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I E.,,, and R derived through fitting the NuSTAR spectra alone versus joint-fitting XMM-NuSTAR spectra (before/after the ARF correction).

Public summary

m In this work, we perform joint-fitting of NuSTAR and EPIC-pn spectra for a large sample of 104 observation pairs of 44
X-ray bright AGN. EPIC-pn spectra are systematically harder than those of NuSTAR (A" ~ 0.1), leading to an underes-
timated of the cutoff energy E, and the reflection component R when performing joint-fitting before correcting the cal-
ibration issue.

m The empirical correction of the effective area implemented in latest XMM-Newton calibration files (but would not be ap-
plied by default) is highly effective and could commendably erase the discrepancy in the derived best-fit I, £, and R.

m For this sample, requiring perfect simultaneity between the NuSTAR and EPIC-pn spectra leads to severse loss of the net
exposure time of NuSTAR. Consequently, fitting NuSTAR spectra jointly with simultaneous EPIC-pn data does not al-
ways improve the constraints on the key spectral parameters.

m For XMM-Newton EPIC-pn observations in small window (SW) mode, insufficient filtering of high background flares
could bias the spectral fitting results due to the background vignetting effect, which is no longer negligible in case of
background flares. A threshold of 0.05 counts/s to filter background flares appears appropriate for EPIC-pn SW mode.
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Abstract: A recently released XMM-Newton note revealed a significant calibration issue between nuclear spectroscopic
telescope array (NuSTAR) and XMM-Newton European Photon Imaging Camera (EPIC) and provided an empirical correc-
tion to the EPIC effective area. To quantify the bias caused by the calibration issue in the joint analysis of XMM-NuSTAR
spectra and verify the effectiveness of the correction, in this work, we perform joint-fitting of the NuSTAR and EPIC-pn
spectra for a large sample of 104 observation pairs of 44 X-ray bright active galactic nuclei (AGN). The spectra were ex-
tracted after requiring perfect simultaneity between the XMM-Newton and NuSTAR exposures (merging good time inter-
vals (GTIs) from two missions) to avoid bias due to the rapid spectral variability of the AGN. Before the correction, the
EPIC-pn spectra are systematically harder than the corresponding NuSTAR spectra by A" ~ 0.1, subsequently yielding sig-
nificantly underestimated cutoff energy E., and the strength of reflection component R when performing joint-fitting. We
confirm that the correction is highly effective and can commendably erase the discrepancy in best-fit I, E,, and R. We
thus urge the community to apply the correction when joint-fitting XMM-NuSTAR spectra, but note that the correction is
limited to 3—12 keV and therefore not applicable when the soft X-ray band data are included. Besides, we show that as
merging GTIs from two missions would cause severe loss of NuSTAR net exposure time, in many cases, joint-fitting yields
no advantage compared with utilizing NuSTAR data alone. Finally, We present a technical note on filtering periods of high
background flares for XMM-Newton EPIC-pn exposures in the small window (SW) mode.

Keywords: active galactic nuclei; X-ray spectroscopy; XMM-Newton; NuSTAR; cross-calibration issue

CLC number: P141.5 Document code: A

1 Introduction constraints on X-ray spectral parameters. Among the
coordinated missions, XMM-Newton"" is of most signific-
ance, with the longest coordinated observing time since the
NuSTAR Cycle 2. Due to the large effective areas of the
European Photon Imaging Cameras (EPIC), XMM-Newton
could provide high-quality spectra at 0.3—10 keV, potentially
as an effective complement to NuSTAR.

However, proper inter-instrument calibration is critical
prior to analyzing joint observations from different observat-
ories. A possible calibration issue between NuSTAR and
XMM-Newton has been reported in the literature!*'". Such
calibration issues could be the fundamental cause of the
descrepancy in the measurements of E,, or 7. in individual
AGN, between studies fitting NuSTAR spectra alone!”* ',
and those joint-fitting quasi-simultancous data from other
missions™ >,

The nuclear spectroscopic telescope array (NuSTAR)", the
first direct-imaging hard X-ray mission with a spectral cover-
age from 3 keV to 79 keV, has remarkably boosted the study
of various high-energy phenomena. Active galactic nuclei
(AGN) are the dominant population in the extragalactic X-ray
sky. According to the widely accepted disk-corona paradigm,
the primary X-ray emission of AGN originates in a hot and
compact region, namely the corona®™*. The seed photons from
the accretion disk are upscattered to the X-ray band through
inverse Comptonization, producing the observed power-law
continuum, with a cutoff at the high-energy end, which is a
direct indicator of the coronal temperature 7. For AGN stud-
ies, NuSTAR opens a new window to detect/measure the X-
ray high-energy cutoff E, (and effectively, the corona tem-

perature 7.) in many sources”. Meanwhile, NuSTAR obser-
vations are also essentially helpful for constraining the reflec-
tion component in the X-ray spectra!*"l.

In practice, NuSTAR data are often analyzed in association
with the coordinated data of other X-ray missions, to achieve
a broader energy coverage and a higher spectral signal-to-
noise ratio at < 10 keV, which could supposedly improve the
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The calibration issue between NuSTAR and XMM-Newton
was confirmed by a recently released XMM-Newton calibra-
tion technical note”, in which the EPIC-pn spectra of the Crab
Nebula were found to be systematically harder than those of

@ https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_prop.html.
@) https://xmmweb.esac.esa.int/docs/documents/CAL-TN-0230-1-3.pdf.
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NuSTAR, with (I'™ —I'™S™®) ~ —0.1. Basically, the calibra-
tion of NuSTAR is supposed to be more reliable thanks to a
novel approach of observing the Crab through stray-light,
which avoids the uncertainties caused by the X-ray optics™” "
Therefore, XMM-Newton has implemented an empirical cor-
rection of the effective area of EPIC based on NuSTAR res-
ults after SAS 20.0 in the newest XMM-Newton calibration
files”, improving the cross-calibration with NuSTAR. Such a
correction, limited to 3—12 keV and thus not deployed by de-
fault in the pipeline, has not been adopted by most joint-
analyses of XMM-NuSTAR spectra of AGN in literature. It is
both technically and scientifically important to investigate
how this calibration issue biases the X-ray spectral measure-
ments of AGN, verify the effectiveness of the correction, and
if yes, provide the updated X-ray spectral parameters after ap-
plying the calibration correction for AGN with joint XMM-
NuSTAR observations.

2 Sample and data reduction

We match the 817 Seyfert galaxies in the 105-month
Swift/BAT catalogl” with archival NuSTAR and XMM-
Newton observations (as of 2023 August). In this work we
focus on the EPIC-pn data of XMM-Newton™, which are
most widely used in literature. However, the empirical correc-
tion of the effective areas for XMM-Newton EPIC-MOSF is
exactly the same (see the calibration note™), so the conclu-
sions about the cross-calibration should also apply to the
MOS data. We searched for simultaneous observation pairs of
the two missions, requiring an overlapping exposure time > 5
ks between NuSTAR and EPIC-pn, obtaining 176 observation
pairs of 94 sources. Note that one NuSTAR exposure may
overlap in time with more than one XMM-Newton exposure,
and vice versa. Observation pairs with too few counts, seri-
ous absorption with Ny > 10” cm™, or complicated spectra
badly fitted (xy*/dof > 1.2) with the model in Ref. [9], are fur-
ther dropped, resulting in a final sample of 104 observation
pairs (consisting of 100 NuSTAR and 102 XMM-Newton ob-
servations) of 44 sources (see Table 1)”.

The raw NuSTAR data are reduced with the nupipeline,
which is part of the HEASoft package (version 6.32.1), with
calibration files of version 20210824. We extract the NuSTAR
spectra using nuproducts, adopting a circular source region
with a radius of 60 arcsec for each source, and an annulus
from 120 arcsec to 150 arcsec for background extraction.
Raw XMM-Newton data are processed with the Science Ana-
lysis Software (SAS 20.0.0) and current calibration files (CCF
3.13). We extract the source spectra from a circular region,
the radius of which is optimally determined by eregionana-
lyse, with background from nearby source-free regions (see
Fig. 1). epatplot is employed to confirm that the pile-up ef-
fect is negligible in all the observations. Specifically, the ob-
served-to-model fractions of single and double events at 3—10
keV are consistent with 1.0 at the 30 confidence level in
most observations (88 out of 102), while the deviations from
1.0 for the other 14 observations are all smaller than 5%. Two
ancillary response files (ARF) are created for each observa-
tion, with/without applying the aforementioned empirical cor-
rection of the effective area, by setting the parameter
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applyabs fluxcorr of the task arfgen. Finally, all the spectra
are rebinned to attain a minimum of 50 counts per bin using
grppha.

In the above paragraph, we describe a typical data reduc-
tion process, but omit an ambiguous step of reducing the
XMM-Newton data, i.e., filtering periods suffering from the
flaring background. Solar protons could produce flaring EPIC
background, which is highly unpredictable and affects a large
fraction of XMM-Newton observation time"*. As recom-
mended by the user guide”, a viable method is to extract a
rate curve (usually with a time bin < 100 s) in the source-free
regions, of only valid single events with energy between 10
keV and 12 keV (“PATTERN==0 && PI IN [10000 : 12000]”
in the expression of evselect). A new good time interval (GTI)
file will then be generated, dropping the periods with count
rate above certain threshold, a recommended value of which
is 0.4 counts/s for the EPIC-pn camera in the full frame mode
(hereafter FF mode).

However, as shown in Table 1, most observations (85/102)
of these bright AGN are operated in the small window mode
(hereafter SW mode) to avoid serious pile-up effect, which
has a much smaller (1/36) field of view (FOV) than the FF
mode. The value of the count rate threshold is hence sup-
posed to be smaller for the SW mode, while the time bin of
the rate curve should be large enough to contain sufficient
counts. Therefore, for these SW observations, we try three
different thresholds: ( i) 0.4 counts/s, the same as in the FF
mode; (i1) 0.008 counts/s, scaled down because in the SW
mode a much smaller sky area (see Fig. 1) could be used to
extract 10—-12 keV light curve for high background filtering;
and (iii) 0.05 counts/s, a moderate threshold between (1)
and (1ii); and adopt a time bin of 500 s. The consequent us-
able fraction of GTI is shown in Fig. 2. Apparently, the
threshold of 0.008 counts/s is too strict, leading to less than
40% GTI usable in more than half of the observations. Mean-
while, the threshold of 0.4 counts/s is likely too loose, caus-
ing insufficient filtering, the bias of which we shall show in
Section 4.2. On the other hand, the threshold of 0.05 counts/s
seems to be reasonable, and the corresponding distribution of
usable GTI is similar to the one in Ref. [35], of a detailed
study of EPIC background with FF observations.

Therefore, in our analyses below we adopt a threshold of
0.05 counts/s (unless otherwise stated, see the lower panel of
Fig. 3 for an example) to filter the flaring background for SW
observations”, while in Section 4.2, using NuSTAR spectra as
reference, we shall show that such a threshold is indeed ap-
propriate, whereas a looser threshold (0.4 counts/s) will lead

@ See the introduction in the CCF release note: https:/xmmweb.esac.esa.
int/docs/documents/CAL-SRN-0388-1-4.pdf.

@) 21 observation pairs in this work were also adopted in the aforemen-
tioned technical note, but only used to show the improvement of the stat-
istics (reduction of y?), irrelevant to the derivation of the empirical cor-
rection of ARF. We confirm the inclusion of these observations in this
work does not bias our analysis.

® https://xmm-tools.cosmos.esa.int/external/xmm_user_support
documentation/sas_usg/USG/epicbkgfiltering.html

@ We adopt a threshold of 0.4 counts/s and 0.2 counts/s, for FF and LW
observations respectively. The sample of them is too small to perform
similar analysis.
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Fig. 1. An example (XMM-Newton ObsID 0741330101) of the adopted
regions when processing the XMM-Newton EPIC-pn data in SW mode.
The image is extracted at 3—10 keV with evselect and plotted in logar-
ithmic scale with ds9. The green circle is the source region, which is op-
timally determined by eregionanalyse, while the two white circles with a
radius of 40 arcsec are the background regions. Note that part of the
source region is outside the FOV (often the case for the SW mode),
which will be automatically corrected by arfgen. Outside the red circle
with a radius of 100 arcsec is the source-free region, used to filter inter-
vals with a flaring background.

1.0r [ 0.008 counts/s

[ 0.05 counts/s
[ 0.4 counts/s

o o o
IS o o)
T T T

Cumulative fraction of observations

e
)
T

005502 04 08 08 1.0

Usable fraction of Good Time Interval
Fig. 2. Usable fraction of the GTI after filtering the periods showing flar-
ing background with different thresholds, for the 85 XMM-Newton expos-
ures in the SW mode.

to insufficient background subtraction and hence biased spec-
tral parameters. After high background screening, the usable
GTI of NuSTAR and EPIC-pn are merged to find the over-
lapped part (see Fig. 3 for an example, and Table 2 for the net
exposure time before/after the GTI merge for each NuSTAR
exposure). The spectra of NuSTAR and EPIC-pn for a certain
observation pair are then extracted from the overlapped GTI
(i.e., with perfect simultaneity). This step is necessary to
avoid potential bias caused by rapid X-ray spectral variability

0702-7

of AGN, that two spectra without perfect simultaneity may
have intrinsically different spectral shape.

3 Spectral fitting

We perform spectral fitting using XSPECP* and the y* statist-
ics. All the errors and the upper/lower limits of the paramet-
ers are derived following the Ay®=2.71 criterion (corres-
ponding to the 90% confidence level for one interesting para-
meter). Spectral fitting is carried out in the 3—78 keV band for
NuSTAR and the 3-10 keV band for EPIC-pn. We drop the
EPIC-pn data < 3 keV because to avoid the influence of other
spectral components, such as soft X-ray excess and complic-
ated absorption features, in the soft band, and the aforemen-
tioned empirical ARF correction for EPIC-pn is available
only between 3—12 keV. For each NuSTAR observation, the
spectra of FPMA and FPMB are jointly fitted with an addi-
tional cross-normalization parameter"™.

Following Kang and Wang", we employ the model
zphabs x (pexrav +zgauss) to fit the spectra. Among them,
zphabs models the intrinsic photoelectric absorption, while
the Galactic absorption is ignored as it has negligible impact
at >3 keV. pexrav®! models an exponentially cutoff power
law with a neutral reflection component, and zgauss models
the Fe Ka line. During the fitting, the absorption column
density Ny, photon index I, high energy cutoff E.,, reflec-
tion strength R are set free to vary. We deal with the Fe Ka
line in the same way as Kang and Wang”. We first fix the
line at 6.4 keV in the rest frame and the line width at 19 eV
(the mean Fe Kea line width in AGNs measured with Chandra
HETG"") to model a neutral narrow Fe Ke line. Then we set
the line width free to vary and adopt the corresponding res-
ults if such a variable line width prominently improves the fit-
ting (Ax*>>5). To simultaneously show the discrepancy
between two missions and how the measurement of E., and
R is affected, we conduct both quasi-independent and joint fit
of the NuSTAR and EPIC-pn spectra. We firstly fit the
NuSTAR spectra alone and obtain the best-fit parameters (1™,
EY, and R™ in Table 1). Then we fit the corresponding
EPIC-pn spectrum, with E,, and R fixed at the best-fit res-
ults of NuSTAR spectra, as both parameters are barely con-
strained by EPIC-pn data because of the energy-band cover-
age. We then derive I™ and I™°, for effective area
uncorrected/corrected EPIC-pn data respectively, to highlight
the effect of the calibration issue and the correction. Finally,
we jointly fit the NuSTAR and EPIC-pn spectra to measure
the EX", RO™, EX""°"and R¥"™° During the joint-fitting,
all the parameters of the EPIC-pn spectrum are linked with
NuSTAR spectra, except a variable constant to account for the
absolute normalization between the two missions.

4 Discussion

4.1 The calibration between NuSTAR and XMM-
Newton

We show the best-fit I of NuSTAR and EPIC-pn spectra in
Fig. 4. Patently, the EPIC-pn spectra without the correction
are systematically and significantly harder than the coordin-
ated NuSTAR spectra. Specifically, we find that mean

DOI: 10.52396/JUSTC-2023-0160
JUSTC, 2024, 54(7): 0702


https://doi.org/10.52396/JUSTC-2023-0160
https://doi.org/10.52396/JUSTC-2023-0160
https://doi.org/10.52396/JUSTC-2023-0160
https://doi.org/10.52396/JUSTC-2023-0160
https://doi.org/10.52396/JUSTC-2023-0160

4@ : On joint analysing XMM-NuSTAR spectra of active galactic nuclei Kang et al.

Mrk 1383
NuSTAR : Tiary — Tiop = 202 ks, exp = 96 ks, overlap exp = 38 ks
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Fig. 3. Example NuSTAR FPMA 3-78 keV (ObsID: 60501049002) and XMM-Newton EPIC-pn 3-10 keV (ObsID: 0852210101) light curves (with a time
bin of 500 s) of Mrk 1383, to illustrate the merge of NuSTAR and EPIC-pn GTIs. The grey shades represent the dropped time intervals for each instru-
ment, mainly due to the Earth occultation for NuSTAR, and flaring background for EPIC-pn. The blue dots represent the remaining data after merging the
GTIs, while the red open circles mark the data dropped due to the merging of GTI. For EPIC-pn (lower panel), we over-plot the background rate curve
(grey stars) used to filter the intervals with flaring background, and the corresponding data points filtered out from the source light curve (grey circles).
The duration of the exposures and net exposure time (before/after merging GTIs) are labelled, respectively.

Table 2. Fitting results using NuSTAR data alone (without requring simultaneity with joint XMM exposures).

Source Nu ID XMM 1D Nu exp (ks) Overlap Nu exp (ks) r Ecut (keV) R
Fairall 9 60001130002 0741330101 49.2 3.0 1.87+004 > 156 <1.05
Mrk 359 60402021004 0830550901 49.7 23.6 1.82+0.19 > 109 0.850:27

60402021006 0830551001 51.0 26.9 1817044 >205 0.53+0.72
60402021008 0830551101 43.0 29.1 1.92+219 > 85 <197
NGC 931 60101002002 0760530201 63.0 44.6 1.887007 > 253 0.73+921
60101002004 0760530301 64.2 38.7 1.88+205 > 343 0.80%0:33
Mrk 1044 60401005002 0824080301 267.1 65.6 2.49+003 > 301 1757081
3C 109 60301011002 0795600101 67.7 28.1 1734920 > 83 <0.60
NGC 1566 80301601002 0800840201 56.8 46.4 1.83+008 > 453 0.74+0.1
80401601002 0820530401 75.4 527 1787007 > 352 0.67+02
80502606002 0840800401 573 44.7 175730 > 190 0.42+0:3¢
1H 0419-577 60402006002 0820360101 64.2 31.1 L67+013 76733 <0.55
60402006004 0820360201 48.3 20.7 1597244 76+34 <0.52
Ark 120 60001044002 0693781501 55.3 425 1.82+0.97 > 557 0.49+027
60001044004 0721600401 65.5 52.0 1.97+003 > 588 0.69+0.18
ESO 362-18 60201046002 0790810101 101.9 58.2 1.557209 130*9] 0.567039
2MASX J05210136-2521450 60201022002 0790580101 155.1 37.0 2.13+0.19 >218 <0.87
Mrk 79 60601010004 0870880101 385 13.5 1.802:03 2017323 0.62+0:51

(To be continued on the next page)
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(Continued)
Source Nu ID XMM 1D Nu exp (ks) Overlap Nu exp (ks) r Ecut (keV) R
Mrk 110 60502022002 0852590101 86.8 10.8 1.80*00¢ 188236 <039
60502022004 0852590201 88.7 24.5 1.78+006 > 166 0.38+937
NGC 2992 90501623002 0840920301 57.5 53.1 1,670 351+478 <0.16
MCG -05-23-016 60701014002 0890670101 83.7 37.7 1.85+0-03 1182 0.77011
NGC 3227 60202002002 0782520201 49.8 25.7 1737007 16597 1.207049
60202002004 0782520301 425 234 L6157 113*38 0.88+041
60202002006 0782520401 39.7 303 1.83708 > 206 0.94+0:32
60202002008 0782520501 41.8 32.7 1.89+004 > 652 0.891922
60202002010 0782520601 40.9 39.1 1.80707 232737 0.9470:2¢
60202002012 0782520701 39.3 29.5 1.92+003 > 347 1.06+0:33
80502609002 0844341301 28.8 25.7 1.67+0:19 > 131 0.33%0.2>
80502609004 0844341401 277 20.4 1507919 > 67 0.68*977
2MASSi J1031543-141651 60701046002 0890410101 226.9 479 1.80%0:9¢ 15963 0.70*94!
NGC 3516 60160001002 0854591101 39.9 7.8 1.96+906 > 656 0.770:
HE 1136-2304 80002031002 0741260101 238 237 1797044 >92 <0.79
80002031003 0741260101 63.6 23.0 1.60*0-03 92+78 <0.50
KUG 11414371 90601618002 0871190101 38.6 9.7 1.82+048 >73 0.94*1-50
2MASX J11454045-1827149 60302002002 0795580101 21.0 16.7 1774013 85+105 0.51*931
60302002004 0795580201 20.8 12.0 1731044 >72 <0.84
60302002006 0795580301 23.1 15.1 175006 91*52 <0.64
60302002008 0795580401 20.7 14.3 L777948 122+282 0.43703%
60302002010 0795580501 224 13.8 1797043 >79 0.50%0:2¢
NGC 4051 60401009002 0830430201 311.1 315 2.041903 > 2384 1677049
NGC 4593 60001149002 0740920201 233 8.1 1.867209 >269 0.88+0:22
60001149004 0740920301 21.7 4.6 1.78+0.11 > 543 <142
60001149006 0740920401 213 11.2 1724007 >292 1.187089
60001149008 0740920501 23.1 8.0 1.82+0:93 > 1291 0.677042
60001149010 0740920601 21.2 12.3 1.831008 > 186 0.4070:48
MCG -06-30-015 60001047003 0693781301 127.2 64.1 2.27+092 > 736 175903
60001047005 0693781401 29.6 15.1 2,150 > 295 1.87+0.88
IC 4329A 60702050002 0862090101 20.6 6.7 1774006 > 201 0.5870:33
60702050004 0862090301 20.1 6.2 1.70%097 > 206 <0.54
60702050006 0862090501 19.8 11.0 1.83+002 > 404 0.2610:29
60702050010 0862090901 18.0 1.2 1.78+007 > 171 <2.46
NGC 5548 60002044003 0720110601 27.3 27.2 1.77+0.98 >192 0.64+0.2
60002044005 0720111001 49.5 28.7 1.557003 86+20 0.4670:22
60002044008 0720111501 50.1 24.5 1.49+0.97 89738 0.38+0:24
ESO 511-G030 60502035002 0852010101 32.1 16.5 170709 > 40 <151
60502035004 0852010201 34.1 18.0 1717320 > 48 <037
60502035006 0852010301 31.2 17.4 1567014 >57 <0.29
60502035008 0852010401 418 19.8 1.64+209 > 76 <123
Mrk 1383 60501049002 0852210101 96.0 38.0 1.88+0:97 > 142 0.55+0.63
Mrk 817 60702008002 0882340601 65.0 57.8 2.1670:9¢ > 1150 1.57+0:>4
60702008004 0882340701 71.7 52.4 174014 120%}76 0.95+042

(To be continued on the next page)
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(Continued)
Source Nu ID XMM 1D Nu exp (ks) Overlap Nu exp (ks) r Ecut (keV) R
60702008006 0882340801 78.0 52.1 1.9570.99 > 267 1.650:91
Mrk 841 60101023002 0763790501 234 8.9 1.8370-13 > 127 0.99728
60702007002 0882130301 179.6 59.5 1.87+007 275+ 0.95*0-21
80701616002 0890640201 53.1 28.0 1.95%0-) > 158 1.19%0.79
3C 382 60202015002 0790600101 23.1 9.5 1757097 > 133 <0.63
60202015004 0790600201 24.6 12.2 1.70%0.94 115*7 <0.58
60202015006 0790600301 20.8 9.0 1.74+0.04 3507453 <027
60202015008 0790600401 21.7 10.6 1.69%0.19 1687359 <0.37
60202015010 0790600501 21.1 83 L7790 > 253 <026
Fairall 49 60301028002 0795690101 97.8 272 24270407 182+442 1434074
2MASX J19373299-0613046 60101003002 0761870201 65.5 64.0 2417010 > 118 1.83+074
60702018004 0891010201 150.0 55.1 2.3870:06 >224 0.787043
NGC 6814 60701012002 0885090101 1282 42.0 1.83+003 > 644 0.46+0:24
SWIFT J212745.6+565636 60001110002 0693781701 49.2 46.6 1.88+008 61*1> 1.39+94¢
60001110003 0693781701 28.8 26.5 1.96*212 94+83 1.43706
60001110005 0693781801 74.6 67.0 2.00707 87+% 1.73193¢
60001110007 0693781901 42.1 38.4 1.96+208 59+ 1717044
2MASX J21344509-2725557 60363005002 0802200201 21.1 12.3 1.74+028 > 45 0.75%:39
NGC 7314 60201031002 0790650101 100.4 30.1 2.05+70:03 345+3%0 1.0070:3¢
Mrk 915 60002060002 0744490401 53.0 36.9 1.8070.02 > 365 <0.61
60002060004 0744490501 542 18.1 1.5470-3 > 69 <0.62
60002060006 0744490601 50.7 7.8 1.62+219 > 65 <343
MR 2251-178 60102025002 0763920501 23.1 5.6 1.67+0:9 1377438 <0.10
60102025004 0763920601 232 12.7 1.75+0:97 175+263 <0.46
60102025006 0763920701 20.6 10.6 1.82+0.98 1284118 0.30*9:34
60102025008 0763920801 21.7 10.2 1791940 1714437 0.32+037
90601637002 0872390801 23.6 15.9 1.637240 106*74 <051
NGC 7469 60101001002 0760350201 216 21.4 1.92+043 > 119 0.67+0:3
60101001004 0760350301 20.0 19.9 1.867209 >222 0.48+0:36
60101001006 0760350401 225 16.8 1.88+00¢ >312 0.72+042
60101001010 0760350601 20.9 10.7 1.84+093 >304 0.3270:49
60101001012 0760350701 21.0 10.5 1.84*0-08 > 768 0.96+0:33
60101001014 0760350801 234 15.8 1.837003 >201 0.437033
Mrk 926 60201029002 0790640101 106.2 6.1 1724302 296742 <036
LCRS B232242.2-384320 80502607002 0840800501 54.8 38.6 1.74+0.98 > 196 <0.71
RX J1231.6+7044 60701055002 0891804001 136.5 18.2 1777004 >229 <029
NGC 4579 60201051002 0790840201 117.8 8.1 1.81+004 > 125 <0.09
MCG +00-58-028 60001147002 0743010501 26.7 8.3 1.96*313 >232 1.15+221

“Nu exp” refers to the net exposure time of NuSTAR FPMA using all available GTI, while “Overlap Nu exp” refers to the remaining net exposure after
combining the NuSTAR GTI with the EPIC-pn GTI of the joint XAMM observation. The fitting results in this table are derived with all the available
NuSTAR data (“Nu exp”), not requiring simultaneity with corresponding EPIC-pn exposure.

™ =1.84+0.02, while the mean ™ =1.74+0.02. Mean-
while, the empirical correction of the effective area seems
able to completely erase the discrepancy, resulting in the
mean ™ =1.84+0.02. Furthermore, the two subsamples

of observations before/after 2017-01-01 (roughly equally di-
vided) show that the discrepancy does not evolve with time.
We also examine whether the calibration affects the measure-
ment of Ny. Because we only adopt spectra above 3 keV, for
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Fig. 4. The left panel: photon index I" of the NuSTAR spectra versus those of the EPIC-pn spectra before (red square) or after (blue circle) correcting the
effective area (corresponding to '™, 7P and IP"=C°r in Table 1, respectively). The colored solid lines show the linear regression results (in comparison
with the black 1 : 1 line), with the shadows showing the 1o uncertainty derived through bootstrapping the sample. The middle and right panels show the

case for observations before/after 2017-01-01.

most of the sources Ny is not detected and only upper limit
could be derived (see Table 1). Adopting asurv*? to handle
the upper limits to Ny, we show in Fig. 5 that before apply-
ing the correction, fitting 3—10 keV XMM spectra would yield
systematically smaller N, than NuSTAR, while applying the
correction would also erase the discrepancy.

In Fig. 6 we compare the joint-fitting derived I', E.,, and
R (before and after applying the correction respectively) with
those derived through fitting NuSTAR spectra alone. Appar-
ently, the smaller I" also leads to smaller E. and R when
perform joint-fitting, due to the strong positive degeneracy
between I' and E., as well as between I" and RP**%41 We
calculate the mean values of E., and R using the
Kaplan—Meier estimator within asurv in logarithm space, ob-
taining a mean EY® =366} keV and R™ = 0.57*(%, while a
mean EX" =255 keV and R°™ =0.38"%, with 10 uncer-
tainty derived through bootstrapping the sample. Meanwhile,

10
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4 ARF corrected
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Fig. 5. Absorption column density Ny of the NuSTAR spectra versus
those of the EPIC-pn spectra before (red square) or after (blue circle) cor-
recting the effective area. The colored solid lines show the linear regres-
sion results derived by asurv (in comparison with the black 1 1 line),
with the shadows showing the 1o uncertainty derived through bootstrap-
ping the sample.
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the correction is also highly effective for these two paramet-
ers, leading to a mean EN““ =338 keV and
Riom=Cor = (.55

Therefore, without the correction, the calibration issue
between NuSTAR and EPIC-pn will bias the measured E.,
and R towards lower values. We note the exact strength of the
bias would depend on the statistical significance of the EPIC-
pn data. Note in this work we require a perfect simultaneity
between NuSTAR and EPIC-pn data to avoid additional bias
due to intrinsic spectral variation, which is not the case in
most works. Neglecting the intrinsic variability, the effect of
the bias would be stronger if the EPIC-pn exposure is longer
than the NuSTAR one, as relatively longer EPIC-pn exposure
could enhance the dominance of the uncorrected EPIC-pn
spectrum’s contribution to the joint fitting. Besides, for
sources at high redshift or with high accretion rate and very
steep spectra”~", the bias is also expected to be more serious
as the EPIC-pn data could be more dominant during the spec-
tral fitting in these cases. We therefore urge the community to
adopt the XMM-Newton ARF correction when joint-fitting
XMM-NuSTAR spectra (but note the correction at < 3 keV is
yet unavailable).

Moreover, although in this work we focus on how the
measurements of I', E., and R are biased, the calibration
issue could also bias the measurements of other parameters
derived though joint fitting, for example, the spin of the
blackhole a“*" and the absorption column density N, in
Compton-thick sources”' . Compared with E., and R, deriv-
ing these parameters is more model-dependent and the effect
of the bias should be inspected case by case (which is beyond
the scope of this work).

4.2 Filter the flaring background of XMM-Newton in
small window mode

Using NuSTAR spectra as references for ARF corrected XMM-
Newton EPIC-pn spectra, we investigate how the choice of
the threshold count rate to filter high background flares af-
fects the spectral fitting results. For the XMM-Newton SW
mode observations, we now take a threshold of 0.4 counts/s to
filter high background intervals, regenerate the common GTI,
and in which we extract the corresponding NuSTAR and EPIC-
pn spectra. To highlight the impact of the flaring background,
we limit the comparison to the observations with significant
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Fig. 6. I, Ecy, and R derived through fitting the NuSTAR spectra alone versus joint-fitting with EPIC-pn spectra. For E., and R, we perform linear re-
gression in logarithmic space with asurv'*”! to handle the censored data points (as hollow markers). The colored solid lines show the linear regression res-
ults (in comparison with the black 1 : 1 line), with the shadow showing the 1o uncertainty derived through bootstrapping the sample.

background flaring, through requiring that in > 10% of all us-
able GTI, the 10-12 keV count rate of the light curve we gen-
erated to filter background flares lies between 0.05 counts/s
and 0.4 counts/s. 33 of the 89 SW observations pairs meet this
criterion, the I™ versus I™ " of which are shown in Fig. 7.
After applying the XMM-Newton released ARF correction,
the XMM-Newton EPIC-pn spectra generated with a filtering
threshold of 0.4 counts/s are still slightly harder than the
NuSTAR ones (see Fig. 7), with mean I} ., =1.85+0.03
while ITyon  =1.79+0.03, indicating the fitting is biased.
We interpret the bias as an underestimation of the flaring (soft
protons induced) background, as their spectra are apparently
much harder than those of AGN (see Section 4 in Ref. [54]),
the underestimation of which will hence lead to a harder net
spectrum. For SW observations, the target object is always
placed near the aim point of the telescope, where the flaring
background will be stronger than that in the region used for
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-4 threshold 0.4 counts/s
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Fig. 7. The photon index I" (y-axis) derived using the effective area cor-
rected XMM-Newton EPIC-pn spectra, after filtering the periods showing
flaring background with a threshold of 0.05 counts/s (blue squares) or 0.4
counts/s (brown circles), versus those derived using NuSTAR spectra (x-
axis), for the 33 observation pairs with significant flaring background.
The colored solid lines show the linear regression results (in comparison
with the black 1 : 1 line), with the shadow showing the 1o uncertainty
derived through bootstrapping the sample.
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background subtraction, due to the vignetting effect of the
background flares (see Fig. 17 in Ref. [54]). Our finding
shows that despite the small FOV of the SW mode, the spa-
tial unevenness of the background is non-negligible when the
flaring background is strong and not properly filtered, which
will bias the spectral fitting even for these bright AGN.

On the other hand, Fig. 7 also confirms that a threshold of
0.05 counts/s is appropriate to filter high background flares in
the SW mode of XMM-Newton EPIC-pn observations. After
filtering background flares, the residual quiescent soft pro-
tons induced background, along with other potential compon-
ents®”, cause no significant bias at least for these bright AGN.

4.3 Do simultaneous XMM-Newton data really help?

As shown above, applying the XMM-Newton released ARF
correction is highly effective, making the joint-fitting of
NuSTAR and XMM-Newton spectra valid and feasible.
However, compared with Ref. [9] which fits the NuSTAR
spectra alone, it seems that the joint-fitting in this work does
not significantly improve the constraints to the spectral para-
meters. Due to various observational restrictions, the pro-
posed coordinated observations of NuSTAR and XMM-Newton
often can not perfectly overlap (see Fig. 3). Moreover, filter-
ing the periods with flaring background for XMM-Newton
also loses exposure time (see also Fig. 3). Therefore, if one
requires a perfect simultaneity between NuSTAR and XMM-
Newton data as this work does, the involvement of XMM-
Newton data leads to loss of NuSTAR exposure time and
hence does not always improve the fitting. As shown in
Table 2 and Fig. 8, about 50% of the observations will lose
more than 50% of the NuSTAR exposure time, if requiring a
perfect simultaneity between NuSTAR and XMM-Newton
data. We illustrate an example of Mrk 1383 in Fig. 3, of
which a 100 ks coordinated NuSTAR and XMM-Newton ob-
servation was proposed. We first note that for a long NuSTAR
observation in science mode, only about 50% of the duration
time is available for exposure due to the Earth occultation.
Therefore, a proposed 100 ks NuSTAR exposure is actually
discontinuously distributed in a ~ 200 ks duration, indicating
it can never be perfectly simultaneous with a 100 ks long
XMM-Newton exposure. In the example we show in Fig. 3 for
Mrk 1383, the unique distribution of NuSTAR exposure dir-
ectly causes a loss of ~ 50% net exposure time for both
NuSTAR and XMM-Newton if requiring a perfect simultan-
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Fig. 8. Lost fraction of the NuSTAR net exposure after requiring a perfect
simultaneity between NuSTAR and XMM-Newton data.

eity. Furthermore, filtering the intervals with flaring back-
ground for XMM-Newton causes a further loss of the expos-
ure time. Taken together, inclusion of the XMM-Newton data
causes a loss of more than 60% of the NuSTAR net exposure
time. Note for the SW mode of EPIC-pn, the livetime frac-
tion is only 71%. This leads to a shorter net exposure time of
XMM-Newton (28 ks) than NuSTAR one (38 ks) after mer-

significance of XMM-Newton data.

To conduct a quantified assessment, we extract NuSTAR
spectra in all the available GTI (without a match with EPIC-
pn) and fit them with the same model, the result of which is
shown in Table 2. In Fig. 9, we show the distribution of the
relative errors of I', R, and E.,, along with the detection
fraction of R, and E.,. In conclusion, for this sample and this
model, the involvement of XMM-Newton data does not signi-
ficantly help.

If we make a concession about the simultaneity, simply in-
cluding a quasi-simultaneous XMM-Newton exposure will
certainly improve the constraint of the spectral parameters,
which however could bring biases for variable sources like
AGN. Moreover, here we adopt pexrav, a simple model
without strong physical assumptions, to model the reflection
component, while models like pexmon®™, xillver, and
relxill®"*) perform self-consistently fitting on the reflection
component and the Fe Ka line. EPIC spectra will be statistic-
ally more significant on the constraint of E,,, and R when fit-
ting with these models, as they provide good constraint for
the Fe Ka line. However, we stress the coupling between the
reflection component and Fe Ka line is yet unclear* -1, Fi-
nally, we note the current correction of the effective area is
limited to 3—12 keV, indicating the EPIC data below 3 keV
are not usable when performing joint-fitting with NuSTAR.
With proper soft band correction and wider dynamic range,
EPIC spectral would be statistically more important, though
the complicated absorption and soft excess in the soft band

ging the GTIs, which further reduces the statistical might induce other biases.
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Fig. 9. The distribution of the relative errors of I', R, and E., with the detection fraction of R and E., provided in the legend. The top panels show the
distributions of log,, (upper_error/value) of the three parameters, while the bottom panels show those of log,, (lower_error/value). Blue boxes show the res-
ults of the joint-fitting of NuSTAR and EPIC-pn, while the orange boxes show the result of fitting the NuSTAR spectra only (from the whole NuSTAR ex-

posure without matching EPIC-pn GTI).
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5 Conclusions

In this work we perform joint-fitting of NuSTAR and XMM-
Newton EPIC-pn spectra for a large sample of 104 observa-
tion pairs of 44 AGN. Below are our main results.

(1) Calibration issue does exist between two missions;
EPIC-pn spectra are systematically harder than those of
NuSTAR (AT’ ~ 0.1), leading to underestimated cutoff energy
E.. and reflection component R when performing joint-
fitting before correcting the calibration issue.

(II') The empirical correction of the effective area imple-
mented in latest XMM-Newton calibration files (but would not
be applied by default) is highly effective and could commend-
ably erase the discrepancy in the derived best-fit I, E.,, and R.

(IIT) For this sample, requiring a perfect simultaneity
between the NuSTAR and EPIC-pn spectra leads to serious loss
ofnet exposure time of NuSTAR. Consequently, fitting NuSTAR
spectra jointly with simultaneous EPIC-pn data does not al-
ways improve the constraints to the key spectral parameters.

(IV) For XMM-Newton EPIC-pn observations in SW mode,
insufficient filtering of high background flares could bias the
spectral fitting results due to the background vignetting effect,
which is no longer negligible in case of background flares. A
threshold of 0.05 counts/s to filter background flares (see Sec-
tion 2 for the definition) appears appropriate for EPIC-pn SW
mode.

Finally, we note again the correction of the effective area is
not applied by default in arfgen. Since the corresponding
corrections to the effective areas in the < 3 keV energies re-
main unknown, the SAS applyabs fluxcorr correction should
not be applied if < 3 keV XMM-Newton data are included, in
joint analysis or analyzing XMM-Newton data alone.
However, one should always keep in mind there are potential
biases in such cases due to the uncertainties of the calibration,
which may hamper accurate measurements of soft excess and
ionized absorption, for example. We look forward to an up-
dated correction curve in future calibration releases.
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