usually provided with Gehrels errors
(Gehrels 1986), but we replaced these by the Poissonian uncer-
tainties equal to the square root of the number of counts. This
is important for both the application of the C-statistic and the
optimal re-binning; re-binning Gehrels errors would lead to
over-estimating the true uncertainties.

Uncertainties on parameters are reported in this paper as
root-mean-square uncertainties (68% confidence for a normal
distribution). Separate positive- and negative-side uncertainties
are only provided when their absolute values differ significantly.

3.3. Background treatment and selection

The C-statistic has to be applied to a model for the sum of the
source and background counts in the source extraction region.
A model for the source counts is often based on an astrophysi-
cal model. It is not always straightforward to obtain a model for
the background counts in the source extraction region. For that
reason, sometimes a scaled background spectrum derived from
an off-source region is subtracted. This background subtracted
spectrum does not follow a Poissonian distribution, which is
a fundamental requirement for the proper application of the
C-statistic. Sometimes an analytical model for the background
can be constructed, but in other cases the background is too
complex. We constructed for all instruments except Resolve the
background model from the observed background spectrum in
an offset region by applying Wiener filtering to it (Press et al.
1992). This reduces most of the noise in the background. For
the RGS spectra this method is applied to the individual CCDs
of each spectrometer (either are active for each of the two RGS
detectors). For all other instruments a single filtering procedure
is sufficient. For Resolve we used a smoothed version of the
non-X-ray background model instead.

The determination of the background for low-Earth orbit
satellites depends on the criteria used to exclude time intervals
of high-particle flux in the South Atlantic Anomaly. For XRISM,
we used the limits recommended in the standard data reduction
pipeline for each instrument. We investigated the effect of dif-
ferent time screening criteria or background extraction region
on the net background-subtracted NuSTAR spectra. Applying
a stricter South Atlantic Anomaly screening to the NuSTAR
data1, the net exposure time is reduced by 6% with only an
overall 0.8 ± 1.3% flux difference without significant energy
dependence.

3.4. Data binning

For all instruments, we applied optimal binning to the spectra
and response matrices (Kaastra & Bleeker 2016). The algorithm
for obtaining the optimal grid for both the photon energy grid
and the observed data channel grid is described in that paper.
We used the new rbin option of the SPEX package to produce
reduced size spectra and matrices. By optimally binning the data,
no information is lost but the size of the matrices and thereby
the time needed to convolve a model spectrum with the response
matrix are strongly reduced. This is in particular important for
the Resolve data, where the process reduces the size of the extra-
large response matrix (see Sect. 4.1) by a factor of ∼100 (see
Table 2).

1 https://www.nustar.caltech.edu/page/background
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Table 2. Number of data channels and response elements in the original
and final (optimally binned) response matrix for the main instruments
involved in our campaign.

Instrument Original Final Original Final
channels channels elements elements

Resolve 36 234 5694 1.6 × 108 2.3 × 106

Xtend 4096 241 8.0 × 106 5.9 × 104

FPMA 2005 248 6.3 × 106 7.6 × 104

RGS1 2855 671 8.2 × 106 1.1 × 106

RGS2 2767 671 7.1 × 106 6.7 × 105

MOS1 800 169 1.3 × 106 1.7 × 104

MOS2 800 183 1.3 × 106 5.2 × 104

pn 3329 162 9.3 × 105 4.4 × 104

MEG 5110 1704 1.7 × 106 3.4 × 105

HEG 4837 1451 5.0 × 105 7.3 × 104

4. Data reduction

4.1. XRISM/Resolve

NGC 3783 was observed starting on July 18, 2024, for a
total Resolve duration of 451 ks (ObsID = 300050010). Since
the Resolve aperture door (‘gate valve’) was closed during
this observation, a 252 µm-thick beryllium window attenuates
X-ray photons in the soft X-ray band, reducing the effective area
(Midooka et al. 2020). This restricted the bandpass to energies
above 1.7 keV. The aperture door also has a stainless steel protec-
tive screen that reduces the effective area by an additional 28%
across the waveband.

The data were processed using XRISM pre-pipeline soft-
ware version 004_007.20Jun2024_Build8.012. The data reduc-
tion was performed using XRISM pipeline processing version
03.00.012.008 and calibration database (CALDB) version 9
(20240815 release). This CALDB release includes initial updates
to the Resolve energy scale and line-spread function (LSF) files
based on in-orbit calibration data. The temporal gain-drift of the
Resolve instrument was corrected at 6 keV using data collected
during Earth occultation from 55Fe sources on the Resolve filter
wheel, following the approach reported in Porter et al. (2025),
see also XRISM Collaboration (2024).

The energy scale error at 6 keV due to intermittent gain mon-
itoring can be estimated using the calibration pixel (pixel 12), a
pixel offset from the main array that receives Mn Kα photons
continuously from a small, collimated 55Fe source. This estimate
is obtained by calculating the energy offset (‘fit shift’) at Mn Kα
on the calibration pixel during the main observation period, not
including the time period of the gain monitoring. This value
is reported by the XRISM Software Data Center in a ‘Resolve
Energy Scale Quality Report’ for each observation2. For the
NGC 3783 observation this value is ∼0.16 eV. To estimate the
total uncertainty on the energy scale across the waveband, this
error must be combined with the systematic energy scale errors
reported in Eckart et al. (2025) of ∼ ± 0.3 eV in the 5.4–8.0 keV
band, up to ±1.0 eV for energies below 5.4 keV, and up to ±2 eV
at energies above 9 keV. The broadband energy scale errors are
uncorrelated with the temporal gain-drift correction and can be
root-sum-squared (see Sect. 5.3 of Eckart et al. 2025), for a total

2 https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/
gainreports/index.html

energy scale uncertainty of ±0.34 eV from 5.4–9 keV, ±1.0 eV
for energies below 5.4 keV, and ±2 eV at energies above 9 keV.

Additional screening and energy-dependent rise time cuts
were applied according to Mochizuki et al. (2025), following
the procedure in the XRISM Quick Start Guide Version 2.13.
We also removed pixel 27, an edge pixel on the Resolve detector
array, from our analysis. Pixel 27 has been shown to exhibit gain
jumps of a few eV on timescales of a few hours, between peri-
ods of gain monitoring, and thus current guidance recommends
excluding pixel 27. After this screening, the total exposure time
was slightly reduced to 439 ks. Only ‘high-resolution primary’
events are used for the spectral analysis. The non-X-ray back-
ground spectrum was modelled from the Resolve night-Earth
data database4, while the sky background was ignored because
its contribution above 2 keV is negligible.

To account for detector redistribution, a redistribution matrix
file was created using the rslmkrmf task with the cleaned event
file and the CalDB file. This CalDB file was created using a com-
bination of model parameters from ground-calibration measure-
ments and updates from initial on-orbit calibration (Leutenegger
2025). By using the extra-large option with rslmkrmf, the
resulting response matrix file (RMF) incorporates all known
features of the LSF model: a Gaussian core, low-energy expo-
nential tail, escape peaks, electron-loss continuum, and Si K
fluorescence (Eckart et al. 2018; Leutenegger 2025). During the
NGC 3783 Resolve observation, the full width at half maximum
(FWHM) of the composite Mn Kα spectrum of all array pix-
els for the calibration monitoring intervals was 4.48 ± 0.01 eV.
The predicted FWHM resolution (core LSF) as a function of
energy is provided in the CalDB file for each pixel. The uncer-
tainty on the FWHM energy resolution (core LSF) is estimated
to be 50 meV at 2 keV, 100 meV at 5 keV, and 200 meV at
8 keV for high-resolution events (Leutenegger 2025). An aux-
iliary response file was generated using the xaarfgen task,
assuming a point-like source at the aim point as input.

4.2. XRISM/Xtend

The Xtend instrument operated in 1/8-window mode to reduce
frame time and mitigate potential pileup. The latest CALDB
version 20241115 has been utilised in the data reduction. After
applying standard event screening and filtering out periods
containing high particle background, we obtained an effec-
tive exposure of 372 ks. The spectrum was extracted from the
central 2′ × 5.5′ region, while the background spectrum was
obtained from an adjacent area of the same size. The background
region exhibits a flat light curve, indicating no strong contami-
nation from any solar wind events. The redistribution matrix and
auxiliary response files were generated using the xtdrmf and
xaarfgen routines.

4.3. NuSTAR

The NuSTAR data were extracted using the NuSTAR pipeline ver-
sion 0.4.9 with the calibration database of July 29, 2024. For
the spectral extraction we chose a circular region with radius
120′′. For the background region we chose an annulus around the
source with inner and outer radii of 180′′ and 230′′, respectively,
to minimise the effects of possible gradients of the background
over the detector area.
3 https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/
quickstart/xrism_quick_start_guide_v2p1_240506a.pdf
4 https://heasarc.gsfc.nasa.gov/docs/xrism/analysis/
nxb/index.html
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4.4. XMM-Newton/EPIC

All EPIC data were taken with the thin filter and in small window
mode. EPIC source (plus background) and background spec-
tra were extracted from calibrated and concatenated event lists.
They were generated with the standard data reduction pipelines
e[mp]proc and the latest calibration files available at the time
the data reduction was performed (September 2024) using Sci-
ence Analysis System (SAS) version 21.0.0 (Gabriel et al. 2004).
Source spectra were extracted from annular regions centred
around the optical active galactic nucleus (AGN) position, with
an outer radius of 40′′ and 42′′, and removing a core of the point
spread function (PSF) corresponding to 15′′ and 20′′ for the
EPIC-pn and EPIC-MOS, respectively, to mitigate mild pileup
in the strongest flux states of the source during the campaign
(manifesting for EPIC-pn count rates >19 s−1 in the 0.3–7 keV
energy band). Background spectra were extracted from circular
regions of radii 45′′–50′′ and 120′′–140′′ for EPIC-pn and EPIC-
MOS, respectively, after ensuring that the background regions do
not include any serendipitous X-ray source and that the EPIC-pn
background regions are at the same height in detector coordinate
as the source regions to ensure that the same correction for the
charge transfer inefficiency applies. Observation-specific instru-
ment responses were generated with the standard SAS command
arfgen and rmfgen.

4.5. XMM-Newton/RGS

RGS spectra were extracted using the XMM-Newton SAS
version 21.0.0 with the following command: rgsproc
withsrc=true srcra=174.757342 srcdec=-37.738670
withrectification=yes. This last parameter applies an
empirical correction (‘rectification’) to the RGS effective area
response aiming at aligning it to that of EPIC-pn. This correction
is the default as of version 22.0.0 of SAS.

4.6. Chandra/HETGS

Chandra data were extracted using the standard scripts of
version 4.16 of the Chandra Interactive Analysis of Observa-
tions (CIAO) package. We executed the Chandra_repro pro-
cess, and combined positive and negative spectral orders using
combine_grating_spectra.

5. Cross-calibration results

5.1. Effects contributing to cross-calibration uncertainty

No instrument has a perfect calibration, and the instruments
involved in our campaign are no exception. Discrepancies
become apparent when the spectra from two or more instruments
are compared. In general, the following factors can contribute
to a mismatch between an observed spectrum and the predicted
spectrum from a given astrophysical model: uncertainties in
(a) the effective area, (b) the background modelling, (c) pileup
effects, (d) the energy scale calibration, (e) the spectral redistri-
bution function, and (f) time coverage. We briefly consider these
effects (b–f) in the following subsections. Effective area (a) is
discussed in detail in Sect. 5.4.

5.1.1. Background modelling

Because NGC 3783 is a relatively bright source, the mod-
elled background is in general small, and therefore uncertain-
ties in the background estimate do not significantly affect the

derived source spectrum. The only exception may be the higher-
energy parts of the NuSTAR spectrum, where due to slight
non-uniformity over the detector image the choice of background
region has some effects (see Sect. 4.3). Alternatively, we also
extracted the background from a circular region with radius 130′′
sufficiently far away from the source region, a common prac-
tice for observers. This region yields a 1.6% higher source flux
below 30 keV and 4% higher source flux above that energy. In
our further analysis, we used the annular region centred around
the source for the background.

5.1.2. Pileup and implications of the mitigation strategy

Pileup or count rate limits are not a problem for XRISM Resolve
or for Xtend with the observing mode that we used. Only for the
XMM-Newton EPIC cameras there is some pileup in the cores of
the detector image of the source (see Sect. 4.4). Pileup affects
the determination of the fluxes as well as the spectral shape
due to pattern migration. To mitigate pileup, EPIC spectra were
therefore generated from annular regions, after excising the core
of the PSF primarily affected by pileup. This procedure ideally
produces spectra that are fully representative of those extracted
from a full aperture. However, this is not necessarily the case.
Uncertainties on the encircled energy fraction calculated over the
wings of the PSF may constitute the dominant – and, regrettably,
poorly known – source of calibration uncertainties. For this rea-
son, we postulate that the EPIC spectra of the NGC 3783 2024
observational campaign are affected by an unknown effective
area calibration error. Therefore, we will not discuss the EPIC
cameras in the pairwise cross-calibration analysis discussed in
Sect. 5.4.

5.1.3. Energy-scale uncertainties

Energy-scale uncertainties have no strong effect on high-
resolution spectra, apart from a small bias in derived redshifts of
lines. For lower-resolution instruments like CCDs, gain uncer-
tainties can have a significant impact on the cross-calibration.
As an example, we fitted the Xtend spectrum of NGC 3783
with a spline model (see Sect. 5.2), then applied an artificial
gain shift of 2% to the model spectrum (using the reds com-
ponent of SPEX), and computed the residuals with respect to
that redshifted model. Due to the strong Fe–K emission line,
a large ±10% oscillation of the fit residuals appears close to
this line with a significance of 18σ. It also leads to a ∼5%
large-scale deviation near 3 keV, due to the combined curvature
of the spectrum and effective area of the instrument. There-
fore, attention must be paid to even small uncertainties in the
energy scale of moderate-resolution instruments when assessing
the cross-calibration with other instruments.

5.1.4. Spectral redistribution tails

Uncertainties in the spectral redistribution function for high-
resolution instruments do not result in major problems, because
the bulk of the photons are registered in the narrow core of
the redistribution function and only a small fraction (<∼5%)
appear in a near-core, low-energy tail. The situation is differ-
ent for medium-resolution instruments like CCDs, in particular
at low energies. Here a substantial fraction of all photons can be
observed in strong, low-energy tails redistributed from the core,
difficult to disentangle from photons at the bona fide correct
energy. This implies that uncertainties in the low-energy effec-
tive area and the redistribution function are strongly entangled.
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This holds in particular for the EPIC cameras of XMM-Newton
and the Xtend detector of XRISM.

5.1.5. Variability and time coverage

Flux-dependent changes in sensitivity are not expected for our
instruments. A possible complication for our analysis is the time-
variability of the source. For a proper comparison, strict simul-
taneity is mandatory. Unfortunately, the time interval where
all instruments are simultaneously operating is too small to
be useful for cross-calibration purposes. Therefore, we relied
on a pair-wise comparison of instruments, taking for each pair
the longest strictly simultaneous time interval. The effect of
time variability on some of this pair-wise analysis is discussed
in Sect. 5.5. For extracting spectra for a pair of instruments,
their individual good time intervals (GTIs) are combined by the
LHEASOFT task ftmgtime using only intervals where both
instruments were on.

Some instruments (like the RGS on XMM-Newton) make
separate GTIs for each CCD readout sequence. When they are
combined with those from another instrument that follows the
same procedure, there may be no GTI left that has 100% cover-
age with the other instrument, resulting in a net zero exposure
time. We mitigated this by making longer GTI intervals for those
instruments by first merging adjacent GTIs that are separated by
less than the CCD readout sequence (a few seconds).

Another issue is related to the orbits of the low-Earth satel-
lites XRISM and NuSTAR. The orbits cause interruptions in the
light curve every 1.6 hour but with different phases, meaning
only 30% of the available NuSTAR exposure time coincides with
the available XRISM exposure. Fortunately, the flux variations
of NGC 3783 are not extreme. To demonstrate this, we used the
power spectrum of Markowitz (2005) as used by Li et al. (2023)
to simulate the light curve. For 6500 realisations of 80 consec-
utive orbits (which is what we have for NuSTAR), the scatter in
the ratio of the flux during the time NuSTAR was operating (50%
of the time) and the mean flux between the start and end of the
NuSTAR observation is only 0.5% around the mean value of 1.
We conclude that for our purpose we can use safely the full NuS-
TAR dataset rather than the limited data with full overlap with
XRISM.

5.2. Methodology

Given the above-mentioned caveats, we compared the two instru-
ments as follows. We first performed a spline fit to the higher-
resolution spectrum in the pair. For this, we used the splnmodel
of SPEX, with a linear energy grid (for Resolve) or a linear wave-
length grid (for the grating spectrometers). For the resolution
of the spline, we chose a number close to the resolution of the
instrument, but it is optimised for any specific instrument pair.

A great advantage of this method is that it is agnostic with
respect to the complex astrophysical details of the spectrum. The
best-fit C-stat for this model is often significantly smaller than
the expected value for a realistic astrophysical model, because
the spline also tries to accommodate for the Poissonian noise
of the spectrum. We carried out simulations using this spline
method for model spectra with known shapes and found that
the reconstructed spectrum with the spline model does not pro-
duce any additional bias in the source flux and thus can be used
reliably.

After obtaining this best-fit model to the highest-resolution
spectrum of the pair, we folded the lower-resolution instrument
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Fig. 2. Relative residuals (data/model-1) against a common spline
model applied to RGS, Resolve, and NuSTAR data (details in the text).
Differences between residuals mainly indicate differences of the effec-
tive area with respect to the effective area calibrations. The residuals
have been binned for clarity. The black and grey residuals refer to
RGS1/2 below 3 keV and to FPMA/B above 3 keV.

through this model and inspected the relative fit residuals. Re-
binning the residuals by factors of typically 10 to 100 allows us
to see the large-scale discrepancies of the fluxes measured by
the two instruments. Based on these findings, we derived sim-
ple analytical correction factors for one instrument to get it in
agreement with the other instrument, thereby making it possible
to obtain broad-band spectral fits with astrophysical models by
combining the two datasets. In doing that, we assumed that flux
differences are solely or primarily determined by uncertainties
in the calibration of the effective area. Details will be given in
Sect. 5.4.

5.3. Global view

As a first step, we made a joint fit of two high-resolution instru-
ments (XMM-Newton RGS and XRISM Resolve) in the band
below 12 keV together with the only hard X-ray instrument (NuS-
TAR) above 12 keV using all available data. For the model,
we chose three splines covering together the full energy range
of these instruments, with an energy grid spacing of approxi-
mately twice the bin size of these instruments: a 326-point linear
wavelength grid between 5.5 and 38 Å in the RGS and lowest-
energy Resolve band, a 975-point linear energy grid between
5.5 Å (approximately 2.25 keV) and 12 keV in the Resolve band,
and a 67-point linear energy grid between 12 and 78 keV at
higher energies. We determined the residuals for each instru-
ment relative to this model, plus the computed residuals for the
instruments that were not used for the fit: XRISM Xtend and
XMM-Newton pn, MOS1, and MOS2 (see Fig. 2).

The main differences in the relative residuals are due to cal-
ibration uncertainties; the effects of variability (different time
intervals for the instruments) are only a few percent. From low
to high energy, we encounter the following features. In the 1–
2 keV band the RGS residuals appear to be 10–15% below those
of Chandra and XRISM. The EPIC (pn and MOS) residuals are
about 20% below those of XRISM around 3 keV, and above that
energy MOS and pn start deviating strongly from each other. The
NuSTAR fluxes in the 3–12 keV band are within a few percent
of those measured by XRISM. The apparent small jump near
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12 keV in the NuSTAR residuals is an artefact caused by using
exclusively Resolve and RGS below 12 keV and NuSTAR above
this energy.

Observers often try to compensate these kinds of residuals
by adjusting the effective areas by a constant, which is a free
parameter for each instruments. However, we see from Fig. 2 that
the residuals are strongly energy-dependent. In order to better
understand the origin of these differences and to fix them, we
now turn to a detailed pair-wise comparison.

5.4. Pair-wise instrument comparison

5.4.1. Resolve–Xtend

We produced Resolve and Xtend spectra using their common
GTIs (348 ks exposure time). The Resolve spectrum was fit using
a 900-point spline plus a Gaussian component for the narrow Fe–
K emission line. It appears that the centroid of the Fe–K line in
the Xtend spectrum is shifted by 15 eV relative to Resolve and
the instrumental Si-line by 30 eV. We corrected the Xtend data
here and in the rest of the paper using linear interpolation of the
energy scale with the gain model of SPEX with two parameters
p0 and p1 as indicated in Fig. 3. This figure shows the remaining
residuals of the Xtend spectrum relative to the Resolve model.

In the 4–8 keV energy band the two instruments agree apart
from a ∼2.5% offset. The narrow peak at 4 keV is not statistically
significant; it is due to a 2σ dip in the Resolve model that is
enhanced in Xtend due to the three times higher effective area.
The deficit of 10% near 2 keV is likely due to uncertainty in the
Resolve effective area; see Sect. 5.4.2. There is a small excess
up to ∼10% at 12 keV. This may be caused by the slightly larger
size of the CCD depletion region in Xtend compared with the
current response model. We approximated the excess by a simple
analytical expression, as shown in the inset of Fig. 3.

5.4.2. Reassessing the Resolve throughput at low energies

The deficit in the Xtend spectrum near 2 keV (Fig. 3) can alter-
natively be interpreted as an excess in the flux predicted by the
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Fig. 4. Simple analytical approximation (red) used to reduce excess
Resolve flux compared to Xtend and other CCD instruments at the
low-energy end of the Resolve band. This expression was derived by
approximating the transmission of 1024 atoms m−2 (black).

Resolve spectrum. A similar excess near 2 keV is observed in
the Resolve data for 3C 273, which has a much simpler intrinsic
spectrum in this energy range (E. Miller, private communica-
tion). Also, removal of this excess would bring the Resolve
flux into closer agreement with the fluxes measured by all
XMM-Newton instruments (RGS and EPIC) at this energy.

We developed a simple analytical expression to adjust the
Resolve flux to better match that of Xtend in this energy band.
As shown in Fig. 4, the analytical expression (red curve) approx-
imates the transmission curve computed with SPEX (black
curve). The black curve represents the transmission of a layer
containing 1024 Be atoms per m2, equivalent to approximately
7.5µm of solid beryllium. The analytical approximation was
crafted for convenience, given the rapid energy-dependent vari-
ation in the transmission of the thick beryllium window of the
Resolve gate valve over this waveband. This adjustment is not
intended to definitively attribute the flux discrepancy between
Resolve and Xtend to calibration errors or uniformity issues in
the beryllium window. However, we note that the gate valve’s
ground calibration was performed only at energies above 2.6 keV
(Midooka et al. 2020), leaving the possibility that the model
extrapolation to lower energies introduced error. Future measure-
ments at a synchrotron facility using the spare unit may lead to
refinement of the gate valve transmission curve at lower energies.

5.4.3. Resolve-NuSTAR

Due to the different orbital phases of XRISM and NuSTAR, the
strictly simultaneous joint exposure time is 70 ks. We show in
Sect. 5.1.5 that ignoring these orbital gaps leads to differences
smaller than 0.5%. For this reason, we compared the full NuS-
TAR spectrum (226 ks) with the full Resolve spectrum between
the start and end of the NuSTAR observation. The Resolve spec-
trum was fitted using a spline between 2 and 12 keV with 801
grid points (spacing 12.5 eV) and a narrow Gaussian Fe–K line
(C-stat 2475, expected 3199±80; see Kaastra 2017).

Figure 5 shows a comparison of the NuSTAR focal plane
module A (FPMA) spectrum with this model for the Resolve
spectrum. At higher energies, FPMA shows an excess of about
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5%; near 6 keV the two instruments agree, but at lower ener-
gies the residual is +4%. We modelled this empirically using the
formula shown in the figure.

5.4.4. FPMA-FPMB

We fitted a spline model to the full FPMA spectrum and
investigated the residuals for FPMB. These are higher by only
0.4 ± 0.2%.

5.4.5. RGS

Figure 2 shows a strong deficit of about 15% of the RGS and
EPIC instruments of XMM-Newton near 2 keV, relative to most
other instruments. Motivated by this, we considered the effective
area calibration of the RGS. The refinement of the RGS calibra-
tion is still ongoing and too complex to describe in full detail
here, so we focus on an important intermediate product.

Figure 6 shows the stacked residuals of all RGS spectra col-
lected until 2019 on the blazar Mkn 421. All individual spectra
have been modelled by a broken power law with Galactic absorp-
tion. The effective area includes all default corrections except for
the pn-rectification factor (de Vries et al. 2015).

The figure shows that the residuals decrease rapidly for wave-
lengths shorter than ∼12 Å. Near 6 Å or 2 keV they are about
10% below the extrapolation of the longer-wavelength spectrum.
While the cause of this decrease has not yet been explained, we
made an empirical correction factor to account for it as indicated
in the figures.

With this correction taken into account, we made a new joint
spline fit through the RGS, Resolve, and NuSTAR spectra, taking
into account the effective area corrections for these instruments
obtained so far. These results will be discussed in more detail
later, but they show an additional discrepancy between RGS1
and RGS2 around 7 Å (Fig. 7). As discussed below, this discrep-
ancy can be attributed to RGS2. Therefore, we excluded RGS2
between 6.55 and 7.55 Å in the fit.

Figure 7 shows that around 7 Å, RGS2 deviates up to ∼23%
from RGS1, Xtend and HETGS medium-energy grating (MEG).
A broad-band fit with a realistic astrophysical model through the
combined Resolve and RGS spectra (Zhao et al., in prep.) con-
firms that RGS1 represents the source spectrum properly near
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Fig. 6. Stacked residuals of Mrk 421 RGS1 and RGS2 spectra as
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data/model ratio. The red curves show a simple analytical model for
these residuals, with shape and parameters shown in red in the insets.
Negative outliers are associated with the hot or bad pixels that are not
perfectly taken into account in the simplified stacking procedure.

7 Å. The RGS calibration becomes more uncertain for wave-
lengths below 7 Å, and in particular near chip gaps. Such a gap
occurs for RGS2 between CCDs 1 and 2 near 7.2 Å. For this rea-
son, we applied the empirical correction shown in Fig. 7 to the
RGS2 data.

5.4.6. RGS-Xtend

After incorporating the corrections to the RGS, Resolve and
NuSTAR spectra presented above, we folded the Xtend spectrum
through this model (Fig. 8). In addition, we made a spline fit
to the RGS spectrum of another radio-loud active AGN, 3C273.
This source is observed every year in the framework of an inter-
national cross-calibration campaign involving all operational
X-ray observatories. The RGS and Xtend data were reduced as
specified in Sects. 4.5 and 4.2, respectively. We folded that model
through the simultaneous Xtend data of that source, which were
analysed in the same way as the NGC 3783 data. At least for
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energies larger than about 0.8 keV, the residuals are similar to
those shown in Fig. 8 and therefore point to a common discrep-
ancy between the effective area of RGS versus Xtend. A detailed
analysis of the 3C 273 data will be presented in a separate paper
(Miller et al., in prep.).

5.4.7. Resolve-Chandra HETGS

We fitted the Resolve spectrum between 1.8 and 6.7 keV using
a spline with 981 knots (spacing 5 eV). The Resolve spectrum
was modified according to the empirical correction of the soft
X-ray throughput described in Sect. 5.4.2, which affects the low-
energy part of the spectrum. Due to the small effective area at
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Fig. 9. Relative residuals of the Chandra HETGS-MEG spectrum
(binned by a factor of 10) relative to the Resolve model (black). The
red line is a simple analytical representation of these residuals. Blue
lines indicate the ±1σ uncertainty on the Resolve spectrum binned to
the MEG bins.
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and the HEG spectrum relative to that model.

low energies the fluxed Resolve spectrum becomes uncertain, as
shown by the blue lines in Fig. 9.

5.4.8. Chandra HEG and MEG

A comparison of the two gratings of the HETGS can be made
using the full dataset, because the two operate simultaneously.
We fitted the MEG spectrum with a spline and folded the high-
energy grating (HEG) spectrum through it. The ratio is ≃−1%
for λ ≤ −5 Å, and ≃−4% for λ ≥ −5 Å (Fig. 10).

5.5. Corrections for source variability for joint instrument
analysis

The ultimate goal of this paper requires production of spectra
that can be analysed together. In particular when the time-
averaged spectrum is considered, corrections must be made for
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Table 3. Parameters A and b for power-law fits to the ratio of Xtend
spectra extracted during a time interval common to another instrument
and during the full exposure.

Instrument A b f1 f2
RGS 1.0097(15) –0.0030(13) 1.012 1.002
NuSTAR 1.0226(14) –0.0043(13) 1.027 1.012
Chandra 1.113(4) –0.017(3) 1.130 1.068

Notes. The values of the best-fit power-law function f1 and f2 cor-
respond to the lowest (E1 = 0.3 keV) and highest (E2 = 12.5 keV)
boundary of the Xtend energy bandpass.

the different time intervals when the instruments were oper-
ating. Fortunately, the time interval during which Xtend was
operated encompasses the operational time intervals of the other
instruments. Therefore, for each instrument, we can determine
the ratio of the 0.3–12 keV band Xtend flux when that other
instrument was operating, against the flux measured during the
full Xtend exposure. The major contribution to this ratio is due
to the variability of the primary AGN power-law component.
Variations on smaller energy scales cannot be fully excluded
using the medium-resolution Xtend data, and would need special
care in variability studies using the high-resolution instruments
involved, but we expect their impact to be small on the X-ray
broadband continuum.

Figure 11 shows the ratio y of the Xtend spectra between the
full exposure and the common time interval when RGS was also
being operated. It can be approximated by a simple power law.
Similar results were found for the Chandra and NuSTAR data.
Best-fit power-law parameters A and b (y = AEb with E in keV)
are given in Table 3. The deviations from unity are significant
but small, except for the Chandra data, and will be taken into
account in the analysis of the combined dataset in future papers.

For Chandra, five of the seven observations have been
taken while XRISM was also observing NGC 3783. The ratio
of this Chandra spectrum to the full Chandra spectrum can
be approximated by 1 + 0.07/λ1.2 with λ the wavelength of a
photon in Å.

Table 4. Energy-dependent multiplication factors to be applied to the
effective area for different instruments.

Instrument f

Resolve f = 1/(1 − 0.00333e(4−E)/0.582)
Xtend f = 1.025 + 0.009e(E−6)/2.6

RGS1 f = 1.096/λ0.0325 − 0.184e(5−λ)/2.29

RGS2 f = 1.085/λ0.0284 − 0.200e(5−λ)/2.44

−0.23e0.5(λ−7.07)2/0.202

NuSTAR f = 1.051 − 0.063e0.5(E−6)2/1.72

Chandra MEG f = 1.04 − 0.20e(E−6)/2.6

Notes. In these equations, E is the energy in keV and λ the wavelength
in Å.
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Fig. 12. Relative residuals of the spectra. The residuals of RGS and
MEG have been binned by a factor of 50, for Resolve a factor of 200,
NuSTAR a factor of 5 below 18 keV and 20 above 18 keV, and a factor
of 5 for Xtend.

6. Discussion and conclusions

Based on our partially simultaneous data from multiple instru-
ments and considerations of the cross-calibration of these instru-
ments, we plan to make adjustments to selected instrument
effective area curves in our subsequent papers, which will dis-
cuss multi-instrument data taken during the NGC 3783 2024
observational campaign. Relative to the standard calibration
available at the time of this paper, corrections will be applied to
the low- or high-energy side of the effective area curves, as sum-
marised in Table 4. The factor f (E) listed in the table represents
the multiplier to the effective area.

Because the data are not strictly simultaneous, additional cor-
rections need to be made to compensate for missing data. This
is facilitated by the fact that AGNs like NGC 3783 often show a
strong correlation between the photon index and flux of the dom-
inant power-law component, at least in the 2–10 keV band. We
determined these correction factors by comparing the full Xtend
spectra with Xtend spectra during the time that the other instru-
ment was observing NGC 3783. The correction factors are well
represented by power-law corrections (Table 3).

We verified these correction factors by making a spline fit to
the combined RGS, Resolve, and NuSTAR data (the NuSTAR data
were restricted to the band above 10 keV in the fit). We show the
residuals relative to this model for the full bands of these instru-
ments and for Xtend and the Chandra MEG in Fig. 12. While
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the adjusted Resolve, NuSTAR, and RGS spectra agree within 1–
2% with this model, showing the effectiveness of our procedure,
the Chandra MEG spectrum still shows some fluctuations up to
∼±6% in the 1–3 keV band. This is likely due to the relatively
small overlap between the XRISM and Chandra data. As previ-
ously noted, two of the seven Chandra spectra were taken before
or after the XRISM observations, and the other five overlap
with only about 10% of the duration of the XRISM observation.
In fact, most of the overlapping Chandra exposure is near the
start or the end of the XRISM observation, epochs characterised
by relatively high flux. Thus, the discrepancies may be caused
by spectral variations in the astrophysical source. This will be
explored in forthcoming papers.

The Xtend spectra below 2 keV still show differences of up
to 14% relative to the model, which is dominated here by the
RGS instrument. This may be related to the complexity of the
calibration of CCD detectors at low energies, or the effective
area calibration of the RGS, but more effort, beyond the scope of
this paper, is needed to test that hypothesis.

We plan to apply the empirical corrections described in
Tables 3 and 4 to subsequent papers, which will present the
multi-instrument analysis of the observational campaign of
NGC 3783. These corrections are not based on a physical model
of the telescope or the instruments. We therefore discourage the
reader from interpreting the results in this paper as ‘the cross-
calibration status’ between the XRISM scientific payload and
other operational X-ray observatories. Effective area calibration
may subtly depend on source properties and observational con-
figuration. A full understanding of the typical differences in
the determination of flux and spectral shape between XRISM
and other observatories can only be derived from an analysis
of the full sample of sources included in the XRISM in-flight
calibration plan (Miller et al. 2020). Furthermore, our under-
standing of the XRISM payload calibration is still in its initial
stages. Changes in the effective area of the Resolve and Xtend
instruments are likely to be encoded in future versions of the
calibration database. The status we describe in this paper – and
in particular through Fig. 2 – constitutes an encouragement to
carefully take cross-calibration uncertainties into account before
undertaking multi-instrument global fits involving the XRISM
scientific instruments.
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